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1 Executive Summary

The analysis described in this report provides information for the NSABB to make recommendations
about a general conceptual approach to the evaluation of Gain of Function studies and for the US
government to formulate policy regarding Gain of Function (GoF) research. In this document, the term
GoF is used in the same manner as the Framework for Conducting Risk and Benefit Assessments of Gain
of Function Research—the “Framework”. By design, this study was broad in its scope, intentionally
assessing all of the traits and pathogens mentioned in the Framework to determine where risk lies. The
conclusions of the risk assessment identify the pathogens and the enhanced phenotypes that increase risk
of a pandemic and those that do not increase this risk. Similarly, the benefit assessment determines which
experiments (regardless of their risk) have important and unique benefits.

This project is divided along the three major tasks, each of which requires a distinct data collection and
analysis approach: 1) a risk analysis (RA) of accidents and natural disasters, 2) a biosecurity RA, and 3) a
benefit assessment. The RA of accidents and natural disasters (called the biosafety RA for simplicity)
leveraged sophisticated quantitative modeling of the probability and consequences of various events that
lead to an outbreak, the ongoing transmission of the outbreak in humans, and the termination of the
outbreak by public health measures or natural forces. The biosecurity RA includes an analysis of data
from the intelligence and law enforcement community on malicious actors and an assessment of the
efficacy of security measures at preventing or mitigating a hostile act. The biosecurity RA is delivered in
two parts because risks posed by malicious acts targeting laboratories that conduct GoF required a
different analytical approach than the assessment of the risk generated by the misuse of published GoF
research. The benefit assessment identifies the gaps in scientific knowledge, public health, and medicine
that GoF experiments could address. Moreover, this assessment discusses scientific and non-scientific
barriers to the realization of these benefits.

1.1 Biosafety Risk Assessment

The Biosafety Risk Assessment is an estimation of the increase in risk to human health of outbreaks
caused by modified strains of the influenza viruses and the coronaviruses released in an accident or
natural disaster. This RA uses the word “coronavirus” to mean the coronaviruses that cause SARS or
MERS and not the coronaviruses that cause the common cold. In every case, the increase in risk
compared to wild type strains was provided to determine if GoF experiments could create pathogens that
are more likely to cause laboratory acquired infections, to create a local outbreak, or to cause a global
outbreak of greater consequence than those strains that evolved via natural forces. Note that although this
study identified several types of risky, theoretical GoF experiments, many of these experiments have not
been described in the literature. For example, no examples of researchers endeavoring to determine if
seasonal influenza viruses could be made more transmissible were found. Moreover, some GoF studies
are performed in highly attenuated strains, so that even though the risk of an outbreak increases if these
strains were modified, risk is increasing from a very low level toward the level posed by wild type strains.

The main conclusion of the Biosafety RA is that a strain of influenza virus that is as transmissible as
newly emerged pandemic strains WHILE producing a disease with a case fatality rate of more than 0.5%
would pose more of a risk of a global pandemic than any wild type strain heretofore identified. No
experiments that are likely to be conducted under the rubric of GoF research will drive risk more than this
combination of traits or significantly increase the risk of a laboratory acquired infection. All other
combinations of traits would lead to pathogens that have a lesser total risk than the wild type 1957 H2N2
pandemic strain. Increasing the transmissibility of the coronaviruses, while significantly increasing the
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risk of work with those pathogens, still creates a pathogen that poses less of a risk of a global pandemic
than the wild type 1957 influenza strain.

Another major finding of this risk assessment is that only a small minority of loss of containment events,
which are rare in themselves, lead to a global pandemic. Only 0.5% of laboratory associated infections of
seasonal influenza would seed a global pandemic, even assuming the accident was with a strain that has
not circulated recently. If the strain released is currently in circulation, the spread of the outbreak is likely
to be driven by travelers, not by laboratory accidents. If the released strain circulated recently, residual
immunity is likely to curtail its spread. Only 1% of laboratory associated infections with wild type
pandemic influenza strains would seed a global pandemic. Wild type strains of avian influenza and the
diseases caused by the coronaviruses are insufficiently transmissible to have a significant chance of
causing a global pandemic.t

Because seasonal influenza viruses are associated with a low case fatality rate, GoF experiments that
increase this rate could significantly increase the global death toll from an outbreak, increasing risk.
Developing seasonal influenza strains that are more transmissible than wild type strains (approximately as
transmissible as pandemic strains) or that overcome residual immunity increases the probability that an
outbreak would escape local control and exacerbates the consequences should a global outbreak be
initiated (in terms of both morbidity and mortality). The creation of an antiviral resistant strain could
increase the consequences of a global outbreak, but only in more economically developed countries where
caches of these antivirals could be administered to a significant fraction of the infected population. A
strain of seasonal influenza that can overcome protective vaccination could also increase the
consequences of an outbreak in high income countries, which has the resources to vaccinate their
population quickly. However, this phenotype is of concern only if immune evasion is afforded by means
other than changing its antigenic properties, which is not a subject of current research in influenza. An
unresolved question (which likely depends on the biology of the virus released and its similarity to
currently circulating strains) is if the laboratory-associated outbreak of seasonal influenza would replace
the annual toll of seasonal influenza by supplanting circulating strains or if it would add to this toll.

If GoF strains of seasonal influenza were manipulated at the BSL-3 instead of the BSL-2 level, risk
overall may not increase much compared to work on wild type strains at BSL-2. That is, the rate of
laboratory acquired infections is likely to decrease by three-fold, whereas any GoF phenotype (except for
large increases in pathogenicity) increases risk by slightly more than three-fold.

In contrast to the several GoF manipulations that could increase the risk posed by seasonal influenza
strains, only two lines of GoF research could create a strain of pandemic influenza that poses more risk of
a global outbreak than a wild type strain (in this case, the 1957 H2N2 pandemic strain). The first is the
manipulation of a strain of 1918 H1N1 pandemic influenza that is modified to evade residual immunity
(or otherwise increase transmissibility to the same as a strain with novel antigenic properties). The second
is the enhancement of pathogenicity (to that of 1918 H1N1 influenza) of a highly transmissible pandemic
strain (such as 1957 H2N2 influenza). Imbuing 1957 HIN1 influenza with antiviral resistance can
modestly increase the consequences of an outbreak, but only in countries with significant caches of
antivirals. Enhancing viral growth in culture beyond that which is achievable in wild type strains (1E9 or
1E10/ml) increases the probability that a laboratory acquired infection would occur (by five- or 15-fold,
respectively). However, it is doubtful if this phenotype is desirable or scientifically achievable because
growth to 1E8 is sufficient for almost all purposes except the production of vaccines (using attenuated
strains).

1 Althought the SARS outbreak spread to several locations on multiple continents, it was extinguished in all locations (each of
which could be thought of as a new, local outbreak) and did not lead to millions of cases worldwide.
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Wild type avian influenza is insufficiently transmissible amongst people to cause a global outbreak driven
by the spread of the disease among humans. For this reason, no loss of containment event would lead to a
global outbreak from a wild type strain. Because wild type strains of avian influenza cannot spread
globally between people, the creation of strains that are human-transmissible would greatly increase the
risk that such an outbreak could occur, which could cause millions of illnesses. The creation of a strain
that is as transmissible as seasonal influenza would have a significant chance of sparking a global
outbreak if a local outbreak were initiated. Assuming that the case fatality rates of the most pathogenic
strains of avian influenza are inflated by the underreporting of mild illness in people, increasing the
pathogenicity in humans could increase the consequences modestly. Adapting avian strains to humans
without increasing transmissibility (thereby lowering the median infectious dose in people) actually
decreases risk because while this manipulation increases in the probability that a single laboratory worker
would become infected, it decreases the risk that birds would become infected through an accidental
release via the solid waste stream, which could lead to thousands of human infections from contact with
infected birds. No other GoF increases the risk posed by avian influenza.

Similarly, most estimates of the transmissibility of the coronaviruses consider these pathogens to be
insufficiently transmissible and sufficiently susceptible to control measures such that a global pandemic
has a very minimal chance of occurring. For this reason, increasing the transmissibility of the
coronaviruses could significantly increase the chance of a global pandemic due to a laboratory accident.
Because SARS-CoV is more transmissible than MERS-CoV, a relatively modest increase in
transmissibility of SARS-CoV could increase risk, whereas MERS-CoV must be made significantly more
transmissible to drive risk. That being said, even if these strains were modified to be as transmissible as
pandemic influenza, the susceptibility to control measures of the outbreaks they cause would still contain
a majority of the outbreaks initiated. Some researchers have posited that the transmissibility of wild type
SARS-CoV is quite high. If they are correct, then increasing the transmissibility of SARS-CoV would not
influence risk significantly because the risk of a global pandemic arising from an outbreak is already
significant. Increasing the pathogenicity of these strains could also increase risk somewhat through the
increase in global deaths expected, especially since most deaths from wild type strains are suffered by
those with significant co-morbidities. However, if a coronavirus were modified such that it caused a
global pandemic, their long incubation time and disease course? lead to a pandemic that unfolds over
many years. The fact that the outbreak evolves slowly gives public health authorities more time to adapt
and expand their efforts to further contain the outbreak than the modeling conducted in this assessment
suggests. If a strain with enhanced growth properties was developed and samples with 1E9pfu/ml or
1E10pfu/ml were routinely manipulated in a laboratory, the risk of a laboratory acquired infection in a
coronavirus laboratory would increase by up to ten-fold, respectively. However, it is uncertain if this
phenotype is desirable or even achievable given that the wild type coronaviruses grow sufficiently well in
culture.

The laboratory features and practices that most influence risk include the strict adherence to incident
reporting and isolation protocols for laboratory workers. Minimizing the chance that a worker would
violate either of these protocols can decrease the risk that an infected laboratory worker would create an
outbreak by up to seven-fold when working with seasonal influenza virus or by ten-fold with the
coronaviruses. Additionally, when working with the coronaviruses (which are more stable in the
environment than the influenza viruses), protocols to minimize the hazard posed by the contamination of
the hands (proper use of double-gloving and thorough hand-washing) can reduce the probability of an
infection by nearly fifty-fold. The probability that workers themselves commit errors that generate the
laboratory accident is more than one-hundred-fold greater than the probability that a mechanical failure
leads to an accident. While this conclusion is self-evident, it underscores how extensive worker training

2 Asdescribed in Chapter 4, although the incubation times of influenza virus and the coronaviruses overlap, the variance of
the incubation time and disease course is much greater for the coronaviruses than for influenza.

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 3



prior to entry into a BSL-3 laboratory, the assignment of highly trained workers for critical safety tasks
(such as the operation of autoclaves) and the identification and re-training of careless workers could all
significantly improve safety.

The state of knowledge of the rates and consequences of human errors in life science laboratories is too
poor to develop robust predictions of the absolute frequency with which laboratory accidents will lead to
laboratory acquired infections. Using historical incidents (and lack thereof) as a guide, a rate (at the 90%
confidence level) of a laboratory acquired infection every three to 8.5 years can be set across the 100 or so
laboratories that study influenza and the coronaviruses in the US. Given that this study predicts that 0.4%
of these infections would lead to a global pandemic (since most of these laboratories study seasonal
influenza, and not pandemic influenza), work with wild type influenza viruses would lead a global
pandemic once every 750-50,000 years. A significant risk of an outbreak would be caused only if the
strain released in the accident were a seasonal influenza strain that has not recently circulated, however,
this outbreak could lead to up to 4,000,000 deaths worldwide. It is uncertain if these deaths would
supplement or supplant the yearly death toll from seasonal influenza. Conservatively, an infection with a
pandemic influenza strain could be expected to lead to a global pandemic once every 560-13,000 years,
causing up to 80,000,000 deaths if the strain used were as pathogenic as the 1918 pandemic strain (and as
transmissible as the 1957 pandemic strain). Given that viruses were characterized much less than 100
years ago, it cannot be stated with certainty that these pathogens will be studied under similar
containment conditions far enough into the future for an accident to be likely to occur even once. Avian
influenza strains and coronavirus strains are insufficiently transmissible to cause a global pandemic.

If sufficient funding were available, GoF research could be conducted by up to approximately 40 research
groups in the US because these groups have been performing, or have the capacity to perform, certain
types of GOF experiments involving influenza, MERS, and SARS viruses. This maximum number is
supported by the case studies examined which showed that a new discovery in virology may proliferate to
as few as one and as many as 70 new groups around the world within 10-15 years.

1.2 Biosecurity Risk Assessment of Malicious Acts Targeting a GoF Laboratory

The purpose of this component of the biosecurity risk assessment is to provide NSABB with an
assessment of the increased human health risk posed by a malicious act involving a GoF strain of the
influenza- or coronaviruses compared to malicious acts involving wild type strains. The risk assessment
involved five steps: 1) characterization of the threat, which includes an evaluation of historical incidents
and malicious actor motivation and capability (the “offense™); 2) review of the current security policies
and practices landscape that governs research with influenza, SARS-CoV, and MERS-CoV in the United
States (the “defense”); 3) identification of plausible threats based on analysis of the “offense” and
“defense”; 4) assessment of the potential for the plausible threats to cause infections in the local
community or broader; and 5) comparison of possible pandemic consequences of plausible threats
involving GoF viruses and non-GoF viruses. All of the data collected were used to assess the plausible
threats facing laboratories that perform GoF research. These plausible threats serve as the most probable
events that could lead to a loss of containment from a biosecurity incident. Therefore, they were used to
focus the quantitative analysis of local and widespread infections on those acts that are the most plausible
in today’s laboratory security environment.

Based on historical incidents and an assessment of the security governance in the United States, the most
likely malicious acts to be carried out in or on a containment laboratory include theft of virus stocks,
experimental samples, equipment, or research animals; deliberate contamination of personal protective
equipment or laboratory equipment of co-workers; deliberate compromise of the personal protective
equipment or laboratory equipment of co-workers; and mixing of infected with uninfected samples or
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animals outside proper containment. In addition, incidents involving bombs or active shooters may cause
loss of containment if carried out inside or near the entrance of high containment laboratories in which
GoOF research is conducted.

In today’s regulatory and security environment, the most plausible malicious acts taking place at high
containment, research laboratories involves malicious insiders who have authorized access to the
laboratories and virus(s) contained therein. Insiders may work alone or in coordination with an outside
group. Their motivations range from emotional disturbances to ideological radicalization by domestic and
transnational terrorist organizations. The likelihood that outsiders could gain access to a laboratory
without insider assistance is low. Therefore, outsiders present a threat to the periphery of the research
complex or building only, but not a significant threat to the high containment laboratory itself.

Only a handful of GoF traits significantly increase biosecurity risk after a malicious event targets a
laboratory. For seasonal and pandemic influenza, the ability to overcome protective vaccination and
antiviral resistance modestly increases risk by increasing the potential consequences in high income
countries. There is no significant effect on risk if the global population is considered as a whole. For
seasonal and pandemic influenza, increasing the transmissibility and ability to evade residual immunity
significantly increases risk because outbreaks are more likely to occur, to escape local control, and will
create more consequential global outbreaks. For avian influenza, increasing transmissibility greatly
increases risk because this modification is required to spark a global outbreak of a disease by human-to-
human contact, potentially infecting millions. Without this change, the hazard is restricted to those
exposed to contaminated materials and infected birds, limiting the outbreak to thousands of cases at most.
Increasing pathogenicity can modestly increase risk. Similarly, the wild type coronaviruses have a very
small chance of sparking a global outbreak so increasing transmissibility greatly increases risk. Increasing
pathogenicity can modestly increase risk.

When comparing the biosafety and biosecurity risks, a successful event that covertly infects the public
(theft from an influenza laboratory of an infected animal, contaminated piece of equipment or viral stock)
must occur once every 80-5,500 years for biosecurity event to have the same total risk as biosafety events.
Given the frequency with which these malicious acts have occurred in the past, this analysis suggests that
biosecurity considerations be given as much weight as biosafety issues.

1.3 Biosecurity Risk Assessment of GoF Information

The biosecurity RA of GoF information is based on the open-source literature covering desirable
characteristics of biological agents and the scientific literature on GoF studies and non-GoF studies with
significant dual-utility. The potential biosecurity information risk that could be generated by GoF
information was assessed compared to what could be achieved through dual-use studies that do not rely
on GoF research. It was then determined if the unique dual-use information resulting from GoF studies
had already been published.

Little information risk remains from GoF research on the influenza viruses. Although the development of
a highly-contagious, highly virulent strain of influenza presents significant biosecurity information risk,
the methods to produce these strains have already been published and so no information risk remains.
Moreover, the specific changes in the genome that lead to these traits have also been characterized and
published, so an actor could reproduce the dual-use strains using reverse genetics. Similarly, information
on how to develop strains of influenza viruses that grow well in culture/eggs or evade medical
countermeasures or diagnostics has some dual-utility, but the methods to create these strains also have
already been published. A modest information risk would be realized if researchers published methods to
produce strains of influenza viruses that can produce more prolonged or chronic illness. Although this
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manipulation is a possible enhancement of pathogenicity that can fall under the definition of GoF
research, there is little scientific rationale to undertake these experiments. Hence, the possibility that this
information risk will be realized is low. Another modest information risk inheres in the publication of
methods to produce strains of influenza virus that are able to overcome protective vaccination even if the
vaccine matches the serotype of the pathogen. Similar work has been published for other pathogens, but
these pathogens have larger and more plastic genomes than the influenza viruses, so it is not known if
similar manipulations could be successfully carried out in the influenza viruses.

Significant information risk would be realized by the publication of methods to create a highly
transmissible SARS- or MERS-coronavirus that maintains its pathogenicity. Notably, without an animal
model of transmissibility for these pathogens, this information risk is unlikely to be realized in the near
future. A modest information risk inheres in methods to manipulate the genomic targets of a diagnostic
assay for coronavirus infections without compromising the other desirable traits of the pathogen.

State actors (and the sub-state groups they sponsor) are currently the only groups with the resources,
expertise, motivation, and time to leverage this dual-use information. These states could protect their own
populace from a global pandemic by secretly stockpiling vaccines that are protective against their
modified strain. For this reason, states would be more likely to produce modified influenza viruses than
coronaviruses (because no vaccines exist for this type of agent) and would probably be uninterested in
developing strains able to overcome any vaccine (as this strain would vitiate their comparative
advantage). Sub-national malicious actors may obtain the capability to replicate some of the less complex
GoF studies, but have so far not demonstrated any capacity to work with viral agents and little capacity
for waging biological warfare in general. Highly skilled individuals trained in biology would be capable
of replicating GoF studies, but are currently constrained greatly by a lack of material resources and time
that are available typically only to well-funded companies and research institutions.

Finally, no information risks unique to GoF research were identified. Similar techniques to those used in
GoF experiments could be leveraged for other pathogens that are not captured by the moratorium (and are
therefore outside the initial GoF framework assessed in this document) to create a highly transmissible
strain of an already deadly virus (like the Hendra and Nipah viruses) or to create a deadly strain of an
already highly transmissible pathogen that has been modified to overcome protective vaccination (polio-,
mumps- or measles-virus). Perhaps most worryingly, reverse genetics techniques could be used to
synthesize smallpox virus if an actor has significant molecular biology skill, and this strain could be
modified to overcome protective vaccination. Non-GoF pathogens could be used to produce effective,
novel incapacitating agents by the modification of a highly contagious virus (polio-, mumps- or measles-
virus) to overcome protective vaccination.

1.4 Benefit Assessment of GoF Research

The benefit assessment describes the potential benefits of GoF research involving influenza viruses and
coronaviruses, relative to two different types of alternative approaches: alternative experimental
approaches that can provide the same or similar information, and alternative scientific or technical
innovations that may similarly benefit public health through completely different mechanisms. Notably,
this assessment is limited to the evaluation of GoF experiments that have been published in the scientific
literature.

Within the field of CoV research, GoF approaches in the following phenotypic categories were identified:
enhanced pathogen production, altered host range, enhanced virulence, and evasion of therapeutics in
development. GoF approaches that alter host range and enhance virulence uniquely enable the
development of animal model systems that recapitulate human disease pathogenesis, which are critical for
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establishing the safety and efficacy of candidate vaccines and therapeutics and for the study of disease
pathogenesis mechanisms. GoF approaches that enhance virulence are also uniquely capable of
demonstrating that live attenuated vaccines (LAVS) do not recover virulence upon growth in vivo, an
important aspect of safety testing of candidate LAVs. Of note, this particular type of experiment simply
increases the human health risk of the attenuated strain to approach that of wild type strains. GoF
approaches that enhance virulence represent the most efficient and effective strategy for discovering
novel virulence factors, which may be good targets for new therapeutics. However, several alternative
strategies for the development of new therapeutics are being actively pursued and have also shown
promise. GoF approaches that lead to evasion of therapeutics in development are critical for the
development and regulatory approval of new therapeutics. Because these therapeutics are not yet widely
available, no increase in human health risk is posed by resistant strains. GoF approaches that alter host
range and enhance virulence provide unique benefits to study cross-species adaptation and pathogenicity,
but alternative approaches may also be used. Of note, this adaptation to a new host typically attenuates
virulence in the original host (in the case of SARS and MERS-CoV, humans).

Within the field of influenza research, GoF approaches in the following phenotypic categories were
identified: enhanced pathogen production, mammalian adaptation and enhanced transmissibility,
enhanced virulence, evasion of vaccines or therapeutics, and evasion of existing natural or induced
immunity. Across all GoF phenotypes, GoF approaches provide unique benefits to the study of the
mechanistic basis of the phenotype under study as well as the evolutionary mechanisms driving
acquisition of that trait, though alternative approaches may also be used. Alternative approaches have
stringent limitations for the study of mechanisms underlying mammalian transmissibility of animal
influenza viruses, as animal flu viruses that efficiently transmit in humans do not exist in nature. GoF
approaches that enhance virus production are uniquely critical for the current ability to produce sufficient
and timely influenza vaccines for seasonal flu epidemics and flu pandemics and represent the only
strategy for improving existing vaccine production capabilities in the near-term. Of note, GoF approaches
used in vaccine production attenuate an otherwise pathogenic strain while enhancing its growth
properties. GoF approaches that enhance the infectivity, transmissibility, and virulence of animal flu
viruses inform pandemic risk assessments of circulating influenza viruses, which guide downstream
decision-making about investments in pre-pandemic vaccine development and other pandemic
preparedness initiatives. Specifically, GoF approaches are uniquely critical for strengthening the
predictive value of molecular markers for mammalian adaptation, transmissibility, and virulence, which
can be used to infer phenotype from sequence for the risk assessment. In general, molecular marker data
moderately contribute to the overall risk associated with a particular virus. However, molecular marker
data play an important role in rapid risk assessments when novel flu viruses first emerge in human
populations due to the early availability of viral sequence data. These risk assessments facilitate more
rapid initiation of response activities such as pre-pandemic vaccine development. Of note, realization of
this benefit is subject to significant advancements in the state of knowledge about mechanisms underlying
mammalian adaptation, transmissibility, and virulence, as well as improvements to global public health
laboratory infrastructure. In addition, molecular marker data guide selection of viruses used as the basis of
pre-pandemic vaccines. GoF approaches that enhance the infectivity and virulence of influenza viruses
are also used to develop animal models that support the study of disease pathogenesis and medical
countermeasure (MCM) development. GoF approaches that lead to evasion of therapeutics in
development are critical for the development and regulatory approval of new therapeutics. Of note, the
acquisition of resistance to novel classes of therapeutics is not expected to confer cross-resistance to
existing antivirals (i.e., adamantanes or neuraminidase inhibitors). Thus, when these experiments involve
drug candidates within new classes of therapeutics, which are not yet widely available, no increase in
human health risk is posed by resistant strains. However, similar approaches using licensed therapeutics
inform therapeutic recommendations for seasonal influenza infections and pandemic preparedness
initiatives for high-risk animal influenza viruses, but phenotypic approaches for antiviral sensitivity
testing are also used for these purposes. GoF approaches that lead to evasion of vaccines are uniquely
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capable of determining whether viruses can acquire mutations to escape neutralization of candidate broad-
spectrum or universal influenza vaccines, a critical aspect of testing the potential field efficacy of
vaccines in development. Most of these experiments involve next-generation influenza vaccine candidates
targeting epitopes other than the globular head domain of the hemagglutinin (HA) protein, the target of
current influenza vaccines. Given that the globular head domain of HA is the immunodominant protein of
influenza viruses and that these next-generation vaccines are not yet widely available, strains that can
overcome the protection afforded by these vaccines are expected to pose a minimal increase in human
health risk relative to wild type strains. GoF approaches that lead to evasion of existing natural or induced
immunity have potential to improve the efficacy of seasonal influenza vaccines, but this benefit is subject
to advancements in the state of knowledge about the mechanistic basis of antigenic drift as well as
expansion of sequencing capabilities across public health laboratories involved in global influenza
surveillance. Finally, GoF studies involving reassortment, which may lead to one or more phenotypic
changes, are uniquely capable of providing information that can be used to prioritize community-level
interventions aiming to prevent opportunities for co-infections that could lead to the generation of
reassortant viruses with phenotypic properties of concern.

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 8



2 Overview and Purpose

The overarching purpose of conducting the risk/benefit analysis (RBA) is to provide information for the
NSABB to make recommendations about a general conceptual approach to the evaluation of Gain of
Function studies, and for the US government to formulate policy regarding Gain of Function (GoF)
research. In this document, the term GoF is used in the same manner as the Framework for Conducting
Risk and Benefit Assessments of Gain of Function Research—the “Framework”.® By design, this study
was broad in its scope, intentionally assessing all of the traits and pathogens mentioned in the Framework
to determine where risk lies. The conclusions of the risk assessment should point to the pathogens and the
enhanced phenotypes that would increase risk of a pandemic and those that do not increase this risk.
Similarly, the benefit assessment determines which experiments (regardless of their risk) have important
and unique benefits. That being said, this study was not so broad as to assess the risk posed by
experiments that could create pandemic pathogens that do not all within the Framework. Specifically, as
discussed in Chapter 8, other pathogens that lie outside the framework could be manipulated to cause a
global outbreak. Also, other traits of the influenza viruses and coronaviruses could be manipulated that
would alter their pandemic potential (such as their environmental stability, which could significantly
increase their risk of causing a laboratory acquired infection, and the probability that patients could
transmit the disease to others prior to the onset of symptoms).

The specific goals of this assessment is to provide evidence on how particular GoF experiments affect the
following possibilities:

e That an outbreak caused by a laboratory accident may occur,

e That an outbreak caused by a laboratory accident may increase in severity or extent,

e That a hostile actor may misuse the materials or information generated,

e That future or ongoing disease outbreaks or attacks could be prevented or mitigated, and
e That the life-science research in general would be advanced.

2.1 Organization of the Project

This project is divided along the three major tasks, each of which requires a distinct data collection and
analysis approach: 1) a risk analysis (RA) of accidents and natural disasters, 2) a biosecurity RA and 3) a
benefit assessment. The RA of accidents and natural disasters (called the biosafety RA for simplicity)
leveraged sophisticated quantitative modeling of the probability and consequences of various events that
lead to an outbreak, the ongoing transmission of the outbreak in humans and the termination of the
outbreak by public health measures or natural forces. The biosecurity RA requires an analysis of data
from the intelligence and law enforcement community on malicious actors and an assessment of the
efficacy of security measures at preventing or mitigating a hostile act. The biosecurity RA is delivered in
two parts because risks posed by malicious acts targeting laboratories that conduct GoF required a
different analytical approach than the assessment of the risk generated by the misuse of published GoF
research. The benefit assessment requires an understanding of the gaps in scientific knowledge, public
health and medicine that GoF experiments could address. Moreover, this assessment requires the
identification of scientific and non-scientific barriers to the realization of these benefits.

3 Framework for Conducting Risk and Benefit Assessment of Gain-of-Function Research: Recommendations of the National
Advisory Board for Biosecurity. May 2015,
http://osp.od.nih.gov/sites/default/files/resourcessNSABB_Framework_for_Risk_and_Benefit_Assessments_of GOF_Resea
rch-APPROVED.pdf
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2.2 Time Horizon

The life sciences are advancing extremely rapidly such that techniques commonly use today were unheard
of a few years ago, and the findings are being applied to more and more facets of life. Hence, the state of
science decades from now is impossible to predict; to ground the work in real science, the RBA is
constrained by a five year time horizon. This time horizon is necessary because the approach is data
driven and the future state of research protocols is unknowable, especially how these changes will affect
stocks of pathogen, containment measures, public health measures, and gaps in scientific knowledge,
public health and medicine. New modes of scientific inquiry could obviate GoF research or open up new
opportunities for its application. New laboratory techniques could greatly reduce the chance that an
accident would occur or that any infections may happen. Of relevance to biosecurity, the malicious actors
who may misuse the fruits of GoF research in the far future may have motives or capabilities much
different from those of today’s actors.

Specifically, all risks are considered in a five year time horizon. In contrast, the follow-on benefits of a
scientific discovery that is produced in a five year time-frame will be considered even if these benefits are
realized further into the future. This expanded time-horizon for benefits is necessary because basic
science finds its application in the field years after its discovery and some regulatory processes require
more than five years by themselves before products borne of a scientific discovery can be used.

2.3 Interpreting the Results of the RBA

In this study, GoF phenotypes are analyzed individually so that the NSABB can understand how any
particular anticipated change would affect risk in isolation. In reality, many of the phenotypes considered
by the framework are inextricably linked. For example, a component of transmissibility of seasonal
influenza in human populations is the protection afforded by exposure to similar strains in the past. For
this reason, the ability to overcome residual immunity influences transmissibility. Similarly, adaptation to
a host is a necessary component of being transmissible in that host. A strain that is adapted to a host is
likely to grow to a higher titer in cells derived from that host and produce a higher titer infection in a
living host. High titer infections may often lead to a greater amount of viral shedding, and so these
phenotypes are likely related to transmissibility.

The modeling completed enables a complete assessment of how any combination of parameter values that
describe the pathogen and control measures influences risk, however, all possible combinations of these
values and their influence on risk cannot be shown concisely in a report. Instead, static slices through this
very complex risk space are taken and shown as two-dimensional figures in this report that explore the
effect of changing one parameter while allowing all others to vary.

This study examines the risk should a GoF experiment lead to a pathogen with particular traits. In a
guantitative framework, these traits must be described numerically (such as a specific increase in the
reproductive number of the outbreak or the median infectious dose). However, quantitatively translating
empirical studies of transmission in animals to epidemiological predictions for human populations is
impossible. That is, increases in transmissibility in ferrets in isolators cannot be linked to a specific
increase in the reproductive number for outbreaks in human populations. Therefore, it is unknown if the
enhanced transmissibility observed in GoF experiments done to date would significantly change the risk
of an outbreak. Only one component of the transmissibility of a virus in a human population is the
biology of the virus and the host because humans may change their behavior to reduce the risk of contact
during a particularly worrying outbreak. In fact, a recent study estimates that the ferret model of influenza
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can be used to explain only 66% of the variation in transmissibility in humans observed across subtypes.*
Instead, this RBA can simply determine how particular increases in transmissibility of a pathogen causing
a human outbreak would influence risk. The feasibility of achieving any particular phenotype via GoF
research is a question of science.

Lastly, this study uses the actuarial definition of risk (risk is the product of probability and consequences
of a bad event). Wherever possible, this study clearly describes how aspects of GoF research influence
risk by increasing the probability that an outbreak would occur and/or by increasing the consequences
should it occur. In this way, readers can use this document to inform their calculations based on other
possible definitions of risk (the probability that a bad event of any consequence occurs, for example).

4 Buhnerkempe, MG et al, “Mapping influenza transmission in the ferret model to transmission in humans” eLife, 2015,

€07969.
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3 Overall Methodology

This project is divided along three major tasks, each of which requires a distinct data collection and
analysis approach: 1) a risk analysis (RA) of accidents and natural disasters, 2) a biosecurity RA, and 3) a
benefit assessment. The RA of accidents and natural disasters (called the biosafety RA for simplicity)
requires sophisticated quantitative modeling of the probability and consequences of various events that
lead to an outbreak, the ongoing transmission of the outbreak in humans and the termination of the
outbreak by public health measures or natural forces. The biosecurity RA, which considers acts that
originate in a GoF laboratory and the misuse of the information generated by GoF research, requires an
analysis of historical data on malicious actors and an assessment of the efficacy of security measures at
preventing or mitigating a hostile act. The benefit assessment requires an understanding of the gaps in
scientific knowledge, public health and medicine that GoF experiments could address. Moreover, this
assessment requires the identification of scientific and non-scientific barriers to the realization of these
benefits.

3.1 RA of Accidents and Natural Disasters

If this assessment is to inform a system for the evaluation of future research, the RA of accidents and
natural disasters must provide risk information about research that has yet to be initiated in locations that
have yet to be identified. This RA must also consider work with wild type pathogens that does not fall
under the umbrella of GoF research. Unfortunately, the experiments to manipulate pathogens with
pandemic potential (PPP), the resultant phenotypes, the biosafety features of the laboratory, and the
environment around the laboratory all could significantly influence risk. To cover the entire landscape of
experiments, phenotypes, containment measures, and environments, we took a parametric approach to
risk modeling. That is, we determined how changing any attribute of the pathogen, experiment,
laboratory, or environment would affect risk and then bound this assessment in science by assigning real
examples to particular values. For example, we assessed how the transmissibility of an influenza virus
affects risk of an outbreak from arbitrarily small values of transmissibility through arbitrarily large values.
In this manner, we provide information on how transmissible an influenza virus must be in order for risk
to increase significantly. We then compared this “break point” to the transmissibility of known influenza
viruses to provide context on the feasibility of novel strains reaching this level of transmissibility. A
similar approach was taken with all GoF phenotypes. Similarly, biocontainment aspects and features of
the environment were explored for their influence on risk and we highlight those features or qualities of
the environment that may significantly influence risk.

Using this approach, we considered biosafety risk by its component parts: the probability that an event
would occur that would lead to an infection outside the laboratory, the probability that the infection
would lead to an outbreak that seeds a global epidemic, and the consequences of the global epidemic.

The RA of accidents and natural disasters began with the accidents and natural disasters themselves. Of
all the events that COULD lead to a loss of containment that could befall a laboratory, we chose to
guantitatively model those that were either identified as high-risk in previous laboratory risk assessments,
cited as frequent causes of accidents in laboratories in incident reports or those that are uniquely relevant
to GoF studies. These events included high-probability, low-consequence events (like spills), low-
probability, high-consequence events (like earthquakes), and “maximum reasonably foreseeable events”.
Events that are both low-probability and low-consequence were considered but not modeled further
because they will, by definition, not contribute to risk.
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Because of the routine use of Fault Tree Analysis (FTA) in a Probabilistic Risk Assessment (PRA)
framework in the estimation of risks arising from accidents and natural disasters creating technological
hazards (accidents and disasters striking nuclear power plants and the chemical supply chain, for
example),® we applied a similar methodology here. In FTA, the probability that a specific hazard is
generated via a series of connected failures is estimated. This analysis method is most commonly used to
understand how systems can fail and to identify the best ways to reduce risk. To explore the uncertainty in
parameter values and the variety of possible paths through a fault tree, we employed Monte Carlo
simulations, in which repeated, random draws of possible paths and parameter values are sampled to
obtain an aggregate realization of risk. For each incident (and for all incidents in aggregate) we obtained a
probability that various types and sizes of releases occur. The PRA estimated how frequently each release
occurs and how much pathogen (or how many infected animals or people) is released. Releases could
occur via aerosol, via an infected worker or animal, or via a contaminated worker.

For each release type, a different modeling approach was used. For releases that create an aerosol, we
used an atmospheric dispersion model to determine how many people or animals are exposed to what
dose of pathogen. Dose-response models were used to determine how many people or animals become
infected. For releases of contamination on the body or clothing of a laboratory worker, a stochastic,
Markov chain model was developed to determine how many people (if any) or how many animals (if any)
become contaminated after being touched by the initial contaminated worker. For events that caused the
infection of a laboratory worker, we used a stochastic model to determine if the worker violates the
various procedural and medical monitoring protocols to determine the probability of initiating an outbreak
in the community. As discussed further below, animal escapes were found to drive risk by escaping
containment features within the laboratory and infecting workers who can then leave the laboratory
instead of the animal escaping the laboratory entirely.®

Once a person was infected outside of the laboratory, we modeled the nascent local outbreak using a
branching process model, which captures the fact that small outbreaks can be extinguished by stochastic
factors and also public health measures, some of which may be unique to the communities around the
laboratories. Branching process models are stochastic models that calculate how many individuals every
contagious person infects in each generation. In our model, the probability of infecting a certain number
of new individuals is determined by the transmissibility of the pathogen (described by the parameter R)
and the variation in transmissibility between individuals (described by the parameter k) and modified by
public health control measures. We used this model to determine the probability that any given outbreak
would extinguish or grow beyond local control, given the properties of the pathogen, starting conditions
(how many of what type of people are infected), and control measures.

Once an outbreak escapes local control, it seeds outbreaks throughout the world. We modeled the
illnesses and deaths that occur in each region of the world using the HHS-BARDA Interactive Influenza
Model, an SEIR model that considers the effect of the young and the elderly in the ongoing spread of the
disease given contact rates between workplace, school, and home populations. Although this study did not
attempt to evaluate the efficacy of public health response measures in detail, these measures must be
captured in our RA because some GoF phenotypes may vitiate some control measures more than others
(for example, the ability to overcome protective vaccination) and lead to a change in relative risk.

5 For example, see Vesely et al, Fault Tree Handbook (NUREG-0492), U.S. Nuclear Regulatory Commission, January 1981,
http://pbadupws.nrc.gov/docs/ML1007/ML100780465.pdf and Center for Chemical Process Safety, Guidelines for Hazard
Evaluation Procedures, April 2008.

6 The biosecurity section (Chapter 7) discusses an event that involves malicious actors stealing infected animals from a
laboratory. In this event, the malicious actor is assumed to be infected by carrying the infected animals, and the infection of
this person drives subsequent outbreak risk.
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For pathogens that are transmissible amongst birds only, if a bird is infected outside of the laboratory, we
assumed that the outbreak escapes local control and that human health consequences are suffered based
on the consequences of past avian influenza outbreaks. This simple approach was taken because not
enough data is available to support more robust modeling of the interplay of wild birds, domestic birds
and humans for outbreaks caused by entirely novel, avian-transmissible pathogens that cannot be
transmitted amongst people. If an avian-origin strain is modified to be transmissible in mammals, it was
modeled as any other human-transmissible pathogen, as described above.

If a global epidemic is not triggered, consequences were tallied from the number of people infected in the
laboratory or in the smaller-scale outbreak in the locality. Comparing the risk posed by GoF research to
the risk posed by unmodified pathogens provides an understanding of which specific GoF experiments
may lead to a significant increase in biosafety risk.

Because the risk of a laboratory accident is proportional to the number of laboratory workers
manipulating dangerous strains of pathogens, we also characterized the proliferation potential of GoF
research in the US should the funding pause be lifted. We assessed the potential interest and capability to
perform GoF research in the US by an analysis of the scientific literature. We also examined funding
availability and the sufficiency of containment space to perform the work. Lastly, we identified three
cases of scientific discoveries in virology and traced their proliferation over the following years to
provide additional insight.

3.2 Biosecurity RA of Malicious Acts Targeting a Laboratory

In the risk assessment of malicious acts targeting a laboratory, also known as the semi-quantitative
biosecurity assessment, we compared the motivations and capabilities of a variety of malicious actors to
the defensive systems arrayed against them to prevent the malicious act. Should a malicious act lead to
the loss of containment, its consequences were modeled in the same manner as in the biosafety RA above.

No unclassified information describing the threats to research laboratories that store or study GoF
influenza, SARS, or MERS-CoV virus is available. Therefore, to identify the types of acts that may target
a GoF laboratory, our approach involved examining historical incidents involving life science laboratories
and hospitals, evaluating the motivations and capabilities of malicious actors, and determining if and how
existing security measures affect the likelihood of success of a malicious act. Plausible threats facing
laboratories that study or store GoF virus(s) were extrapolated from this assessment. From this
assessment, we can compare quantitatively how a malicious act would have different consequences if a
GoF laboratory was targeted instead of a laboratory studying only wild type pathogens.

To organize our biosecurity data collection effort, we developed a matrix of malicious actors, acts, and
consequences. This matrix was reviewed by officials from the law enforcement and intelligence
communities to ensure that we captured all plausible combinations that could threaten biosecurity. We
then populated this matrix with data drawn from historical events that involved malicious acts in
laboratories in the US or overseas. This historical analysis provides an evidence-based method to
understand, in a qualitative way, the probability that an event would occur and the type of resources these
malicious actors bring to bear when targeting a laboratory.

To assess the capabilities of preventing malicious acts, we investigated the literature on legal authorities
and systems supporting biosecurity and analyzed these authorities and systems for gaps that could be
exploited by malicious actors. We also interviewed biosecurity stakeholders at institutions performing
relevant research to understand specific systems in place at these locations.

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 14



We then compared the data on the motives and capabilities of the malicious actors to the capabilities of
systems preventing their access to develop a series of qualitative scenarios that represent the “highest
risk” biosecurity events. The consequences of these events were modeled using the methodology laid out
in the biosafety RA as described above.

3.3 Biosecurity RA of GoF Information

In this assessment, we identified those GoF studies that, if published, would provide useful information
over what is already published in the scientific literature to a malicious actor seeking to create a biological
weapon. To perform this assessment, we first determined what is possible for a malicious actor to achieve
using unmodified agents so that we can identify how GoF pathogens could afford additional capabilities
to an adversary. We then characterized the state of the science regarding the enhancement of all traits
described in the NSABB GoF risk and benefit framework to understand to what degree methods already
exist in the literature that speak to the creation of modified strains of influenza viruses and coronaviruses
with phenotypes attractive to malicious actors. In this way, we identified GoF research that would provide
uniquely valuable information to a malicious actor for misuse over the body of dual-use research that
already exists. Also, we identified if dual-use information already in the literature requires a particularly
challenging technical approach in order to ascertain if an information risk could be suffered via the
publication of an easier experimental route to the same product. Lastly, we used open-source information
to understand if this unpublished dual-use information is actually desired by various malicious actors and
characterized the technical skill, sophistication, and resources required for those actors to leverage this
information.

3.4 Benefit Assessment

The approach to the benefit assessment is founded on the concept that the benefits of scientific research
derive from applications of new scientific information or products to gaps in knowledge, public health,
medicine, and other societal issues. To that end, a multi-step process was used to identify the potential
benefits of GoF research.

1. A foundation for the analysis was established by independently:
a. characterizing the expected scientific information and products derived from GoF studies
of potential concern involving influenza viruses and coronaviruses (Pathogens with
Pandemic Potential, or “PPPs”), and

b. identifying gaps in scientific knowledge about PPPs and gaps in public health and
medical capabilities related to the prevention and control of PPP outbreaks.

2. The scientific information/products derived from GoF research were mapped (“crosswalked”) to
the gaps in scientific knowledge, public health, and medicine,

3. Alternate experimental approaches and/or other scientific or technical innovations (“alt-GoF”
approaches) that could address the same gaps were identified,

4. The barriers to the realization of GoF and alt-GoF benefits were evaluated,
5. The unique benefits of GoF research were identified by comparatively analyzing the benefits

afforded by GoF research versus alternative approaches, in light of the barriers to the realization
of each approach,
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6. The potential for the unique benefits of GoF research to be globalized was assessed, and
7. Benefits to the production of influenza vaccines were quantitatively evaluated.

This analysis of GoF benefits was guided by the benefits of GoF research and associated benefit critiques
proposed by infectious disease researchers and other GoF stakeholders during public meetings about GoF
research and through perspectives published in scientific journals. Each proposed benefit and benefit
critigue was examined in detail through interviews with stakeholders involved in conducting scientific
research, including PPP researchers and non-PPP researchers, and stakeholders involved in translating
research insights into public health practice and policy. Additionally, this list of proposed benefits and
benefit critiques was expanded upon through further analysis of the scientific literature. Each proposed
benefit was then validated — the “crosswalk™ of proposed benefits to gaps — through examination and
analysis of the scientific literature (for benefits to scientific knowledge) or through interviews with
stakeholders in public health and MCM development who are directly involved in applying the data or
agents generated through GoF research to public health practice and policy and MCM
development/production. The validation analysis included an assessment of the relevance and validity of
all benefit critiques previously identified. Importantly, this analysis leveraged the evaluation of public
health systems to understand the process by which the immediate applications of GoF research ultimately
reduce human morbidity and mortality caused by influenza viruses and coronaviruses. Taken together,
this analysis resulted in the identification of GoF research outputs with validated applications to scientific
knowledge, public health, and medicine as well as an understanding of their downstream benefits to the
health of human populations.

Some alternative experimental approaches or other scientific/technical innovations (hereafter referred to
as “alt-GoF” approaches) may pose less risk than GoF studies but yield the same or similar benefits. As
GoF studies comprise a subset of all research activities involving PPPs, this analysis focused exclusively
on those alt-GoF approaches capable of targeting the same gaps in scientific knowledge and public health
as GoF approaches. The potential benefits of alt-GoF studies were identified through the same process as
for GoF studies: a crosswalk of the research outputs of alt-GoF studies to gaps in scientific knowledge,
public health, and medicine related to PPPs. Importantly, in addition to alternative experimental
approaches, alt-GoF approaches also include those scientific and technical innovations that address the
same public health gaps that GoF can address but through a completely different mechanism. To
complement the analysis of the net risks associated with the conduct of GoF research relative to research
involving wild type pathogens, the benefit assessment highlights those types of GoF studies that may
provide unique benefits to scientific knowledge, public health, and medicine relative to alternative
approaches.

One of the most challenging aspects of weighing the risks and benefits of GoF research is that there is a
temporal mismatch between the risks and the benefits of the research — the risks are assumed at the time
the research is conducted, while the benefits to public health and medicine may accrue in the future. To
enable the comparison of risks and benefits, the benefit assessment provides data on the likelihood that
the potential benefits of GoF research will be realized by describing the barriers to the realization of the
benefits. Two types of barriers were explored: scientific barriers and non-scientific barriers. Scientific
barriers arise from uncertainties in the state of the science and/or in the meaning of the scientific
outcomes of GoF studies, which may influence the nature and limit the scope of the benefit. Scientific
barriers were identified through analysis of the scientific literature and interviews with infectious disease
researchers. Non-scientific barriers include other technical innovations and regulatory factors that are
essential for translation of the research, as well as gaps or inefficiencies in downstream aspects of the
public health process that may limit the ultimate impact of the research application on human health. To
identify non-scientific barriers, the gap analysis of public health and medical capabilities related to the
prevention and control of PPP outbreaks was leveraged. Finally, the type of resources needed to
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overcome or circumvent each barrier was defined, including advancements in scientific knowledge,
improvements to public health infrastructure, and other factors, which serves as a proxy for the likelihood
and timing of the realization of the benefits.

Whether risks and benefits are equally distributed across populations is also an important consideration in
any risk-benefit comparison. To inform NSABB’s deliberations on this issue, the benefit assessment
qualitatively assessed the globalization potential of the identified GoF benefits, through analysis of
historical case studies examining the globalization of similar benefits and through review of relevant USG
policies on resource and information sharing. Benefits related to the production of influenza vaccines are
amenable to quantitative analysis. This analysis leveraged models developed for the biosafety RA above
to parametrically explore how changes in the availability of influenza vaccines can mitigate morbidity or
mortality during seasonal flu epidemics and flu pandemics.
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4.1 Influenza Viruses

Throughout this report, the terms pandemic, seasonal, and avian are used. Seasonal influenza viruses
include the strains of the HLN1 and H3N2 subtypes that cause morbidity on an annual basis. Pandemic
influenza viruses include the 1918 HIN1, 1957 H2N2, 1968 H3N2 and 2009 H1N1 strains, which spread
rapidly at least partially because the population had very little immunity. The 2009 HIN1 strain continues
to circulate seasonally since its emergence, and is properly classified as both a pandemic strain and a
seasonal strain (also the morbidity and mortality caused by this strain is more similar to seasonal strains
than any of the previous pandemic strains). Similarly, today’s seasonal HIN1 strains are descendants of
the 1918 H1NZ1 strain and the seasonal H3N2 strains are descendants of the 1968 strain, so the distinction
between pandemic and seasonal strains is one of timing (today’s novel pandemic strain is tomorrow’s
seasonal strain).

Avian influenza strains are strains of influenza that are transmissible only amongst animals other than
humans, especially birds. If an avian strain is modified to become transmissible in humans, we still call
this an avian strain because of the characteristics of its wild type parents. Generally, this report is
concerned with the highly pathogenic strains of the H5 and H7 subtypes.

4.1.1 Biology of Influenza
4.1.1.1 Overview

Influenza is a single-stranded, negative-sense RNA virus of the Orthomyxoviridae family. There are three
types of influenza viruses—A, B, and C—that have a common genetic ancestry, but distinct genetic
characteristics. Influenza type A can infect a variety of animal hosts and is further divided into subgroups
based on its surface proteins. Type B viruses have a more limited host range with limited variation;
influenza C causes only mild symptoms in humans and does not contribute to outbreaks.’

4.1.1.2 Virus Structure
The influenza genome is divided into eight RNA segments that encode viral proteins essential to the

functionality of the virus. Each is folded into a rod-shaped, double-helical ribonucleoprotein complex
(RNP).

7 Centers for Disease Control and Prevention. Types of Influenza Viruses. http://www.cdc.gov/flu/about/viruses/types.htm.
Last Update 2014. Accessed May 2015.
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Figure 4.1. A cartoon of the influenza virion displaying the segmented RNA genome and encoded proteins, as
reproduced from Le Mercier.2

The RNP contains viral RNA encapsulated by nucleoprotein (NP) and bound to a trimeric RNA
polymerase, comprised of one polymerase acidic (PA) and two polymerase basic (PB1, PB2) subunits.
The RNP is responsible for directing RNA replication, transcription, and transport as well as genome
reassortment and packaging. Nuclear export proteins (NEP) also facilitate intracellular transport.

Matrix proteins, M1, surround the RNPs and NEPs. The lipid bilayer envelope encloses the virion with
hemagglutinin (HA), neuraminidase (NA), and matrix ion channel (M2) proteins embedded into its
membrane. HA glycoproteins facilitate virus binding and entry whereas NA proteins promote virus
budding. HA recognizes the sialic acid moieties on host cells and ensure proper binding in preparation for
endocytosis. NA proteins possess sialidase activity to release newly replicated virus from and prevent
virus aggregation on the host cell. M2 ion channel proteins are vital for pH regulation during viral
replication.®101!

4.1.1.3 Antigenic Variation

All influenza viruses are classified by type and strain. Influenza A viruses are also classified by their HA
and NA subtype—e.g., HIN1, H3N2, H5N1. Influenza is a relatively simple RNA virus, yet is able to
continuously elude host immune systems through antigenic drift. Influenza’s RNA polymerase is prone to
replication errors, resulting in frequent point mutations in antibody binding sites on HA and NA proteins.
These amino acid changes have the potential to affect the conformation of surface proteins, and hence, the
binding of host antibodies. Although these mutations are minor and random, accumulation over time can
lead to a new strain of virus that is no longer neutralized by the host immune system, even after
vaccination or prior infection.

Antigenic drift occurs in both influenza A and B. Influenza A viruses, however, can also evolve through
a much more abrupt process referred to as antigenic shift, which is the result of genomic reassortment.

8 Le Mercier P (2010) Influenza virus A. SIB Swiss Institute of Bioinformatics, ViralZone. Retrieved from
http://viralzone.expasy.org/all_by species/6.html.

9 Bouvier NM, Palese P (2008b) The biology of influenza viruses. Vaccine 26, Supplement 4: D49-D53

10 Shaw ML et al (2008) Cellular proteins in influenza virus particles. PLoS Pathog 4: e1000085

1 Tsai KN, Chen GW (2011) Influenza genome diversity and evolution. Microbes Infect 13: 479-488
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The segmented feature of the virus genome enables the entire HA or NA segment to be replaced with a
new segment from a different influenza virus. By altering the surface proteins, the infectivity of the virus
is also altered and a new phenotypic subtype is formed. The HA protein is more likely to be reassorted,
but both HA and NA subtypes have variable antigenicity.

Genomic reassortment occurs as a result of co-circulation of different subtypes of influenza A and co-
infection of a host. When a host is infected with two influenza strains, viral replication in the nucleus may
cause mixing of genetic material. Influenza is prone to genetic mixing due to its multiple-stranded
genome (that is, a single newly budded virus particle could package RNA strands from two different
parental strains). This mixing can result in a significant change of the antigenic properties of the virus,
termed antigenic shift, and could generate a virus to which hosts have no existing immunity and,
therefore, is the source of pandemic outbreaks. After a virus undergoes antigenic shift, it continues to
experience antigenic drift. Both antigenic drift and antigenic shift are responsible for influenza’s
evolution and survival >3
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Figure 4.2. Antigenic drift and antigenic shift in influenza A virus, as reproduced from the WHO
Collaborating Centre for Reference and Research on Influenza.'*

4.1.1.4 Host Range

Influenza types, subtypes, and strains have a distinct and sometimes overlapping set of host organisms
that they can effectively infect, called their host range or host tropism. For influenza viruses, sialic acid
receptor specificity, temperature, and pH at the site of infection are the main determinants of host range.

Receptor specificity largely determines the host tropism of a virus. HA proteins bind to host glycosylated
receptors with sialic acid moieties; different HA subtypes have preferences for different bond structures.

HA in avian viruses binds only to the a-2,3 isoform whereas in human-adapted viruses, the a-2,6 linkage
is preferred (Figure 4.3). Either HA type, however, will bind in swine because the species possesses cells
with both sialic acid moieties. For this reason, swine are considered “mixing vessels” that provide an

12 Carrat F, Flahault A (2007) Influenza vaccine: the challenge of antigenic drift. Vaccine 25: 6852-6862

13 Bouvier NM, Palese P (2008a) The biology of influenza viruses. Ibid. 26 Suppl 4: D49-53

14 WHO Collaborating Centre for Reference and Research on Influenza. About Influenza.
http://www.influenzacentre.org/aboutinfluenza.htm. Last Update Accessed October 2015.

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 21



opportunity for reassortment. Reassortment and evolution in intermediate hosts allow for emergence of
new virus types. Figure 4.4 below shows the species adapted to different HA and NA subtypes.151¢
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Figure 4.3. Chemical structures of a-2,3- and a-2,6-linked glycans, with the terminal sialic acid and galactose,

for binding to influenza viruses, as reproduced from Xu et al.’
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Xu R et al (2010) Structure, receptor binding, and antigenicity of influenza virus hemagglutinins from the 1957 H2N2

pandemic. J Virol 84: 1715-1721

Medina RA, Garcia-Sastre A (2011) Influenza A viruses: new research developments. Nature reviews Microbiology 9: 590-

603

Xu R et al (2010) Structure, receptor binding, and antigenicity of influenza virus hemagglutinins from the 1957 H2N2

pandemic. J Virol 84: 1715-1721
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horses

Figure 4.4. Venn diagram of species infected by influenza types and subtypes as reported by the CDC and
WHO, adapted from McCandless et al. Size of text represents human fatality rates and lighter text shows the
virus rarely infects humans.®

For effective transmission to another host, the virus must be able to efficiently replicate in the temperature
of the new host and the site of infection in each host has a distinct temperature range. In birds, infection
occurs in the gastrointestinal tract at around 40 degrees Celsius. In swine, influenza targets the respiratory
tract at approximately 39 degrees Celsius. The upper respiratory tract in humans is typically around 33
degrees Celsius whereas the lower respiratory tract reaches 37 degrees Celsius. The lower respiratory
tract also has a-2,3 moieties, which can be bound by avian strains. The elevated temperature, in
combination with avian compatible viral receptors, presents the opportunity for a non-human-adapted
virus to infect a human. Although rare, this is a source of unexpected species crossover, creating a variant
influenza strain.%2°

HA glycoproteins facilitate viral infection of a host cell through pH-induced membrane fusion and some
level of host tropism is determined by the pH of the infection site in various hosts. Change in pH may

render the virus ineffective at transferring its genome into the host cell by causing the virus to release its
genome at less proximity to the nucleus or once lysosomes have matured to degrade the genome. Either

18 McCandless D, Hollowood E. Influ-Venn-Za. Who can catch which flu?
http://Aww.informationisbeautiful.net/visualizations/which-flu-virus/. Last Update April 2013. Accessed October 2015.

1% Medina RA, Garcia-Sastre A (2011) Influenza A viruses: new research developments. Nature reviews Microbiology 9: 590-
603

20 Causey D, Edwards SV (2008) Ecology of avian influenza virus in birds. J Infect Dis 197 Suppl 1: S29-33
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will inhibit viral infection and replication. Viral adaption to a new host species requires a pH shift for
effective membrane fusion.?

Currently only H1, H2, and H3 subtypes can easily cause human-to-human transmission. The emergence
of a new subtype capable of human to human transmission is expected to cause a major pandemic because
the population will have no pre-existing immunity.

4.1.2 Influenza Epidemiology?

Influenza is an acute viral infection characterized by the rapid onset of disease and brief symptomatic
period. The virus can cause mild to severe respiratory illness in human hosts; some infections cause minor
respiratory symptoms while others result in hospitalization and occasionally, death. Unresolved cases are
usually associated with other chronic conditions and can develop into additional complications such as
pneumonia and bronchitis.

4.1.2.1 Incubation Period

The incubation period is the time between when an individual is exposed to a pathogen and when the first
symptom manifests. During the incubation period, most infected individuals cannot transmit the infection
to others; therefore, longer incubation periods equate to a slower outbreak development. Incubation
periods vary for seasonal, pandemic, and severe pandemic influenza.

4.1.2.1.1 Seasonal Influenza

Several papers were identified that describe the incubation periods observed in seasonal influenza
infections. The literature suggests an incubation period duration ranging from one day to seven days
(Supplemental Information Table 1). The most common incubation period found within the literature was
two days with a mean incubation period of 63 hours or 2.6 days. 23.242526.27.28.29

4.1.2.1.2 Pandemic Influenza

Incubation periods for pandemic influenza are reported to be slightly longer than those seen in seasonal
influenza. Since there is little to no data on the incubation period of other pandemic strains, data from the
2009 H1N1 outbreak were evaluated. Four sources from the 2009 H1N1 pandemic reported data on the
length of incubation periods.

The HIN1 data suggest a range of incubation periods similar to the range seen in seasonal influenza.

2L Mair CM et al (2014) Receptor binding and pH stability — How influenza A virus hemagglutinin affects host-specific virus
infection. Biochimica et Biophysica Acta (BBA) - Biomembranes 1838: 1153-1168

22 Much of the data and sources discussed below were drawn from a previous study completed for the Defense Threat
Reduction Agency by Gryphon Scientific called Influenza Modeling Parameters.

2 Alford RH et al (1966) Human influenza resulting from aerosol inhalation. Experimental Biology and Medicine 122: 800-
804

2 Burnet F, Foley M (1940) The Results of Intranasal Inoculation of Modified and Unmodified Influenza Virus Strains in
Human Volunteers. Medical Journal of Australia 2: 655-659

%5 Couch RB et al (1971) Correlated studies of a recombinant influenza-virus vaccine. I11. Protection against experimental
influenza in man. Journal of Infectious Diseases 124: 473-480

% Macdonald P, Lyth JC (1918) INCUBATION PERIOD OF INFLUENZA. Br Med J 2: 488

27 Moser MR et al (1979) An outbreak of influenza aboard a commercial airliner. American journal of epidemiology 110: 1-6

28 Armstrong C, Hopkins R (1921) An epidemiological study of the 1920 epidemic of influenza in an isolated rural
community. Public Health Reports (1896-1970): 1671-1702

29 Lessler J et al (2009) Incubation periods of acute respiratory viral infections: a systematic review. The Lancet infectious
diseases 9: 291-300
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However, these data suggest a mean incubation period of 4.2 days and median of 4.1 days instead of the
two day incubation period most commonly seen in seasonal influenza,30:31:32:33 34

4.1.2.2 Infectious Period

The infectious period is the disease stage when an infected individual can transmit their disease to others.
Currently, however, there is no definitive way to determine when an individual infected with influenza
virus is contagious. The most widely accepted method of determining contagiousness is by measuring
viral shedding. Under this method, an individual is deemed infectious when they begin shedding virus and
stops being infectious when the viral shedding ends. The infectious period of seasonal and pandemic
influenza is seemingly the same.

4.1.2.2.1 Seasonal and Pandemic Influenza

Data on when individuals infected with influenza stop shedding virus are extremely limited. The few
availably papers typically assume that viral shedding begins at the onset of symptoms, and report only the
average time after symptom onset when viral shedding ceases at 5.9 days.*** Only Doyle et al. reported
the distribution of viral shedding durations in addition to average duration.®’ In this study individuals
were experimentally infected with influenza HIN1 virus (a pandemic strain) and monitored daily for viral
shedding. All infected individuals shed virus for a minimum of three days after onset of symptoms, and a
small percentage of individuals shed for eight or more days (see Supplemental Information on influenza
disease course). However, more than 50% of those infected shed virus for six or seven days. The study
also provided evidence that viral shedding occurred before symptoms were displayed, which would
increase the total time of shedding. No other sources were available on the duration of viral shedding for
influenza or to confirm viral shedding before symptoms.

4.1.3 Asymptomatic Infections

A small portion of individuals infected with influenza virus never get clinically ill. These asymptomatic
individuals are infected with influenza, shed virus, and therefore have the potential to transmit to others,
but never develop symptoms.

4.1.3.1 Seasonal Influenza
Several studies examined the percent of asymptomatic seasonal influenza infections. Data from three

papers, Lau et al., Loeb et al., and Suess et al., were included in our analysis (Supplemental Information
on influenza disease course). These three studies all used the same method for defining an asymptomatic

30 Cao B et al (2009) Clinical features of the initial cases of 2009 pandemic influenza A (H1N1) virus infection in China. New
England Journal of Medicine 361: 2507-2517

8L LiH, Wang SX (2010) Clinical features of 2009 pandemic influenza A (H1N1) virus infection in chronic hemodialysis
patients. Blood Purif 30: 172-177

%2 Tuite AR et al (2010) Estimated epidemiologic parameters and morbidity associated with pandemic H1IN1 influenza.
Canadian Medical Association Journal 182: 131-136

3 Wang C et al (2012) Epidemiological and clinical characteristics of the outbreak of 2009 pandemic influenza A (HIN1) at a
middle school in Luoyang, China. Public Health 126: 289-294

3 Ghani A et al (2009) The Early Transmission Dynamics of HIN1pdm Influenza in the United Kingdom. PLo0S currents 1:
RRN1130

% Carrat F et al (2008) Time lines of infection and disease in human influenza: a review of volunteer challenge studies.
American journal of epidemiology 167: 775-785

% Lau LL et al (2010) Viral shedding and clinical illness in naturally acquired influenza virus infections. Journal of Infectious
Diseases 201: 1509-1516

37 Doyle WJ et al (1998) Effect of rimantadine treatment on clinical manifestations and otologic complications in adults
experimentally infected with influenza A (H1NZ) virus. J Infect Dis 177: 1260-1265
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infection.® Individuals were considered to be asymptomatic if they were actively shedding influenza
virus but were not experiencing any upper respiratory infection symptoms. Individuals that were exposed
to influenza through a close contact (usually a family member) were monitored for influenza viral
shedding to determine if an infection had occurred. Infected individuals were then monitored to determine
whether or not symptoms developed. The three studies suggest that 13% of individuals infected with
seasonal influenza virus experience an asymptomatic infection. 3404

4.1.3.2 Pandemic Influenza

Only one paper was identified that examined asymptomatic pandemic influenza infections. During the
2009 H1N1 pandemic, Papenburg et al. used the same techniques described by Lau et al., Loeb et al., and
Suess et al. in which asymptomatic individuals that shared a household with symptomatic individuals
were monitored for viral shedding.*? Papenburg et al. found 9.4% of individuals that shed HIN1 influenza
virus remained symptom free.

4.1.4 Symptomatic Infections

An influenza diagnosis encompasses a variety of symptoms that can manifest in different combinations
within each individual. Many symptoms are shared by seasonal and pandemic influenza, but some are
only produced by more severe pandemic infections. Symptoms associated with seasonal influenza include
chills, cough, diarrhea, fatigue, fever, headaches, myalgia, nasal congestion, rhinorrhea, sore throat, and
vomiting. Additionally, pandemic influenza can also cause abdominal pain, bronchospasms, chest pain,
confusion, conjunctivitis, loss of appetite, nosebleeds, and seizures. Not every individual will experience
all of the symptoms for each disease.

4.1.4.1 Seasonal and Pandemic Influenza

The prevalence of some influenza symptoms are also age dependent.*® For example, children with
seasonal influenza are significantly more likely to experience vomiting than are those who are 60 years
and older. The prevalence of each influenza symptom varies between children, adults, and the elderly
during seasonal and pandemic outbreaks (Supplemental Information on influenza disease course).

Data on the prevalence of symptoms were obtained from observational influenza studies and from the
control subjects of anti-influenza neuraminidase inhibitor clinical trials. These studies recorded the
number and/or percentage of people experiencing an influenza infection and the specific symptoms they
developed. No data on pandemic influenza in the elderly was identified. 44

% A 2008 paper by Carrat et al. also reviewed this topic; however, it did not explain how “asymptomatic” infections were

defined and was therefore excluded from our analysis. Carrat F et al (2008) Time lines of infection and disease in human
influenza: a review of volunteer challenge studies. American journal of epidemiology 167: 775-785

3 Lau LL et al (2010) Viral shedding and clinical illness in naturally acquired influenza virus infections. Journal of Infectious
Diseases 201: 1509-1516

40 Loeb M et al (2012) Longitudinal study of influenza molecular viral shedding in Hutterite communities. Journal of
Infectious Diseases 206: 1078-1084

4 Suess T et al (2012) Comparison of shedding characteristics of seasonal influenza virus (sub) types and influenza A (HIN1)
pdm09; Germany, 2007-2011. PloS one 7: 51653

42 papenburg J et al (2010) Household transmission of the 2009 pandemic A/HLN1 influenza virus: elevated laboratory-
confirmed secondary attack rates and evidence of asymptomatic infections. Clinical Infectious Diseases 51: 1033-1041

43 Centers for Disease Control and Prevention. Flu Symptoms & Severity. Retrieved from
http://www.cdc.gov/flu/about/disease/symptoms.htm. Last Update September 2014. Accessed May 2014.

4 Cox NJ, Subbarao K (1999) Influenza. The Lancet 354: 1277-1282
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4.1.5 Mortality
4.1.5.1 Seasonal Influenza

Almost all infected patients will fully recover. A small portion of ilinesses, however, will end in death.
Thompson et al. in 2003 analyzed and abstracted seasonal influenza data compiled by the National Center
for Health Statistics (NCHS) from 1990-1998. These data were then used to estimate the rate of
influenza-associated deaths by age groups (Supplemental Information on influenza disease course). The
percent excess mortality of infected individuals ranges from 0.0002% for those between five and 49 years
old to 0.02% for those older than 64.%

4.1.5.2 Pandemic Influenza

The mortality rate of pandemic influenza is both difficult to estimate or predict due to the limited number
of past pandemic outbreaks. It is estimated that approximately 500 million people were infected with the
1918 Spanish flu and 50 to 100 million people perished as a result of infection.*® During the 2009 HIN1
pandemic, there were anywhere from 43 to 89 million cases of influenza with resultant 9,000 to 18,000
deaths.*” The percentage of influenza infections that resulted in mortality was approximately 5% during
the 1918 pandemic and less than 0.05% during the 2009 pandemic (Supplemental Information on
influenza disease course).

4.2 The SARS- and MERS-coronaviruses

Throughout this report, our use of the term “coronaviruses” or “CoVs” refers specifically to SARS-CoV,
MERS-CoV, and SARS/MERS-like bat CoVs such as HKU4 and HKUS. Note, the four human
coronaviruses that cause mild to moderate respiratory illnesses such as the common cold or croup
(coronaviruses HKU1, OC43, 229E, and NL63) were not evaluated because these are not considered in
the NSABB GoF Framework.

4.2.1 Biology of the Coronaviruses

Severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) are caused by
SARS-associated (SARS-CoV) and MERS-associated coronavirus (MERS-CoV), respectively.
Coronaviruses are positive sense, single-stranded RNA viruses. They are the largest of all RNA viruses,
comprised of approximately 30 thousand nucleotides. Due to the length of its genome, coronaviruses can
be less dependent on cellular proteins than other RNA viruses, enabling easier cross-species transmission.

Three groups of coronaviruses have been identified, all with distinct genetic and serological identities.
While they are both beta-coronaviruses, MERS-CoV is from lineage B while SARS-CoV belongs to

4 Thompson WW et al (2003) Mortality associated with influenza and respiratory syncytial virus in the United States. Jama
289: 179-186

4 Taubenberger JK, Morens DM (2006) 1918 Influenza: the mother of all pandemics. Emerging infectious diseases 12: 15-22

47 National Institute of Allergy and Infectious Diseases. (2011) Pandemic Flu History. Department of Health & Human
Services, Washington, DC.
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lineage C.*® Aside from SARS-CoV and MERS-CoV, coronaviruses that can infect humans cause
common colds, lower respiratory tract infections, and diarrhea.*°

4.2.2 Genome Structure of the Coronaviruses

The long SARS-CoV genome is broken into five major open reading frames (ORF), which are sections of
nucleotides responsible for coding a peptide (Figure 4.1). Beginning at the five prime end, the first two
ORFs, 1a and 1b, comprise two-thirds of the genome and encode the viral replicase genes, which encode
proteins that are responsible for viral genome replication in the host cell. Further down the genome,
ORFs encode genes for the structural proteins of SARS-CoV: spike (S), envelope (E), membrane (M),
and nucleocapsid (N). These characterized ORFs are interspaced between several other ORFs that encode
accessory genes. While the exact role of accessory genes is unknown, they are believed to contribute to
viral pathogenesis and not replication.552

MERS-CoV has a similar genome structure, including viral replicase genes and structural proteins, as
SARS-CoV.%

4.2.2.1 Structural Proteins and Particle Structure

The M glycoprotein is responsible for virus assembly. M proteins are the most abundant transmembrane
protein in the viral envelope, where they interact with N proteins. N proteins self-associate to helically
encapsidate the viral RNA and form the ribonucleoprotein complex (RNP). Together with M proteins,
these N proteins mediate incorporation of the genome into budding virions for release. N proteins are
highly immunogenic and their interaction with host cell proteins establishes pathogenicity. Envelope (E)
proteins are a hydrophobic integral membrane proteins that serve as viroporins, which form ion channels
in the envelope and therefore, play a central role in virus morphogenesis and assembly. E proteins are also
credited with preserving the membrane’s curvature for particle stability and infectivity.

Lastly, spike proteins are transmembrane fusion proteins responsible for effective viral entry into host
cells. The N-terminal domain (S1) facilitates target receptor binding while the C-terminal domain (S2)
ensures proper viral fusion. The S1 domain differs between coronavirus types and is largely responsible
for host range. > Activated spike proteins induce the host immune response, including antibody
neutralization and are the major antigenic determinants of MERS-CoV and SARS-CoV. ®5:°6:57:58

4 Hilgenfeld R, Peiris M (2013) From SARS to MERS: 10 years of research on highly pathogenic human coronaviruses.
Antiviral Res 100: 286-295

49 Gatija N, Lal SK (2007) The molecular biology of SARS coronavirus. Ann NY Acad Sci 1102: 26-38

50 LiW etal (2006) Animal origins of the severe acute respiratory syndrome coronavirus: insight from ACE2-S-protein
interactions. J Virol 80: 4211-4219

51 Kopecky-Bromberg SA et al (2007) Severe acute respiratory syndrome coronavirus open reading frame (ORF) 3b, ORF 6,
and nucleocapsid proteins function as interferon antagonists. Ibid. 81: 548-557

52 Satija N, Lal SK (2007) The molecular biology of SARS coronavirus. Ann NY Acad Sci 1102: 26-38

5 Coleman CM, Frieman MB (2013) Emergence of the Middle East respiratory syndrome coronavirus. PLoS Pathog 9:
€1003595

5 Li F (2015) Receptor recognition mechanisms of coronaviruses: a decade of structural studies. J Virol 89: 1954-1964

% Siu YL et al (2008) The M, E, and N structural proteins of the severe acute respiratory syndrome coronavirus are required
for efficient assembly, trafficking, and release of virus-like particles. Ibid. 82: 11318-11330

% Tan YJet al (2005) Characterization of viral proteins encoded by the SARS-coronavirus genome. Antiviral Res 65: 69-78

5 Gatija N, Lal SK (2007) The molecular biology of SARS coronavirus. Ann NY Acad Sci 1102: 26-38

% Li W etal (2006) Animal origins of the severe acute respiratory syndrome coronavirus: insight from ACE2-S-protein
interactions. J Virol 80: 4211-4219
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The virion contains one copy of the viral genome encapsidated by N proteins in an RNP (Figure 4.5). A
viral envelope surrounds the virion with structural proteins S, E, and M embedded in its membrane.
Coronavirus has a crown-like appearance due to the protruding club-shaped spike proteins.®

SARS-CoV genome
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Figure 4.5. The SARS coronavirus (SARS-CoV) genome and virion structure, as reproduced from Perlman et
al. °“ MERS-CoV possesses a similar genome and virion structure.®

4.2.3 Diversity of the Coronaviruses

Coronaviruses evolve rapidly, similar to all RNA viruses because polymerase infidelity results in amino
acid mutations that alter transcription and potentially translation. Although these genetic mutations are
minor and random, accumulation over time can lead to a new strain of virus. Some believe that the
unusually large coronavirus genome leads to more mutations. Other studies have shown, however, that
the genome encodes additional RNA processing and editing enzymes to correct for polymerase
errors.5263.64

5 Ibid.

60 perlman S, Dandekar AA (2005) Immunopathogenesis of coronavirus infections: implications for SARS. Nature reviews
Immunology 5: 917-927

61 Coleman CM, Frieman MB (2013) Emergence of the Middle East respiratory syndrome coronavirus. PLoS Pathog 9:
€1003595

62 Graham RL, Baric RS (2010) Recombination, reservoirs, and the modular spike: mechanisms of coronavirus cross-species
transmission. Journal of virology 84: 3134-3146

6 Li W etal (2006) Animal origins of the severe acute respiratory syndrome coronavirus: insight from ACE2-S-protein
interactions. Ibid. 80: 4211-4219

64 Dudas G, Rambaut A (2015) MERS-CoV recombination: implications about the reservoir and potential for adaptation.
bioRxiv
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The coronavirus genome is also prone to homologous recombination. Recombination allows for genetic
exchange between different virus strains during coinfection. The natural process facilitates cross-species
transmission and the generation of new coronavirus species. 6667

Recombination can affect all viral proteins, but variation in the spike protein has a considerable effect on
the virus due to its role in viral entry and host range. Changes in virulence, species transmission patterns,
and host range are often a result of spike protein recombination.58°

4.2.4 Host Range of the Coronaviruses
4.2.4.1 SARS-CoV

Before infecting humans, SARS-like CoVs infected an array of other animal species, including bats, palm
civets, monkeys, domestic cats, raccoons, and ferrets. Bats are the virus’s natural reservoir, however,
palm civets are credited as the amplifying host that transmitted SARS-CoV to humans.™

Host specificity of SARS-CoV is heavily influenced by receptor recognition and hence, its spike protein.
Viral sequencing suggests that the spike protein experienced heavy positive selection at the onset of the
SARS outbreak. * Clinical data supports this premise, as SARS-CoV became increasingly pathogenic and
transmissible among humans as the epidemic progressed; virus evolution through mutations to the spike
protein were the likely cause. 2™

SARS-CoV entry is mediated by angiotensin | converting enzyme 2 (ACEZ2), the host cell receptor
(Figure 4.2). Ordinarily ACE2 regulates host blood pressure. Host susceptibility to the SARS coronavirus
is dependent on the binding affinity between the virus and the host-specific ACE2. Only two residue-
altering mutations in the ACE2 gene were necessary to overcome the species barrier between palm civets
and humans leading to sustained human infection. 47

ACE2 is primarily found on ciliated cells in the lung epithelia, which explains the tropism of SARS-CoV
to the lungs and the resultant respiratory illness. These receptors have also been detected in the heart,
colon, and kidneys.”®’” The absence of this receptor in muscle, blood or skin cells suggest that there is
very little risk of infection if SARS-CoV is introduced in a cut.

8 Graham RL, Baric RS (2010) Recombination, reservoirs, and the modular spike: mechanisms of coronavirus cross-species
transmission. Journal of virology 84: 3134-3146

66 Li W etal (2006) Animal origins of the severe acute respiratory syndrome coronavirus: insight from ACE2-S-protein
interactions. Ibid. 80: 4211-4219

67 Dudas G, Rambaut A (2015) MERS-CoV recombination: implications about the reservoir and potential for adaptation.
bioRxiv

6 Graham RL, Baric RS (2010) Recombination, reservoirs, and the modular spike: mechanisms of coronavirus cross-species
transmission. Journal of virology 84: 3134-3146

6 Li W etal (2006) Animal origins of the severe acute respiratory syndrome coronavirus: insight from ACE2-S-protein
interactions. Ibid. 80: 4211-4219

0 LiF (2013) Receptor recognition and cross-species infections of SARS coronavirus. Antiviral Res 100: 246-254
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4.2.4.2 MERS-CoV

The MERS-CoV spike protein, just as in SARS-CoV, largely determines the host range of the virus.
Dipeptidyl peptidase 4 (DPP4), also known as CD26, was recently identified as the host receptor for viral
entry. DPP4 is a widely expressed cellular protease tasked with assisting immune responses, glucose
metabolism, and apoptosis. The glycoprotein is found on many cellular surfaces, including the kidneys,
lungs, small intestines, and liver, which accounts for the virus’s ability to cause systemic infection and
shock.™7°

MERS-CoV infects a larger range of animals than does SARS-CoV. Transmission has occurred through
close contact between humans and animals, most likely dromedary camels or bats.2’ The MERS
coronavirus can also infect primates, horses, and goats, but is ineffective in smaller mammals such as
ferrets, hamsters, and mice.® Host susceptibility to MERS is dependent on the binding affinity between
the virus and the host-specific DPP4. Differences have been detected in DPP4 glycoproteins among
mammals that may alter such affinity.82

There are no similarities between the structure or sequence of DPP4 and ACEZ2, the host receptor for
SARS-CoV, which explains the distinct host ranges among the two coronaviruses. Further research
suggests that differences in expression levels and locations of the receptors may account for the viruses’
difference pathogenesis.®

4.2.5 SARS-CoV Epidemiology

SARS is an acute viral respiratory illness that develops into severe pneumonia. It is a contagious and
virulent disease. Without treatment, the pneumonia may lead to respiratory failure and death.®*

4.2.5.1 Incubation Period

The incubation period is the time between when an individual is exposed to a pathogen and when the first
symptom manifests. During the incubation period of SARS and MERS, infected individuals probably
cannot transmit the infection to others; therefore, longer incubation periods equate to a slower outbreak
development.

The incubation period of SARS is was found to vary significantly between patients and during the 2003
pandemic, between countries. According to the World Health Organization (WHO), most countries
experienced a median incubation period of four to five days and mean of four to 6 days with a minimum
of one day and maximum of 14 days reported.®> The primary literature is rich with studies on the
incubation periods of SARS cases (Supplemental Information on CoV disease course). The literature

8 Abdel-Moneim AS (2014) Middle East respiratory syndrome coronavirus (MERS-CoV): evidence and speculations. Arch
Virol 159: 1575-1584

% Peck KM et al (2014) Coronavirus Host Range Expansion and Middle East Respiratory Syndrome Coronavirus Emergence:
Biochemical Mechanisms and Evolutionary Perspectives. Annual Review of Virology

80 Penttinen PM et al (2013) Taking stock of the first 133 MERS coronavirus cases globally--1s the epidemic changing? Euro
surveillance : bulletin Europeen sur les maladies transmissibles = European communicable disease bulletin 18

81 Peck KM et al (2014) Coronavirus Host Range Expansion and Middle East Respiratory Syndrome Coronavirus Emergence:
Biochemical Mechanisms and Evolutionary Perspectives. Annual Review of Virology

8 Wang N et al (2013) Structure of MERS-CoV spike receptor-binding domain complexed with human receptor DPP4. Cell
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8 Ibid.

8 The Centers for Disease Control and Prevention (2004) Basic Information about SARS Fact Sheet

8  The World Health Organization, Severe Acute Respiratory Syndrome (SARS) Epidemiology Working Group (2003a)
Consensus document on the epidemiology of severe acute respiratory syndrome (SARS).
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suggests a mean incubation period of 5.18 days and median of four days. 887889 Donnelly found that
95% of patients experience onset of symptoms within 14.22 days.®* The literature findings generally
support the published reports from the WHO but presented a range of one to 18 days, capturing the
variability of the SARS incubation period. No definitive explanations exist for the cause of the
distribution of incubation period is so widespread, but difficulty identifying exposure, varying infectious
doses, and multiple exposures are possible causes. Route of transmission may also affect the incubation
period, but it is unclear why or how, 9293949596

4.2.5.2 Infectious Period

The infectious period is the disease stage when an infected individual can transmit the disease to others.
The most widely accepted method of determining contagiousness is measuring viral shedding. Under this
method, an individual is deemed infectious when they begin shedding virus and stops being infectious
when the viral shedding ends.

Data on viral shedding and the infectious period of SARS is very limited. Cori et al. modeled the average
infectious period in SARS patients to be 9.3 days.®” Available literature agrees that viral shedding is low
within the first few days following infection, meaning contagiousness is also low. The available research
from Isakbaeva et al., Cheng et al., and Peiris et al. suggests the viral shedding peaks between day ten and
day 14 following infection (Supplemental Information on CoV disease course). %1% However,
Isakbaeva et al. also found viral shedding to persist for 26 days in a patient in the United States.’* The
Centers for Disease Control and Surveillance (CDC) recommends that while SARS patients are most
contagious during their second week of illness, they should also limit contact with others for ten days
after symptoms subside.1%2
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4.2.5.3 Symptoms

SARS typically begins with influenza-like symptoms, including high fever, fatigue, sore throat, headache,
and myalgia. Some patients also experience diarrhea, dry cough, and shortness of breath. As SARS
progresses, most cases will develop into pneumonia.l®

According to Donnelly et al., the most common symptom is fever, with 94% of cases reporting this
symptom to the Hong Kong Department of Health. Influenza-like symptoms were second most common
at approximately 72% of illnesses. Less than one quarter of patients displayed gastrointestinal symptoms
such as diarrhea, vomiting, and abdominal pain. Approximately 88% of illnesses presented fever plus one
other symptom.1® Without treatment, the pneumonia may lead to respiratory failure and death.

4.2.5.4 Mortality

The overall case fatality-rate of the SARS outbreak is estimated at 11%, according to the WHO. Between
age groups, rates vary from 0%-50%.% Christian et al. assessed the range to be between 0%- 40% with
an overall fatality rate of 9.6%.1% The high rate of mortality of SARS in the elderly is not accurately
captured by the overall case-fatality rate. Although infection rates were similar, Wang et al. asserts that
the fatality rate in those over 75 years old was 38% whereas no deaths occurred in those under 24
years.%” Similarly, analysis by Donnelly et al. determined the case-fatality rate for persons under 60 years
old to be 6.8% while the rate for over 60 years was 55%.% Advanced age is the most influential risk
factor for SARS-associated death. In addition to age, diabetes mellitus and hepatitis B virus infection are
other risk factors for death.

4.2.6 MERS-CoV Epidemiology

Middle East Respiratory Syndrome (MERS) is a respiratory infection that can develop into an acute
severe respiratory illness. Many cases end in death, although most who succumb suffer from significant
co-morbidities.

4.2.6.1 Incubation Period

According to the CDC, the incubation period of MERS can range from two to 14 days with a median of
five days. As of July 2015, the WHO supports a median incubation period of 5.5-6.5 days.'® Several
additional literature sources were identified that describe the incubation period. Analysis by Cowling et
al., Assiri et al., and Park et al. determined that the median incubation period of MERS is 6.07 days with a
range from two to 15 days (Supplemental Information on CoV disease course). The literature, the WHO,
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http://www.who.int/csr/sars/postoutbreak/en/. Last Update August 14, 2003. Accessed July 2015.
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and the CDC recommendations concur that most patients begin experiencing symptoms within the first
week of contact with the MERS coronavirus, 110111112

4.2.6.2 Infectious Period

Limited and inconclusive information is available on the infectious period of MERS. Patients are
considered infectious while they are shedding the virus, but time-specific data is lacking. They are not
contagious during the incubation period, however patients may continue to shed virus after symptoms
have subsided.1t3114115 A study by Memish et al. reported that 76% of studied cases were still shedding
virus 12 days after symptoms appeared. Additionally, analysis showed that sicker patients and those with
significant comorbidities shed MERS-CoV for a longer period of time than standard cases.!*®

4.2.6.3 Symptoms

MERS symptoms range from mild to severe; patients display symptoms such as fever, cough, sore throat,
shortness of breath, and myalgia that can advance to respiratory failure and septic shock. Approximately
20% of cases have presented as asymptomatic or very mildly symptomatic; it is unknown if asymptomatic
cases are contagious.'’

4.2.6.4 Mortality

The case-fatality rate of MERS is estimated at almost 40%.%!8 There is a clear positive correlation
between increasing age and case-fatality rate. According to the WHO, the median age of MERS cases is
50 years old, with a range from nine months to 99 years.*® Assiri et al. reported that among cases in
Saudi Arabia, the case-fatality rate was 75% in patients over 60 years of age while there were no fatalities
in patients younger than 19 years.'?

Comorbidities also increase a patient’s susceptibility to MERS-CoV. A large percent of MERS fatalities
occur in patients with underlying medical conditions, such as diabetes and hypertension as well as chronic
renal, lung, and cardiac disease.'?
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4.3 An Overview of GoF Research

This section provides an overview of all Gain of Function (GoF) experimental approaches that are
regularly used in the fields of coronavirus and influenza virus research. Our definition of “Gain of
Function” includes all experimental approaches that are reasonably anticipated to lead to one or more of
the following phenotypic changes, as defined in the NSABB’s “Framework for Conducting Risk and
Benefit Assessments of Gain of Function Research”:

e Enhanced pathogen production as a result of changes in the replication cycle or growth,
e Enhanced morbidity and mortality in appropriate animal models,

e Enhanced transmission in mammals (e.g., increased host or tissue range, altered route of
transmission, infectivity above a certain threshold determined in an appropriate animal model),

e Evasion of existing natural or induced immunity, and

e Resistance to drugs or evasion of other medical countermeasures such as vaccines, therapeutics,
diagnostics.

These findings are based on two data sources: (1) a comprehensive review of the scientific literature
involving influenza viruses and coronaviruses and (2) interviews with influenza virus and coronavirus
researchers. Within the field of coronavirus research, our literature review included studies involving:

e SARS-CoV,
e MERS-CoV, and
e SARS- or MERS-like animal CoVs, including bat CoVs and civet CoVs.

We did not examine the scientific literature involving the four human coronaviruses that cause mild to
moderate respiratory illnesses such as the common cold or croup: coronaviruses HKU1, OC43, 229E, and
NL63. We note that throughout this report, our use of the term “coronaviruses” or “CoVs” refers
specifically to SARS-CoV, MERS-CoV, and SARS/MERS-like animal CoVs such as HKU4 and HKUS.
We identified approaches involving coronaviruses that are reasonably anticipated to lead to the following
phenotypic changes:

e Enhanced pathogen production as a result of changes in the replication cycle or growth,
e Enhanced morbidity and mortality in appropriate animal models,

e Altered host range, and

e Evasion of therapeutics in development.

As current animal models for studying coronaviruses do not support transmission between animals, this
field does not include any approaches that lead to enhanced transmission in appropriate animal models.
Additionally, because there is no widespread population immunity to the coronaviruses and there are no
licensed coronavirus vaccines, this field does not include any approaches that lead to evasion of existing
natural or induced immunity. Finally, we did not identify any coronavirus research that is reasonably
anticipated to lead to evasion of diagnostics or of vaccines in development. (We note that there are
currently no FDA-approved vaccines or therapeutics for coronaviruses.)

Within the field of influenza research, our literature review included studies involving:
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e Human seasonal strains: currently circulating and historical influenza A HIN1 and H3N2 viruses
and influenza B viruses,

e Human pandemic strains: the 1918 HIN1, 1957 H2N2, 1968 H3N2, and 2009 H1N1 viruses,
e Swine-origin strains: H3N2v and others, and
e Avian-origin strains: HSN1, H7N9, HON2 and others.

We identified approaches involving influenza viruses that are reasonably anticipated to lead to the
following phenotypic changes:

e Enhanced pathogen production as a result of changes in the replication cycle or growth,
e Enhanced morbidity and mortality in appropriate animal models,

e Altered host range,

e Enhanced transmission in mammals,

e Evasion of existing natural or induced immunity,

e Evasion of therapeutics, and

e Evasion of vaccines in development.

We note that we are using the term “therapeutics” to include drugs that directly target viruses (e.g.,
influenza neuraminidase inhibitors), monoclonal antibody-based therapeutics, host immune modulators,
and any other type of antiviral therapeutic. We did not identify any influenza research that is reasonably
anticipated to lead to evasion of diagnostics.

We note that passaging of influenza viruses and coronaviruses in cells is essential for any experimental
work involving live viruses, both to prepare virus stocks for experimental use and to conduct infection
experiments. This applies to alt-GoF approaches, such as characterization of wild type viruses, as well as
to GoF approaches. Because of the high mutation rates of RNA viruses, including influenza viruses and
coronaviruses, such passaging inevitably selects for higher-yield viruses.? However, within the
“enhanced virus production” phenotypic category, this analysis is restricted to those approaches that
deliberately seek to enhance virus production through serial passaging, targeted genetic modification, or
other approaches.

Below we briefly summarize the experimental approaches we identified within each phenotypic category,
describing the experimental manipulation, virus strains that are used, and the scientific outcomes of each
approach.

4.3.1 Coronaviruses
4.3.1.1 Enhanced Pathogen Production as a Result of Changes in the Replication Cycle or Growth

Serial passaging of CoVs in cell culture leads to the generation of higher-yield viruses. This approach has
been performed using low-yield bat CoV strains to generate higher-yield strains that are suitable for
experimental use. As SARS and MERS naturally grow well in the standard cell culture systems that are
used in the field, researchers are not serially passaging either virus in cell culture to enhance virus
production.

122 parvin JD et al (1986b) Measurement of the mutation rates of animal viruses: influenza A virus and poliovirus type 1.
Journal of virology 59: 377-383
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4.3.1.2 Altered Host Range

Several experimental approaches alter the host range of CoVs. One approach involves “Spike swapping,”
which is targeted genetic modification to replace all or part of the coronavirus Spike protein, a viral
surface protein that mediates virus entry into cells and is a critical determinant of host restriction, with the
Spike protein from another CoV species. This manipulation leads to the generation of a recombinant,
chimeric CoV that may exhibit altered host tropism relative to the parental CoV species. The purpose of
these experiments is three-fold:

e Introducing the SARS Spike protein into the backbone of bat CoVs, which do not efficiently
infect standard cell culture lines or animals, enables the chimeric virus to infect cells/animals,
thus creating a tool that can be used to study the biology of the bat CoV,

e Chimeric viruses are used as tools to test whether CoV therapeutics and vaccines are broad-
spectrum, capable of protecting against potentially emerging SARS/MERS-like bat CoVs as well
as SARS and MERS, and

e Testing the ability of chimeric CoVs to infect various types of cells and animals reveals the
breadth of host tropism conferred by a given Spike protein, and comparing the sequences of
parental and donated Spike proteins with different host tropism can uncover amino acid residues
that mediate host restriction.

A second approach involves serial passaging of CoVs in mice, which leads to the generation of viruses
that have adapted to more efficiently infect and cause disease in mice. The purpose of this experiment is
two-fold:

e Mouse-adapted strains are experimental tools that are used for the study of disease pathogenesis
and for testing the efficacy and safety of vaccines and therapeutics, and

e Comparing the sequences of the mouse-adapted and the parental strain leads to the identification
of mutations that are associated with adaptation, which provides a foundation for follow-up
studies investigating the mechanistic basis of virus adaptation to new hosts.

SARS CoV has been passaged in mice by multiple research groups to generate several different mouse-
adapted strains; chimeric bat-SARS CoVs have also been passaged in mice. Serial passaging of MERS
virus in mice, in order to generate a mouse model for the study of MERS, is ongoing.

A third approach involves targeted mutagenesis to introduce mutations that are associated with altered
host tropism, which has been performed using SARS CoV. These mutations may have been discovered
through a GoF approach, such as serial passaging, or through an alt-GoF approach, such as comparative
sequence analysis. This experiment is performed to demonstrate that the mutation(s) are necessary and
sufficient to alter host tropism, which provides a foundation for follow-up studies investigating the
phenotypic traits underlying virus adaptation to new hosts.

4.3.1.3 Enhanced Morbidity and Mortality in Appropriate Animal Models
Several experimental approaches enhance the fitness or virulence of CoVs in cell culture or laboratory

animal model systems, respectively. First, serial passaging of CoVs in mice leads to the generation of
viruses with both enhanced infectivity to and virulence in mice. Because of the specificity of virus-host
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interactions that are important determinants of host tropism and pathogenicity, this adaptation often
translates to reduced virulence in humans. The purpose of this experiment is two-fold:

e Enhancing the virulence of the virus in mice is an important aspect of creating a mouse model
that replicates human disease pathology, which is needed for the study of disease pathogenesis
mechanisms and the testing of medical countermeasures, and

e Comparing the sequences of the mouse-adapted and the parental strain leads to the identification
of mutations that are associated with enhanced virulence, which provides a foundation for follow-
up studies to elucidate the mechanistic basis of virulence. This information can also benefit public
health by identifying new potential targets for therapeutics or for attenuation, in order to create
attenuated vaccine viruses.

A second approach involves targeted genetic modification of viruses to introduce mutations that are
associated with enhanced virulence, which is performed to demonstrate that the mutation(s) are necessary
and sufficient to enhance virulence. As above, this information provides a foundation for follow-up
studies to elucidate the mechanistic basis of virulence.

A final approach involves serial passaging of attenuated viruses in cells or in animals, in order to
determine whether viruses can recover fitness/virulence upon growth in appropriate model systems. This
approach is performed using attenuated viruses that could be used as live attenuated vaccines (LAVS).
Because LAVs with an ability to recover fitness during growth in vivo could cause adverse outcomes in
people, a negative result is an important indicator of safety for any live attenuated vaccine in
development.

4.3.1.4 Evasion of Therapeutics in Development

Serial passaging of a virus in cells in the presence of a therapeutic may lead to the emergence of viruses
that are resistant to inhibition/neutralization by that therapeutic. This type of experiment has been
performed using SARS CoV, in order to select for escape from monoclonal antibody therapeutics and
other types of therapeutics. The purpose of the experiment is to understand whether and how readily
resistance will arise in response to selective pressure from the therapeutic and to identify mutations that
are associated with resistance to the therapeutic, which provides a foundation for follow-up studies
investigating the mechanisms underlying antiviral activity and antiviral resistance. Because there are no
FDA-approved therapeutics for CoVs, this approach has exclusively been applied to the study of
therapeutics in development.

4.3.2 Influenza viruses
4.3.2.1 Enhanced Pathogen Production as a Result of Changes in the Replication Cycle or Growth

Several experimental approaches lead to enhanced production of influenza viruses. The first approach
involves reassortment between a wild type strain and an attenuated, high-yield vaccine backbone strain to
generate a “Candidate Vaccine Virus” (CVV), which comprises the HA and NA genes from the wild type
strain and the remaining six “internal genes” from the vaccine backbone strain and exhibits higher levels
of growth than the parental, wild type virus. CVVs are attenuated and exhibit higher levels of growth
relative to the parental, wild type virus. CVVs may be generated through classical reassortment methods,
which involve co-infection of eggs or cells with the wild type strain and the vaccine backbone strain
followed by antibody-based selection for viruses with the correct surface antigens or through reverse
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genetics.'? These approaches are currently used for the production of influenza vaccines in eggs or cells —
high-yield CVVs serve as the basis for the vaccine strains that are used by manufacturers for large-scale
production. In addition, comparing the sequences of CVVs with different growth properties can lead to
the identification of mutations associated with high growth.

The second approach involves serial passaging of viruses in cells, which selects for higher-yield viruses.
This approach is also a core aspect of the current production of influenza vaccines in eggs or cells.
Specifically, manufacturers serially passage CVVs in eggs or cells to increase CVV yields and to
optimize growth and infection conditions in order to create a vaccine seed strain that is used for large-
scale production of vaccine viruses. The serial passaging approach is also used in academic research,
primarily involving vaccine backbone strains and CVVs but occasionally involving wild type viruses. In
addition to supporting vaccine development, the goals of this experiment could be to identify mutations
associated with high yield, which provides a foundation for follow-up studies investigating the
mechanistic basis of high growth in cells or eggs.

Third, forward genetic screens, which involve random mutagenesis of viruses followed by limited
passaging to select for mutants with high growth properties, enable the identification of mutations that
confer high growth to viruses. Forward genetic screens involving vaccine backbone strains and CVVs
lead to the identification of mutations that are sufficient to enhance the yields of vaccine viruses.

A final approach involves targeted mutagenesis of viruses to introduce mutations that are associated with
high growth. These mutations may have been discovered through a GoF approach, such as serial
passaging or a forward genetic screen, or through an alt-GoF approach, such as comparative analysis of
wild type sequences. This experiment is performed to demonstrate that the mutation(s) are necessary and
sufficient to enhance virus production, which provides a foundation for follow-up studies investigating
the mechanistic basis of the high-growth phenotype.

We note that experimental approaches involving targeted genetic modification of the viral polymerase
complex of avian viruses to render it more “human-like” (through site-directed mutagenesis or
reassortment between human and avian viruses) is also likely to enhance virus replication. However, as
the primary goal of those studies is to gain insight into the mechanisms underlying adaptation of avian
viruses to mammals, we discuss those studies in the “enhanced transmission in mammals” section.

4.3.2.2 Altered Host Range

Several experimental approaches lead to the generation of viruses with altered host range. First, serial
passaging of viruses in mammalian cells or tissues or in laboratory animals selects for viruses with
enhanced growth in cells or enhanced infectivity to animals, respectively. This type of serial passaging
experiment involves “forced” passaging, meaning that the experimenter directly transfers infected
material, in the form of cell culture supernatant or homogenates of infected tissue, to the subsequent cell
culture dish or animal. Forced serial passaging is carried out for two purposes: (1) to identify mutations
that arise during adaptation of animal-origin viruses (i.e., avian and swine viruses) to mammals, which
provides a foundation for follow-up studies investigating the evolutionary mechanisms driving adaptation
to mammalian hosts and the mechanistic basis of mammalian adaptation, and (2) to develop an mouse
model for the study of a particular virus. Avian and swine viruses are used for studies that seek to
understand the mechanisms underlying mammalian adaptation, and human seasonal viruses are primarily
used for studies that aim to generate new mouse models.

123 Use of classical reassortment methods to generate CVVs may lead to the generation of a 5:3 reassortment strain which
includes the HA, NA, and one additional gene from the wild type strain and the remaining five genes from the vaccine
backbone strain.

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 39



A second approach involves deliberate genetic modification of viruses, namely site-directed mutagenesis
and/or reassortment, to introduce genetic traits that may enhance fitness/infectivity in mammals. These
mutations or reassortment gene combinations may be random (i.e., for a forward genetic screen) or may
have been previously shown to be associated with mammalian adaptation or an underlying phenotype,
such as a preference for host receptors decorated with ‘human-like’ sialic acid moieties. Notably, genetic
traits that are associated with mammalian adaptation may be discovered through GoF approaches, such as
serial passaging, or alt-GoF approaches, such as comparative sequence analysis of avian viruses isolated
from human versus poultry infections. Collectively, the deliberate genetic modification approach is used
to discover new genetic traits that contribute to mammalian adaptation and to confirm that particular
genetic traits are necessary and sufficient to enhance fitness/infectivity in mammals. Animal viruses,
including avian and swine viruses, are used exclusively for these studies.

4.3.2.3 Enhanced Transmission in Mammals

Several experimental approaches lead to the generation of viruses with enhanced transmissibility in
mammals. First, serial passaging of viruses in animals with selection for transmission leads to the
generation of viruses with enhanced transmissibility in mammals. This type of serial passaging
experiment can involve selection for contact transmission, during which the primary (directly inoculated)
and secondary hosts are co-housed, or for airborne transmission, during which the primary and secondary
hosts are separately housed in special isolator cages that prevent direct contact between animals but allow
for air exchange between cages. These studies seek to identify mutations that are sufficient to enhance
transmissibility, which provides a foundation for follow-up studies that investigate the mechanistic basis
of transmissibility in mammals. Animal viruses, including avian and swine viruses, are used exclusively
for these studies.

A second approach involves deliberate genetic modification of viruses, namely site-directed mutagenesis
and/or reassortment, to introduce genetic traits that may enhance transmissibility in mammals. These
mutations or reassortment gene combinations may be random (i.e., for a forward genetic screen) or may
have been previously shown to be associated with transmissibility or an underlying phenotype, such as an
increase in the stability of the HA protein. Notably, genetic traits that are associated with transmissibility
may be discovered through GoF approaches, such as serial passaging, or alt-GoF approaches, such as
forward genetic screens to identify mutations that alter HA stability performed using in vitro, virus-free
systems. Collectively, the deliberate genetic modification approach is used to discover new genetic traits
that contribute to transmissibility and to confirm that particular genetic traits are necessary and sufficient
to enhance transmissibility in mammals. Animal viruses, including avian and swine viruses, are used
exclusively for these studies.

4.3.2.4 Enhanced Morbidity and Mortality in Appropriate Animal Models

Akin to the enhanced transmission phenotype, both serial passaging and deliberate genetic modification
approaches can lead to the generation of viruses with enhanced morbidity and mortality in appropriate
animal models. Serial passaging of viruses in animals selects for viruses with enhanced virulence and is
used for three purposes. First, serial passaging is utilized to develop animal models for studying the
mechanistic basis of flu-associated morbidity/mortality and for medical countermeasure development (as
adapting a virus to an animal typically enhances its virulence in that host). Second, this approach enables
the identification of mutations that are associated with enhanced fitness/virulence, which provides a
foundation for follow-up studies that investigate the mechanistic basis of pathogenicity. These studies can
also provide insight into host mechanisms underlying disease pathology by correlating host immune
responses with morbidity and mortality measures. Third, the serial passaging approach is used to
determine whether attenuated strains are capable of recovering virulence upon passage in vitro or in vivo.
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This third type of serial passaging study may be carried out using live attenuated influenza vaccine
(LAIV) candidates, as an important aspect of safety testing prior to human clinical trials. In addition,
these studies may be conducted using strains with fitness defects arising from the acquisition of antiviral
resistance or other GoF phenotypes, in order to gain insight into the likelihood that these strains will
persist and spread in nature. All types of serial passaging studies may be performed with seasonal or
animal (i.e., avian and swine) viruses, and animals such as mice, ferrets, and swine may be used. Of note,
serial passaging studies involving attenuated strains simply increase the human health risk of the
attenuated strain to approach that of wild type strains.

A second approach involves deliberate genetic modification of viruses, through either site-directed
mutagenesis or reassortment, to introduce genetic traits that are expected to enhance pathogenicity. As
above, these mutations or reassortment gene combinations may be random (e.g., for a forward genetic
screen) or may have been previously shown to be associated with a phenotype underlying pathogenicity,
such as evasion of a particular innate immune response. Traits that are associated with enhanced
pathogenicity may be discovered through GoF approaches, such as serial passaging, or alt-GoF
approaches, such as random mutagenesis followed by screening for attenuated virulence (Loss of
Function). Collectively, the deliberate genetic modification approach is used to discover new genetic
traits that contribute to pathogenicity and to confirm that particular genetic traits are necessary and
sufficient to enhance virulence in mammals. These studies are performed using human seasonal viruses,
the 1918 HIN21 pandemic virus, and animal viruses.

We note that the relationship between viral fitness and pathogenicity is complex and that many of the
viral traits that contribute to fitness, either directly or indirectly, mediate pathogenicity. As a result, serial
passaging of viruses in animals may select for both enhanced fitness and enhanced virulence. However,
enhanced viral fitness in vivo does not necessarily translate to high pathogenicity, as seasonal influenza
viruses do not display the morbidity and mortality displayed during infections with zoonotic influenza
viruses such as H5N1, but grow to a high titer.

4.3.2.5 Evasion of Existing Natural or Induced Adaptive Immunity

Several experimental approaches can lead to the generation of viruses that evade existing natural or
induced immunity. First, serial passaging of viruses in the presence of cognate antibodies may lead to the
acquisition of mutations that allow the virus to escape neutralization by the antibody. This experiment can
be performed in cell culture or in animals that have been vaccinated or previously exposed to influenza
viruses. The second approach involves deliberate modification of the influenza HA protein, the
immunodominant influenza protein and the primary component of influenza vaccine, to introduce
mutations that may lead to antigenic change. In this case, the mutations may be random (i.e., in the
context of a forward genetic screen), previously identified through a GoF approach such as serial
passaging, or previously identified through an alt-GoF approach such as comparative analysis of wild
type sequences. When either approach is performed using recently or currently circulating seasonal
influenza viruses or using seasonal viruses that have recently served as the basis for vaccine strains, the
end result is the generation of a mutant strain that cannot be neutralized by existing natural or induced
immunity, respectively. These studies aim to identify amino acid substitutions that lead to antigenic
change and to define the evolutionary pathways by which those substitutions arise, which provides a
foundation for follow-up studies investigating the evolutionary mechanisms driving antigenic drift and
the molecular basis of antigenic differences between strains.

Because human populations do not have widespread immunity to the 1918 H1N1 pandemic virus or to
animal influenza viruses (i.e., avian viruses and swine viruses), no approaches involving these viruses
meet this phenotypic criterion.
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4.3.2.6 Evasion of Vaccines in Development

Serial passaging of a virus in cells in the presence of animal sera produced in response to a candidate
vaccine or in animals vaccinated with a candidate vaccine may lead to the emergence of viruses that are
resistant to neutralization by that vaccine. This approach is used to test whether and how readily viruses
can evolve to evade vaccines in development, for example new vaccine platforms that are more broad-
spectrum or resistant to drift than current influenza vaccine platforms, which is an important indicator of
the potential field efficacy of the vaccine. Most of these experiments involve next-generation influenza
vaccine candidates targeting epitopes other than the globular head domain of the hemagglutinin (HA)
protein, the target of current influenza vaccines. Given that the globular head domain of HA is the
immunodominant protein of influenza viruses and that these next-generation vaccines are not yet widely
available, strains that can overcome the protection afforded by these vaccines are expected to pose a
minimal increase in human health risk relative to wild type strains.

Because seasonal influenza vaccines are updated annually, approaches that lead to the generation of
vaccine strains that are no longer neutralized by vaccine-induced antibodies are more appropriately
described by the “evasion of existing induced immunity” phenotype. In addition, we did not identify any
studies involving H5N1 viruses that would be expected to lead to the generation of viruses that cannot be
neutralized by the pre-pandemic H5N1 vaccine in the national stockpile.

4.3.2.7 Evasion of Therapeutics

Several approaches may lead to the generation of viruses that are resistant to therapeutics. The classical
approach involves serial passaging of viruses in the presence of a therapeutic, which may lead to the
acquisition of mutations that allow the virus to evade inhibition by the therapeutic. This approach is
performed to determine whether and how readily a virus evolves resistance in response to selective
pressure from a therapeutic and to identify mutations that confer resistance, which provides a foundation
for follow-up studies investigating the mechanism of action of the therapeutic and the mechanistic basis
of antiviral resistance. When passaging experiments are performed using a new therapeutic candidate with
an unknown viral target, this information also helps to identify the therapeutic target, as resistance
mutations are most likely to arise in the target protein. Of note, the acquisition of resistance to novel
classes of therapeutics is not expected to confer cross-resistance to existing antivirals (i.e., adamantanes
or neuraminidase inhibitors). Thus, when these experiments involve drug candidates within new classes
of therapeutics, which are not yet widely available, no increase in human health risk is posed by resistant
strains. Serial passaging approaches have been performed using cell culture, animal models, and (rarely)
human challenge experiments.

The second approach involves deliberate modification of antiviral target proteins to introduce mutations
that may confer antiviral resistance. In this case, the mutations may be random (i.e., in the context of a
forward genetic screen), previously identified through a GoF approach such as serial passaging, or
previously identified through an alt-GoF approach such as comparative analysis of wild type sequences.
Similar to serial passaging experiments, these experiments provide a foundation for follow-up studies
investigating the mechanistic basis of antiviral resistance. Both types of GoF approaches have been
performed using human seasonal viruses, human pandemic strains (i.e., the 1957 H2N2 pandemic virus),
and animal-origin strains. (We note that human challenge experiments have only been performed using
human seasonal strains.)

4.3.2.8 Reassortment

Several experimental approaches can be used to assess the genetic compatibility and fitness of viruses
following reassortment. While the phenotypic consequences of reassortment events between two viruses
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cannot be predicted with certainty, reassortant strains may exhibit enhanced fitness, pathogenicity, and/or
transmissibility relative to one or both parental strains. (Notably, reassortant strains may also display
reduced fitness, pathogenicity, and/or transmissibility relative to parental viruses.) In the laboratory,
reassortant viruses can be generated through reverse genetics, which involves the deliberate mixing of
gene segments from two or more viruses in one or multiple combinations or through co-infection of cells
or animals with two viruses. Follow-up studies may be performed to evaluate pathogenicity, infectivity,
and/or transmissibility of viable reassortants. Collectively, these approaches assess the viability and
phenotypic properties of various reassortment viruses. This information provides a foundation for studies
investigating mechanisms governing reassortment and informs the potential for reassortant viruses to
emerge in nature and the potential public health consequences of such an emergence event.
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5.1 Purpose and Context

In this section, we review the history and current status of influenza, SARS, and MERS to provide
context for evaluating the potential risks and benefits associated with GOF studies. Naturally-occurring
epidemics and pandemics present risks to human and animal health and burdens to public health
infrastructure. Such risks are pertinent to the ongoing deliberative process on the risks and benefits of
GOF research as they help to establish the existing risks associated with infectious diseases to which the
risks associated with GOF studies might be compared. This historical perspective will also inform
evaluations of the potential benefit of interventions to reduce the burden of these diseases on society; the
greater the harm that these diseases have inflicted, the greater the potential benefit to society of mitigating
their harm.

To the extent available, we have gathered data on past outbreaks of these diseases and the morbidity,
mortality, and economic harm that they have inflicted. For seasonal influenza, these data should provide a
solid baseline for understanding the potential benefits of reducing the burden of this disease that continues
to afflict public health annually. Caution should be used when reviewing the data on outbreaks of
pandemic influenza strains and the human coronaviruses because the disease caused by each new strain
has unique attributes that influence its extent and severity. The next outbreak from a newly emergent
influenza virus or coronavirus could be as severe, not nearly as severe as, or more severe than any of the
historical outbreaks and there is no science-based means to determine the severity a priori.

For example, although the 1918 influenza outbreak is often held up as the exemplar of the type of
pandemic that researchers are trying to prevent, detect early, or mitigate, the severity and extent of the
outbreak may be only partially explained by its unique biology. This pandemic occurred in the waning
years of a world war, when the nutritional status and overall health of the global population was
compromised and when living conditions for the most vulnerable populations were poor (in this case,
younger adults). Perhaps more importantly, public health systems (which rely on the public’s
understanding of the seriousness of infectious disease threats) are far more robust today, and therefore
today’s social distancing measures and mass vaccination may greatly mitigate the consequences of an
outbreak. Conversely, the society of the early 20" century was less reliant on complex networks to
provide food, security, water, and sanitation services, which could crumble in the face of an outbreak of a
disease that Kills a significant number of otherwise healthy adults, leading to secondary deaths from
starvation or social disorder.

Note that, although the findings in this section provide historical background and context for the viruses
studied, they do not directly provide the epidemiological parameters used in the biosafety risk assessment
described in Chapter 6. Because the biosafety risk assessment was done parametrically, for each virus a
range of values was used for each of the parameters. In certain cases, the values from historical outbreaks
described here are used to provide an upper or lower bound for an epidemiological parameter. However,
in general the ranges of values used in the biosafety risk assessment are broader, to account for the
epistemic uncertainty in some of the values, to encompass all potentially possible naturally occurring
strains, and to encompass the range of gain-of-function modifications that may be done to them. Further
information on the range of values used in each of the biosafety models is described in the Supporting
Information section for each model.
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5.2 Severe Acute Respiratory Syndrome

5.2.1 Summary of Findings

e |n 2003, an outbreak of SARS occurred in several Asian countries and Canada, causing nearly
10,000 illnesses and 1,000 deaths, with a disproportionate burden on the elderly,

e Most survivors suffer from long term physical and mental morbidities,
e The outbreak was responsible for $30-100Bn in economic losses, and

e No human cases of SARS have been reported since 2004.

5.2.2 Background

Severe acute respiratory syndrome (SARS) is a viral respiratory disease of zoonatic origin, caused by a
coronavirus identified as SARS-associated coronavirus, or SARS-CoV. Despite ample research, the
natural reservoir of SARS-CoV has not been documented conclusively. The Himalayan masked palm
civet (Paguma larvata), a delicacy in southern China, is commonly attributed as the human transmission
source, but other Chinese delicacies, such as ferret badger (Melogalemoschata), as well as domestic cats
(Felis domesticus), ferrets (Mustela putorius furo), and bats (Rhinolophus) have also been laboratory-
confirmed as virus reservoirs.'?*

SARS typically begins with flu-like symptoms, including high fever, fatigue, sore throat, headache, and
myalgia. Some patients also experience diarrhea, dry cough, and shortness of breath. As SARS
progresses, most cases will develop into pneumonia. The disease spreads through close contact between
people, mainly by droplet spread of infectious fluids.'?> Without treatment, the pneumonia may lead to
respiratory failure and death.

5.2.3 Initiation of the SARS Outbreak

In November 2002, atypical pneumonia of an unknown cause was reported in two patients in Fushan
City, southern Guangdong Province, China. Soon after, similar cases were reported in five other
Guangdong cities.*?® The virus remained in China until February 2003 when a physician who had been
treating SARS patients traveled from Guangdong to a hotel in Hong Kong. There he infected ten others
from various countries who then continued traveling, bringing the virus with them to Ireland, Canada,
Vietnam, Singapore, and the United States (Figure 5.1).1%

124 The World Health Organization. Severe acute respiratory syndrome. http://www.who.int/topics/sars/en/. Last Update
Accessed July 2015.

125 The Centers for Disease Control and Prevention (2004) Basic Information about SARS Fact Sheet

126 \Wang MD, Jolly AM (2004) Changing virulence of the SARS virus: the epidemiological evidence. Bull World Health
Organ 82: 547-548

127 Christian MD et al (2004) Severe acute respiratory syndrome. Clin Infect Dis 38: 1420-1427

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 46



Guangdong Province

1 infected
traveler to
IRELAND

1 infected
" travelerto |
UNITED

travelers &
> index case to
Y| HONG KONG

1infected |

traveler to 3 infected

VIETNAM travelers to
SINGAPORE

Figure 5.1. SARS transmission by a patient from Guangdong Province, China to Hong Kong and then to
global travelers reproduced from Christian MD et al.*®

These cases sparked a global outbreak. Within weeks, the communicable illness spread to 37 countries
around the world and became recognized as the SARS epidemic of 2003.1?° Figure 5.2 below shows the
explosiveness of the outbreak after the international transmission began.**°

128 jbid.

125 Wang MD, Jolly AM (2004) Changing virulence of the SARS virus: the epidemiological evidence. Bull World Health
Organ 82: 547-548

130 Braden CR et al (2013) Progress in global surveillance and response capacity 10 years after severe acute respiratory
syndrome. Emerg Infect Dis 19: 864-869
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Figure 5.2. Reproduced from Chan-Yeung et. al, probable cases of SARS by date of onset or reporting
worldwide. '3

SARS is known to transmit through close person-to-person contact and droplet spread, however large,
localized outbreaks suggest additional methods of transmission. Hong Kong’s index case can be traced to
an outbreak in a large apartment complex, Amoy Gardens, where 329 residents became infected.® The
index case did not contact all three-hundred residents which, with the ability of SARS to remain viable in
feces, presents the possibility of fecal-droplet transmission through the plumbing system of the apartment
complex.t*

The CDC also investigated “super spreaders” which are believed to be highly infectious index cases such
as the Guangdong doctor that traveled to a hotel in Hong Kong and the resultant rapid outbreak in
Canada. Possible explanations included a higher SARS-CoV infectious load, aerosolized transmission
that allowed the particles to travel further, and increased age or previous illness that masked the SARS

181 Chan-Yeung M, Xu R-H (2003) SARS: epidemiology. Respirology 8: S9-S14
182 hid.
133 Christian MD et al (2004) Severe acute respiratory syndrome. Clin Infect Dis 38: 1420-1427
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infection. Rapid transmission by super spreaders is credited with initiation and continuation of the SARS
outbreak.***

5.2.4 Morbidity and Morality

According to the World Health Organization (WHO), there were 8,098 SARS cases reported worldwide
during the 2003 epidemic, which resulted in 744 deaths.™®® Approximately 30% of cases are believed to
have occurred in healthcare workers due to the necessity of close contact in transmission.**® In the United
States, there were only eight laboratory-confirmed cases and no SARS-associated deaths. All eight
patients had traveled to SARS-infected regions, but did not further transmit the disease upon returning to
the US.™¥’

The WHO estimates the overall case fatality rate of the SARS outbreak to be 11%, with a range of 0%-
50% among age groups.'*® Another study estimates the range to be between 0%- 40% with an overall
fatality rate of 9.6%.%°

The overall fatality rate, however, minimizes the significant difference that occurred between age groups.
SARS disproportionately Kills older people and although the incidence rates did not differ amongst age
groups, the mortality rate in those over 75 years old was 38% whereas no deaths occurred in those under
24 years.'*® Advanced age is the most influential risk factor for SARS-associated death. One study
determined the case fatality rate for persons under 60 years old to be 6.8% while the rate for over 60 years
was 55%.%4! Another study estimated the average case fatality rate at 45% for persons over 60 years.42
These statistics are provided in Table 5.1 below. All affected regions experienced similar age-specific
trends with a large variance between groups, as can be seen in Figure 5.3 from Anderson et al.

Table 5.1. SARS Case Fatality Rates Among Age Groups

Source Overall < 24 years < 60 years > 60 years > 75 years
Christian et al. 2004143 9.6% - - 45% -
Wang et al. 20044 - 0% - - 38%
Donnelly et al. 20034 - - 6.8% 55% -

134 Centers for Disease Control and Prevention. Remembering SARS: A Deadly Puzzle and the Efforts to Solve It. Last Update
April 2013. Accessed

185 Guan Y et al Molecular epidemiology of the novel coronavirus that causes severe acute respiratory syndrome. The Lancet
363: 99-104

13 The World Health Organization (2003b) Severe acute respiratory syndrome (SARS): Status of the outbreak and lessons for
the immediate future. Unmasking a new disease

187 The Centers for Disease Control and Prevention (2004) Basic Information about SARS Fact Sheet

138 World Health Organization. Alert, verification and public health management of SARS in the post-outbreak period.
http:/Aww.who.int/csr/sars/postoutbreak/en/. Last Update August 14, 2003. Accessed July 2015.

139 Christian MD et al (2004) Severe acute respiratory syndrome. Clin Infect Dis 38: 1420-1427

140 Wang MD, Jolly AM (2004) Changing virulence of the SARS virus: the epidemiological evidence. Bull World Health
Organ 82: 547-548

141 Donnelly CA et al (2003) Epidemiological determinants of spread of causal agent of severe acute respiratory syndrome in
Hong Kong. Lancet 361: 1761-1766

142 Christian MD et al (2004) Severe acute respiratory syndrome. Clin Infect Dis 38: 1420-1427

143 |bid.

144 Wang MD, Jolly AM (2004) Changing virulence of the SARS virus: the epidemiological evidence. Bull World Health
Organ 82: 547-548

145 Donnelly CA et al (2003) Epidemiological determinants of spread of causal agent of severe acute respiratory syndrome in
Hong Kong. Lancet 361: 1761-1766

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 49



(e
——
——

20 4
10 4
O  —— T T T

<30 3044 45-59  60-74 75+

age at hospital admission

Figure 5.3. Case fatality rates by age and gender in Hong Kong during the 2003 SARS epidemic. Figure
reproduced from Anderson et. al (white bars: male; grey bars: females).'*®

Fatality rates also varied between geographical regions. Table 5.2 below, from Chan-Yueng et al.,
displays the number of cases and deaths as well as case fatality rate by country.

Table 5.2. The Cumulative Number of Cases, Number of Deaths, and Case Fatality Rate by

Country During the 2003 SARS Epidemic. Table Reproduced from Chan-Yeung et.al 4’

Country Cumulative number Number of Deaths Case-fatality rate
of cases (%)
Australia 5 0 -
Canada 251 41 17
China 5327 349 7
Hong Kong SAR, China 1755 300 17
Taiwan 346 37 11
Indonesia 2 0 -
Malaysia 5 2 -
New Zealand 1 0 -
Philippines 14 2 -
Korea 3 0 -
Singapore 238 33 14
Thailand 9 2 -
Vietnam 63 2 8
Global 8098 774 9.6

146 Anderson RM et al (2004) Epidemiology, transmission dynamics and control of SARS: the 2002-2003 epidemic.
Philosophical transactions of the Royal Society of London Series B, Biological sciences 359: 1091-1105
147 Chan-Yeung M, Xu R-H (2003) SARS: epidemiology. Respirology 8: S9-S14
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Overall mortality rates varied from 0% to 17.1% by region. As the epidemic proceeded, these rates began
to climb. Regions affected early by SARS, such as Guangdong, had case fatality rates ranging from 4% to
10%; regions affected later in the outbreak experienced higher rates, upwards of 13% to 17%.4¢ One
explanation for this trend is a younger population in regions affected earlier by the virus. Another
possibility is evolution towards a more virulent strain, providing the virus with greater opportunities for
transmission. Worsened symptoms increase the likelihood of droplet spread as well as the need for more
medical treatment and hence, risk of human transmission.'*®

5.2.5 Long-Term Morbidity

SARS survivors experienced significant long-term morbidity. Mak et al. used the MOS 36-Item Short
Form (SF-36), a functional outcome assessment, to measure the quality of life of survivors post-illness in
Hong Kong. The study found that SARS survivors performed poorer in all eight quality of life categories
than the normal population (Table 5.3).1%° In 2009, the Chinese media reported that 300 survivors
declared continued complications from their illness. Approximately 60% still suffered from medical
issues, including avascular necrosis and pulmonary fibrosis, and 80% could no longer work. Chronic
depression was also reported.'®

Table 5.3. Quality of Life Based on Eight Domains of the SF-36 Assessment Between SARS

Survivors and the Normal Population 30 Months After the Sars Epidemic. Table Reproduced from
Mak et. al>?

Quality of Life SARS Subjects HK Population pa
(n=90) normative values

Physical functioning 75.17+£22.77 91.83+12.89 <.001**
Role limitations due to 43.54+46.39 82.43+30.97 <.001%*
physical health
Bodily pain 58.74+29.98 83.98+21.89 <.001**
General health 40.18+26.58 55.98+20.18 <.001**
Vitality 48.82+22.32 60.27+18.65 <.001**
Social functioning 67.07+27.81 91.19+16.57 <.001**
Role limitations dues to 51.70+46.35 71.66+38.36 <.001*
emotional health
Mental health 61.62+21.57 72.79+16.57 <.001**
Values are mean + S.D.

2 Two-sided independent sample t test.

** P<,001

148 Wang MD, Jolly AM (2004) Changing virulence of the SARS virus: the epidemiological evidence. Bull World Health

Organ 82: 547-548
149 |bid.

150 Mak IWC et al Long-term psychiatric morbidities among SARS survivors. General Hospital Psychiatry 31: 318-326

151 Xiang YT et al (2014) Outcomes of SARS survivors in China: not only physical and psychiatric co-morbidities. East Asian

archives of psychiatry : official journal of the Hong Kong College of Psychiatrists = Dong Ya jing shen ke xue zhi :
Xianggang jing shen ke yi xue yuan qi kan 24: 37-38
152 Mak IWC et al Long-term psychiatric morbidities among SARS survivors. General Hospital Psychiatry 31: 318-326
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Many SARS survivors suffer from mental morbidity. Several studies have examined the psychiatric status
of survivors at different time points, populations, and locations. Because of these differences, the
percentage of survivors with a psychiatric disorder has fluctuated, however, the burden of mental illness
(Table 5.4). Health care workers also tended to have higher stress levels and depressive symptoms than
non-workers, with 90% qualifying as a potential psychiatric case.>

Table 5.4. Percentage of the Measured Population with a Psychiatric Disorder After the SARS

Epidemic

Source Time After Epidemic Psychiatric Disorder
Lee et al. 2007% 1 year 64%
Mak et al. 20095 30 months 33.3%
Lam et al. 20096 4 years 42.5%

5.2.6 Economic Burden

The SARS epidemic is estimated to have cost anywhere from $30 to $100 billion worldwide from
treatment costs, productivity loss, and decrease in travel and tourism.*” Some estimates place the
economic burden at US $30 billion in the Far East alone.*®® This burden translated into a decrease in
Gross Domestic Product (GDP) for many countries. Hong Kong experienced the greatest loss, with a
2.63% decline in GDP, while China’s GDP fell 1.05%. GDP in United States fell 0.07%.%%° While the
percentages may appear small, Table 5.5 shows the estimated economic loss in US dollars resulting from
the epidemic.

153 Lee AM et al (2007) Stress and psychological distress among SARS survivors 1 year after the outbreak. Canadian journal
of psychiatry 52: 233

154 |bid.

1% Mak IWC et al Long-term psychiatric morbidities among SARS survivors. General Hospital Psychiatry 31: 318-326

156 Xiang YT et al (2014) Outcomes of SARS survivors in China: not only physical and psychiatric co-morbidities. East Asian
archives of psychiatry : official journal of the Hong Kong College of Psychiatrists = Dong Ya jing shen ke xue zhi :
Xianggang jing shen ke yi xue yuan qi kan 24: 37-38

157 Smith RD (2006) Responding to global infectious disease outbreaks: lessons from SARS on the role of risk perception,
communication and management. Soc Sci Med 63: 3113-3123

1% The World Health Organization (2003b) Severe acute respiratory syndrome (SARS): Status of the outbreak and lessons for
the immediate future. Unmasking a new disease

159 (2004) Estimating the Global Economic Cost of SARS. In Learning from SARS: Preparing for the Next Disease Outbreak:
Workshop Summary, Knobler S, Mahmoud A, Lemon S, Mack A, Sivitz L, Oberholtzer K (eds). Washington (DC)
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Table 5.5. Estimates of the Economic Consequences of the SARS Epidemic by Region and Worldwide (in

uSD)

Source Region Economic Loss
Mackenzie et al. 201360 Worldwide $40 billion
Lee et al. 200416! Worldwide $40- $54 billion
Wen et al. 2004162 China $25.3 billion
Siu et al. 200463 China $48 billion
Fan 2003164 East & Southeast Asia $12.3- $28.4 billion

On May 18, 2004, the WHO declared the last SARS case to be contained. No human infections have been
reported since due to the stringent disease control and public health response.%

5.3 Middle East Respiratory Syndrome

5.3.1 Summary
e Outbreaks of MERS were first identified in 2012 and have occurred sporadically since that time,

e To date these outbreaks have led to more than 1,000 cases and nearly 500 deaths, the burden of
which fell disproportionately on the elderly with significant co-morbidities, and

e The vast majority of cases have been identified in the Middle East, and, recently South Korea
although cases have been identified sporadically in countries in Europe and North America.

5.3.2 Background

Middle East Respiratory Syndrome (MERS) is an acute severe respiratory infection of zoonotic origin
caused by a corona virus knows as MERS-CoV. Although the natural source is unconfirmed, MERS-CoV
has been identified in camels in the Arabian Peninsula. MERS transmission has occurred through close
contact between humans and animals, most likely dromedary camels or bats.**® Both the MERS-CoV
virus and its antibodies have been isolated in dromedary camels in the Arabian Peninsula. These findings
reinforce the possibility of camel-to-human transmission through close contact and the ingestion of raw
camel milk. While camel meat could also be a source of infection, cooking the meat is customary and
inactivates the virus.®’

160 Mackenzie JS, Merianos A (2013) The legacies of SARS - international preparedness and readiness to respond to future
threats in the Western Pacific Region. Western Pacific surveillance and response journal : WPSAR 4: 4-8

161 (2004) Estimating the Global Economic Cost of SARS. In Learning from SARS: Preparing for the Next Disease Outbreak:
Workshop Summary, Knobler S, Mahmoud A, Lemon S, Mack A, Sivitz L, Oberholtzer K (eds). Washington (DC)

162 Wen H et al (2004) The Short-Term Impact of SARS on the Chinese Economy. Asian Economic Papers 3: 57-61

163 Sju A, Wong YCR ibid.Economic Impact of SARS: The Case of Hong Kong. 62-83

164 Fan, Emma Xiaogin. 2003. SARS: Economic Impacts and Implications. © Asian Development Bank.
http://hdl.handle.net/11540/616. License: CC BY 3.0 IGO.

165 Mackenzie JS, Merianos A (2013) The legacies of SARS - international preparedness and readiness to respond to future
threats in the Western Pacific Region. Western Pacific surveillance and response journal : WPSAR 4: 4-8

166 penttinen PM et al (2013) Taking stock of the first 133 MERS coronavirus cases globally--1s the epidemic changing? Euro
surveillance : bulletin Europeen sur les maladies transmissibles = European communicable disease bulletin 18

167 Abdel-Moneim AS (2014) Middle East respiratory syndrome coronavirus (MERS-CoV): evidence and speculations. Arch
Virol 159: 1575-1584
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Patients display symptoms such as fever, cough, shortness of breath, sore throat, and myalgia; some
infected people show no symptoms at all. Approximately three to four out of every ten persons suspected
of MERS have died. Most fatalities, however, had significant co-morbidities that exacerbated the MERS
symptoms, 168

5.3.3 The Emergence of MERS

The first MERS case was reported in Saudi Arabia in September 2012. From September 2012 to July
2015, 1,368 laboratory-confirmed cases have been reported to the World Health Organization (WHO), at
least 487 of which resulted in death. A total of 26 countries in the Middle East, Africa, Europe, Asia, and
North America have had at least one MERS case. Approximately 75% of cases, however, have been from
Saudi Arabia. All cases have been directly or indirectly linked to the Middle East. The United States has
only had two cases, both in travelers. *° This information can be seen in Figure 5.4 below from the WHO.

CONFIRMED CASES OF MIDDLE EAST RESPIRATORY SYNDROME - CORONAVIRUS 2012 - 2015
MAP DATE: 20 July 2015
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Figure 5.4. Confirmed MERS cases around the world since 2012, reproduced from The World Health
Organization, Summary of Current Situation.®

188 The Centers for Disease Control and Prevention. Middle East Respiratory Syndrome (MERS).
http://Amww.cdc.gov/coronavirus/mers/. Last Update June 22, 2015. Accessed July 2015.

169 The World Health Organization (2015b) Summary of Current Situation, Literature Update and Risk Assessment. Middle
East respiratory syndrome coronavirus (MERS-CoV) 15: 1-7

170 The World Health Organization. Middle East respiratory syndrome coronavirus (MERS-CoV) maps and epicurves.
http://www.who.int/csr/disease/coronavirus_infections/maps-epicurves/en/. Last Update July 2015. Accessed July 2015.
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5.3.4 Morbidity and Mortality

The overall MERS case fatality rate is almost 40%."* The WHO reported the median age of SARS cases
to be 50 years old, with a range from nine months to 99 years.'’?> One study of MERS patients in Saudi
Arabia found a clear relation between case fatality rates and increasing age. The data supporting this
correlation is provided in Table 5.6 below.!”

Table 5.6. Case Fatality Rates with Increasing Age'™

Age Case fatality rate
<19 years 0%
< 50 years 39%
<60 years 48%
> 60 years 5%

Studies have also found that a large proportion of MERS cases are in patients with underlying medical
conditions, such as diabetes and hypertension as well as chronic renal, lung, and cardiac disease (Table
5.7).17°

Table 5.7. Percent of MERS Patients with Underlying Medical Conditions

Source Percent with Comorbidity
Penttinen et al. 201317 73%
Assiri et al. 20137 96%
Arabi et al. 2014178 100%

Although the disease may have existed for some time before detection, MERS is a relatively new
communicable disease. Research on long-term morbidity, mortality, and economic burden of the illness is
in progress as the epidemic itself is still ongoing. Cases have been localized mostly to the Middle East,
although cases occurred in China, Thailand, the Philippines, and the Republic of Korea in the spring and
summer months of 2015.

71 Hussain HY (2014) Incidence and Mortality Rate of "Middle East Respiratory Syndrome"-Corona Virus (MERS-Cov),
Threatens and Opportunities. J Mycobac Dis 5.

172 The World Health Organization (2015b) Summary of Current Situation, Literature Update and Risk Assessment. Middle
East respiratory syndrome coronavirus (MERS-CoV) 15: 1-7

173 Assiri A et al (2013a) Epidemiological, demographic, and clinical characteristics of 47 cases of Middle East respiratory
syndrome coronavirus disease from Saudi Arabia: a descriptive study. The Lancet Infectious diseases 13: 752-761

174 bid.

175 bid.

176 penttinen PM et al (2013) Taking stock of the first 133 MERS coronavirus cases globally--1s the epidemic changing? Euro
surveillance : bulletin Europeen sur les maladies transmissibles = European communicable disease bulletin 18

17 Assiri A et al (2013a) Epidemiological, demographic, and clinical characteristics of 47 cases of Middle East respiratory
syndrome coronavirus disease from Saudi Arabia: a descriptive study. The Lancet Infectious diseases 13: 752-761

178 Arabi YM et al (2014) Clinical course and outcomes of critically ill patients with Middle East respiratory syndrome
coronavirus infection. Ann Intern Med 160: 389-397
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5.3.5 2015 Outbreak

As of the writing of this section (summer of 2015), the Republic of Korea is currently experiencing the
largest known MERS outbreak outside of the Arabian Peninsula. In May 2015, an infected traveler
returned from the Middle East with MERS. His travel history went unreported for over a week, openly
exposing many people to the virus. 1" Since then, there have been 186 confirmed cases of MERS—185 in
the Republic of Korea and one in China—of which the median age is 55 years old.*®® There have been 36
deaths reported; 91.7% of the deaths were in the elderly or patients with co-morbidities. Approximately
17,000 people were quarantined.8

The Republic of Korea’s cultural traditions are said to have influenced the rapid transmission of MERS
within the country. Customs encourage friends and family to not only visit ill patients, but provide
extensive bedside care. Further, in Korea, patients tend to visit several medical facilities before admitting
themselves. These dispositions increase exposure and transmission of the virus.'® It is not surprising
therefore that all of the cases in Korea have been associated with health care facilities; 14% were in
medical professionals. Every patient has been connected to the index case and no cases have occurred in
the general population.'® The last MERS case was reported to the WHO on July 4, 2015 and officials
believe the outbreak to under control in China and the Republic of Korea. Cases continue to be reported,
however, in the Arabian Peninsula.®*

5.4 Influenza

5.4.1 Summary

e Influenza viruses cause human outbreaks seasonally, in pandemics and via zoonotic infection
from birds,

e Morbidity and mortality from influenza is difficult to measure because death is due to secondary
causes,

e Five to ten percent of the population worldwide gets influenza every year, and it is associated
with 250,000-500,000 deaths annually, the burden of which falls mostly on the elderly,

e Seasonal influenza causes approximately $100Bn in direct and indirect economic losses in the US
annually,

e Pandemic strains have caused a handful of outbreaks in the last 100 years, and are sometimes
associated with significantly more illness or deaths than seasonal strains,

179 The World Health Organization. Middle East respiratory syndrome coronavirus (MERS-CoV).
http://www.who.int/emergencies/mers-cov/en/. Last Update 2015. Accessed July 2015.

180 World Health Organization. Middle East respiratory syndrome coronavirus (MERS-CoV) — Republic of Korea.
http:/Aww.who.int/csr/don/17-july-2015-mers-korea/en/. Last Update July 17, 2015. Accessed July 2015.

181 World Health Organization (2015) Briefing for Foreign Correspondents MERS Outbreak.

182 hid..

183 World Health Organization. Middle East respiratory syndrome coronavirus (MERS-CoV) — Republic of Korea.
http://imww.who.int/csr/don/17-july-2015-mers-korea/en/. Last Update July 17, 2015. Accessed July 2015.

184 The World Health Organization. Middle East respiratory syndrome coronavirus (MERS-CoV) maps and epicurves.
http://www.who.int/csr/disease/coronavirus_infections/maps-epicurves/en/. Last Update July 2015. Accessed July 2015.
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e Pandemic strains have been noted for disproportionally harming groups other than the elderly
(young adults for the 1918 pandemic and young children for the 1957 and 2009 pandemics),

e Deaths from pandemics and seasonal influenza decreased across the 20" century until the 1960s,
after which time the death rate from influenza has remained relatively constant,

e Outbreaks of avian influenza have caused up to $20B in direct and indirect economic losses due
to destruction of poultry flocks and lost trade,

e Avian influenza outbreaks have an unpredictable effect on human health, the worst are associated
with up to 1,000 cases and 500 deaths, some cause mild illness in humans, and

e Vaccines and antivirals demonstrate significant efficacy in clinical trials, however their overall
public health benefit is more difficult to measure.

5.4.2 Background

Influenza is a highly contagious viral infection of the respiratory tract caused by three orthomyxoviruses
of different antigenic types —influenza A, B, and C. These influenza viruses can cause seasonal and
pandemic outbreaks. According to the CDC, an influenza pandemic “can occur when a non-human
(novel) influenza virus gains the ability for efficient and sustained human-to-human transmission and then
spreads globally.” Seasonal outbreaks, however, occur annually on predictable seasonal patterns and are
caused by recirculating influenza viruses with residual immunity among the population. Both seasonal
and pandemic outbreaks spread through human-to-human transmission. Sporadically, avian influenza
viruses, which do not normally infect or transmit through humans, will cross species barriers and cause an
outbreak in the human population.®

Influenza type A can infect a variety of animal hosts and is further divided into subgroups based on its
surface proteins (e.g., HIN1, H3N2, H5N1). This genetic variation allows type A viruses to cause
pandemic outbreaks, dominate seasonal epidemics, and cross species barriers.'® Type B viruses have a
more limited host range and limited variation, and therefore, do not cause pandemic outbreaks. Virus type
C causes only mild symptoms in humans and does not contribute to epidemics.*®” Influenza virus is
consistently one of the leading causes of illness in the United States and is associated with significant
mortality; it is among the US Centers for Disease Control and Prevention’s (CDC) top priorities. %

5.4.3 Seasonal Influenza

Seasonal influenza viruses circulate through the population causing annual epidemics during the winter
months in temperate climates, such as the United States, and unpredictable epidemics in tropical regions.
The World Health Organization (WHO) estimates that 5%-10% of adults and 20%-30% of children

185 Centers for Disease Control and Prevention. Influenza (Flu). http://www.cdc.gov/flu/. Last Update 2015. Accessed May
2015.

186 Centers for Disease Control and Prevention. Types of Influenza Viruses. http://www.cdc.gov/flu/about/viruses/types.htm.
Last Update 2014. Accessed May 2015.

187 bid.

188 Centers for Disease Control and Prevention. Influenza (Flu). http://www.cdc.gov/flu/. Last Update 2015. Accessed May
2015.
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worldwide are infected with influenza each year. Of those illnesses, three to five million develop into
severe cases, which result in 250,000 to 500,000 deaths annually. &

5.4.4 Morbidity and Mortality of Seasonal Influenza

In developed countries, approximately 1.2 in 10,000 persons die annually as a result of influenza.1*®
Industrialized countries with established surveillance systems provide the majority of case data so these
attack rates could be substantially underestimated for developing, tropical countries with limited financial
and technical resources.'®® Globally, influenza drives the loss of 19.2 million disability-adjusted life years
(DALYS5) annually (16.9 million-21.5 million), as estimated in the Global Burden of Disease Study in
2010. This statistic is equivalent to 279 DALYSs (245-311 DALYSs) per 100,000 people worldwide.*®2

According to the National Strategy for Pandemic Influenza by the Homeland Security Council, an
average of over 200,000 hospitalizations and 36,000 deaths are caused each year by seasonal influenza in
the US alone.’® Anywhere from 5-20% of the population, or 15 to 60 million Americans, is infected with
the influenza virus annually.*®* Death tolls range from 1.4 to 16.7 deaths per 100,000 persons, exceeding a
total of 49,000 lives.?® A CDC study estimated that, since the 1980s, the hospitalization rate has ranged
from 150,000 to 431,000 people per year.'% Seasonal influenza is consistently ranked in the top ten
overall leading causes of death in the United States.” After convalescence, however, no long term
morbidities are associated with influenza.!%

5.4.5 Uncertainty When Determining Influenza-Associated Morbidity and Mortality

The CDC is uncertain on exactly how many people become infected with or die from influenza each year.
States are required to report influenza-related deaths in children under 18 years old only, leaving all other
cases and deaths untracked. Seasonal influenza is rarely listed as a cause of death on adults’ death
certificates. Additionally, death often occurs weeks after initial infection when patients are no longer
symptomatic and the virus cannot be detected. Some diagnostic tests can even produce false negative
results due to their low sensitivity.® For these reasons, the CDC must estimate the number of annual
cases and deaths caused by influenza. The estimate is typically based on deaths related to pneumonia and
influenza (P&I) to account for the fact that although influenza is never confirmed as the cause of death,
pneumonia is most often the underlying cause.?® Excess P&I deaths, however, only account for
approximately 25% of actual influenza-related mortality.

189 World Health Organization. Influenza (Seasonal). http://www.who.int/mediacentre/factsheets/fs211/en/. Last Update March
2014. Accessed May 2015.
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Immunization Practices (ACIP), 2010, Atlanta, Ga . Dept. of Health and Human Services, Centers for Disease Control and
Prevention.
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198 Rothberg MB, Haessler SD (2010) Complications of seasonal and pandemic influenza. Crit Care Med 38: e91-97

199 Centers for Disease Control and Prevention. Estimating Seasonal Influenza-Associated Deaths in the United States: CDC
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2015. Accessed May 2015.
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One estimation method for influenza deaths is excess mortality, which is the difference between mortality
rates during an influenza epidemic and the standard baseline rate in the absence of an influenza outbreak.
While there is never a total absence of influenza illness, comparing the rate of illness during a predictable
seasonal outbreak to the baseline rate during the summer months when there is no outbreak provides an
estimation for the illnesses being caused by the outbreak. For example, during the 2013— 2014 influenza
season the percentage of deaths attributed to P&I peaked at 8.7%. The baseline rate of P&I related deaths
that occur during a non-outbreak time period, however, was about 7% and hence, the difference of 1.7%
of P& related deaths can be attributed to the seasonal influenza outbreak.?!

The excess index can also be applied to the number of outpatient visits to evaluate excess morbidity.2%?
The national baseline for the percentage of outpatient visits is the mean percentage of P&l visits during
non-outbreak weeks for the previous three seasons plus two standard deviations and is usually about
2.0%. The baseline for mortality is calculated using a periodic regression model applied to data from the
previous five years. It ranges from 6-8%, but is usually around 7.5% during seasonal influenza months.2%
Excess morbidity and mortality are not intended to provide exact statistics, but serve as an indicator of the
season’s relative severity. Hospitalization rates are not reported as an excess index, but instead as
laboratory-confirmed statistics.

5.4.6 Consequences in Special Populations

Influenza harms young children and the elderly more than older children and non-elderly adults. The
WHO reports that excess mortality attributed to influenza ranges from three to 15 per 10,000 Americans
older than 65 years. In the general population, excess morbidity is approximately 1.2 in 10,000 persons
per year.2% Excess hospitalization averages at 100 per 10,000 for children under six months old, but only
four per 10,000 children once they are more than five years old.2% Persons in the age group from five to
49 years have the lowest hospitalization rate.?%®

Seasonal influenza disproportionally kills the elderly, who suffer approximately 80-90% of the mortality
observed.?’” This trend is evident in Figure 5.5, from a CDC sponsored study on the epidemiology of
seasonal influenza, giving both hospitalization and mortality rates.

Influenza cases typically resolve within two weeks, however severe cases or cases in elderly or at-risk
populations may lead to additional complications. Complications include pneumonia, bronchitis, and
exacerbation of existing pulmonary and respiratory diseases and could lead to death. Resolved cases,
however, are not associated with long-term morbidity.2%

201 Centers for Disease Control and Prevention. (2014b) Influenza Activity — United States, 2013-14 Season and Composition
of the 201415 Influenza Vaccines. Morbidity and Mortality Weekly Report, Vol. 63, pp. 483-490.

202 Simonsen L (1999) The global impact of influenza on morbidity and mortality. Vaccine 17 Suppl 1: 3-10

203 Centers for Disease Control and Prevention. Overview of Influenza Surveillance in the United States. Last Update Accessed
June 2015.
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207 Dawood FS et al (2012) Estimated global mortality associated with the first 12 months of 2009 pandemic influenza A HIN1
virus circulation: a modelling study. Lancet Infectious Diseases 12: 687-695
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Figure 5.5. Rates of hospitalization and mortality across age groups of seasonal influenza from 1976- 2000 in

the US, reproduced from Thompson et. al.?%

Table 5.8 and Table 5.9 below present several studies’ estimated annual mortality rate and hospitalization

rate, respectively, of seasonal influenza.

Table 5.8. Studies on the Influenza-Associated Mortality Rate (Per 100,000 Persons) Across Age

Groups of Seasonal Influenza Annually in the US

Source All ages <1 year <5years < 65 years > 65 years
Thompson et al. 200320 3.1 0.3 0.2 - 22.1
Simonsen et al. 200021 25 - - 0.49 18.7
CDC 2010%2 24 - - 0.4 17.0

Table 5.9. Studies on the Influenza-Associated Hospitalization Rate (Per 100,000 Persons) Across

Age Groups of Seasonal Influenza Annually in the US

Source All ages < 1lyear > 5 years < 65 years | =65 years
Thompson et al. 200423 37 - 26.3 13 205
Simonsen et al. 2000214 49 - - 33 174
Zhou et al. 201225 - 151 94 - 309

209

210

211
212

213
214
215

Thompson WW et al (2006) Epidemiology of seasonal influenza: use of surveillance data and statistical models to estimate

the burden of disease. J Infect Dis 194 Suppl 2: S82-91

Thompson WW et al (2003) Mortality associated with influenza and respiratory syncytial virus in the United States. Jama

289: 179-186

Simonsen L et al (2000) The impact of influenza epidemics on hospitalizations. J Infect Dis 181: 831-837
Centers for Disease C, Prevention (2010) Estimates of deaths associated with seasonal influenza --- United States, 1976-
2007. MMWR Morbidity and mortality weekly report 59: 1057-1062
Thompson WW et al (2004) Influenza-associated hospitalizations in the United States. Jama 292: 1333-1340
Simonsen L et al (2000) The impact of influenza epidemics on hospitalizations. J Infect Dis 181: 831-837

Zhou H et al (2012) Hospitalizations associated with influenza and respiratory syncytial virus in the United States, 1993-

2008. Clin Infect Dis 54: 1427-1436
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5.4.7 Influence of Influenza Virus Type

Since 1968, influenza A, both HIN1 and H3N2, and influenza B have all co-circulated to cause seasonal
epidemics. Seasons dominated by influenza A H3N2 tend to cause greater excess mortality than influenza
A HIN1 and B seasons.?!® From 1990-1999, overall influenza-related mortality ranged from 17,000 to
51,000 deaths in a season. Around 90% of seasons were predominated by H3N2 strains and thus,
influenza-associated mortality rose during that time compared to an average year. The increase, however,
can also be partly associated with the large proportion of the population that was over 65 years old and
tend to suffer more from influenza infections.?’

5.4.8 Recent Influenza Seasons

In the past decade, both seasonal and pandemic strains have caused fluctuating outbreaks, as can be seen
in Figure 5.6 and Figure 5.7 below. From 2007- 2008, the H3N2 seasonal virus predominated in the
United States. That season saw the greatest mortality and hospitalization rates of the previous four years,
at 83 deaths of children under four years old. The percentage of the population with P&I related deaths
peaked at 9.1%, which is well above the normal baseline of 7.6%.%8

The following influenza season, from 2008— 2009, was less severe and can be attributed to the HIN1
dominant strain that typically causes more mild outbreaks. There were only 45 pediatric deaths and a
hospitalization rate of 2.8 per 10,000 children. Outpatient visits peaked at 3.7%, well over the baseline of
2%, and the weekly percentage of deaths attributed to P&I peaked at 7.6%, which is at the baseline of
7.6%.21°

A pandemic virus emerged the following year. The 2009 HIN1 pandemic strain was unusually severe,
causing an extended outbreak from April 2009 through May 2010. Infections persisted through the
summer months, speaking to the strain’s augmented pathogenicity and transmissibility. Excess mortality
peaked at 8.1% in November and again at 8.2% in January, exceeding the national baseline for thirteen
weeks straight. The pandemic resulted in the greatest number of patient visits of any year since influenza
surveillance began in 1997.2%° Seasonal influenza typically burdens the elderly population the most with
80-90% of the mortality. This pandemic, however, affected children and young adults much more
substantially. An estimated 80% of deaths were in people under 65 years old.??* There were 344 reported
pediatric deaths.???

By the 2010- 2011 season, the pandemic H1N1 strain continued to circulate. The H3N2 strain and
influenza B were also widely distributed, resulting in a more balanced attack rate among all age groups.
The season was significantly less severe than the previous pandemic year, but still worse than the

216 Simonsen L (1999) The global impact of influenza on morbidity and mortality. Vaccine 17 Suppl 1: 3-10

217 Fiore AE et al. (2007) Prevention and Control of Influenza : Recommendations of the Advisory Committee on
Immunization Practices (ACIP). Morbidity and Mortality Weekly Reports Recommendations and Reports. Centers for
Disease Control and Prevention, Atlanta, GA, Vol. 56, pp. 1-54.

218 Centers for Disease Control and Prevention. (2008) Influenza Activity --- United States and Worldwide, 2007--08 Season.
Morbidity and Mortality Weekly Report, VVol. 57, pp. 692-697.

298 Centers for Disease Control and Prevention. (2009) Update: Influenza Activity-- United States, September 28, 2008- April
4, 2009, and Composition of the 2009-2010 Influenza Vaccine Morbidity and Mortality Weekly Report, VVol. 58, pp. 369-
374.

220 Centers for Disease Control and Prevention. (2010) Update: Influenza Activity United States, 2009--10 Season. Morbidity
and Mortality Weekly Report, VVol. 59, pp. 901-908.

221 Dawood FS et al (2012) Estimated global mortality associated with the first 12 months of 2009 pandemic influenza A HIN1
virus circulation: a modelling study. Lancet Infectious Diseases 12: 687-695

22 Centers for Disease Control and Prevention. (2010) Update: Influenza Activity United States, 2009--10 Season. Morbidity
and Mortality Weekly Report, Vol. 59, pp. 901-908.
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previous 2008— 2009 endemic. There were 105 confirmed pediatric deaths. Outpatient visits peaked at
4.6%, the hospitalization rate was 4.38 per 10,000 children, and excess mortality surpassed the epidemic
threshold for 13 consecutive weeks, peaking at 8.9%.22°

Once again in the 2011- 2012 season, all three strains—H1N1, H3N2, and type B— circulated, but H3N2
was the predominant virus. This mild season was noted for lower hospitalization rates, outpatient visits,
and deaths than previous years. The hospitalization rate amounted to only 0.86 per 10,000 people and
patient visits dropped to the lowest since point 1997 by meeting, but not exceeding the threshold baseline
of 2.4%. The P&I associated death rate surpassed the baseline for one short week, at 7.9%, and only 26
pediatric deaths were reported.??*

The 2012— 2013 epidemic was more severe. All three virus types circulated, but H3N2 was the main
circulating virus. Patient visits soared past endemic thresholds for 15 weeks at a high of 6.1%, much
greater than the national baseline of 2%, and hospitalization rates escalated to 4.43 per 10,000 people.
Mortality also surpassed the baseline for 13 weeks, reaching 9.9%. There were 149 influenza-associated
pediatric deaths.?®

From 2013- 2014, the pandemic influenza A H1N1 strain co-circulated with limited H3N3 and B strains.
This was the first season since 2009 that the pandemic strain predominantly recirculated, this time as a
seasonal virus. Although there were fewer deaths and hospitalizations than typically observed with an
H1N1 season, adults were once again at a higher-risk for influenza. Those aged 50-64 experienced 5.43
hospitalizations per 10,000 persons compared to the aggregate rate of 3.56 per 10,000 across all age
groups. Outpatient visits exceeded the baseline for 15 consecutive weeks, peaking at 4.6%, and excess
mortality exceeded for eight weeks, maxing out at 8.7%. There were 96 pediatric deaths reported.??®

Table 5.10 below compiles key CDC statistics from the Emerging Infections Program (EIP) for recent
influenza seasons in the United States. Beginning in 2009, EIP was expanded to surveille 26 million more
Americans, 8.5% of the population.??” This new FluSurv-NET program may account for some of the
differences in comparable statistics.

223 Centers for Disease Control and Prevention. (2011) Update: Influenza Activity --- United States, 2010--11 Season, and
Composition of the 2011--12 Influenza Vaccine. Morbidity and Mortality Weekly Report, Vol. 60, pp. 705-712.

224 Centers for Disease Control and Prevention. (2012) Update: Influenza Activity — United States, 201112 Season and
Composition of the 2012-13 Influenza Vaccine. Morbidity and Mortality Weekly Report, Vol. 61, pp. 414-420.

225 Centers for Disease Control and Prevention. (2013b) Influenza Activity — United States, 201213 Season and Composition
of the 2013-14 Influenza Vaccine. Morbidity and Mortality Weekly Report, Vol. 62, pp. 473-479.

226 Centers for Disease Control and Prevention. (2014b) Influenza Activity — United States, 201314 Season and Composition
of the 201415 Influenza Vaccines. Morbidity and Mortality Weekly Report, Vol. 63, pp. 483-490.

227 Centers for Disease Control and Prevention. (2011) Update: Influenza Activity --- United States, 2010--11 Season, and
Composition of the 2011--12 Influenza Vaccine. Morbidity and Mortality Weekly Report, Vol. 60, pp. 705-712.
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Table 5.10 Influenza-Associated Statistics as Reported to the CDC Annually for Past Influenza

Seasons in the United States

Season Dominant | Outpatient P&I | Hospitalization | Hospitalization Pediatric

Strain Visits Related | Rate <4 years Rate > 65 Deaths
Mortality years

2007-2008%28 | H3N2 6.0% 9.1% 40.3 - 83

2008-2009%2° | HIN1 3.7% 7.6% 28.0 10.0 45

2009-2010%° | pH1N1 7.6% 8.2% 83.0 32.0 344
H3N2/

2010-2011%% 4.6% 8.9% 43.8 62.5 105
H1N1

2011-2012%2 | H3N2 2.4% 7.9% 14.2 30.4 26

2012-2013%2 | H3N1 6.1% 9.9% 66.2 191.2 149

2013-2014%4 | HIN1 4.6% 8.7% 46.9 88.1 96

Hospitalization rate is given per 100,000 persons.

Figure 5.6 below from the CDC presents the percentage of influenza-associated outpatient visits in the US
by surveillance week over several past influenza seasons. Figure 5.7 depicts P&lI attributable deaths in
influenza seasons since 2009. Both figures plot statistics in regards to their national baselines so that
excess morbidity and mortality can be visualized. The fluctuation between yearly seasons and pandemic
outbreaks are apparent.
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4, 2009, and Composition of the 2009-2010 Influenza Vaccine Morbidity and Mortality Weekly Report, VVol. 58, pp. 369-
374,
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and Mortality Weekly Report, Vol. 59, pp. 901-908.

Centers for Disease Control and Prevention. (2011) Update: Influenza Activity --- United States, 2010--11 Season, and
Composition of the 2011--12 Influenza Vaccine. Morbidity and Mortality Weekly Report, Vol. 60, pp. 705-712.
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Centers for Disease Control and Prevention. (2013b) Influenza Activity — United States, 2012-13 Season and Composition
of the 2013-14 Influenza Vaccine. Morbidity and Mortality Weekly Report, Vol. 62, pp. 473-479.

Centers for Disease Control and Prevention. (2014b) Influenza Activity — United States, 2013-14 Season and Composition
of the 201415 Influenza Vaccines. Morbidity and Mortality Weekly Report, Vol. 63, pp. 483-490.
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Figure 5.6. Percentage of outpatient visits attributable to influenza by surveillance week during past influenza
seasons in the United States, as reported to the CDC, reproduced from Centers from Disease Control and
Prevention, Influenza Activity — United States, 2013-14 Season and Composition of the 2014-15 Influenza
Vaccines.?®
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Figure 5.7. Percentage of P&I attributable deaths by surveillance week during influenza seasons since 2009 in
the United States. Figure reproduced from Centers from Disease Control and Prevention, Influenza Activity
— United States, 2013-14 Season and Composition of the 2014-15 Influenza Vaccines.?®

5.4.9 Economic Burden of Seasonal Influenza

The US public health infrastructure is burdened with 24.7 million (19.9-30.1 million) cases of seasonal
influenza annually. These cases generate approximately 31.4 million (22.6-43.5 million) outpatient visits

25 hid.
256 id.
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and 3.1 million days of hospitalization, producing approximately a $10.4 billion ($4.1- $22.2 billion)
burden of direct medical costs from annual influenza endemics, according to a 2003 study by the
Immunization Service Division and Division of Viral Diseases at the CDC.2¥" Additionally, anywhere
from $8.7 to $31 billion in earnings is lost annually due to decreases in productivity and loss of life from
the estimated 610,000 (360,000- 953,000) DALYSs lost. In total, the annual costs of seasonal influenza
amount to $87.1 billion ($47.2- $149.5 billion) in direct and indirect costs in the United States.?*® Table
5.11 below displays several studies’ estimated economic harm of seasonal influenza on the US. Echoing
these data, the WHO reported that France and Germany may spend anywhere from $1 million to $6
million per 100,000 people annually on influenza outbreaks.?*

Table 5.11. Studies on the Direct Medical Cost and Total Economic Burden of Seasonal Influenza Annually

on the US

Source Medical Costs (per year) Economic Burden (per year)
Office of Technology Assessment 1981240 $1- $3 billion -
Molinari et al. 200724 $10.4 billion $87.1 billion
Mao et al. 2012242 $10.3 billion $29.1 billion

5.4.10 Pandemic Influenza

In addition to the annual burden of seasonal influenza, several pandemic strains have caused additional
morbidity and mortality over the past century. Over the past 300 years, ten pandemics are known to have
occurred, three of which were in the 20" century.?*3

The 1918 influenza pandemic, also known as the “Spanish Flu” (the exact location of origin was never
determined), was the deadliest outbreak in modern history.?** The HIN1 outbreak occurred in three waves
beginning in March 1918. The second and most severe wave occurred concurrently in North America,
Africa, and Europe in August 1918.24° Over the next six months, anywhere from 20-40% of the global
population was infected with influenza and approximately 500 million people became ill.?*® Estimates on
the total mortality ranges from 20 to 100 million worldwide, but most estimates suggest approximately 50

237 Molinari NA et al (2007) The annual impact of seasonal influenza in the US: measuring disease burden and costs. Vaccine
25: 5086-50965

2% |bid.

239 World Health Organization (2005) Influenza Vaccines. WHO Position Paper 33: 279-287

240 US Congress: Office of Technology Assessment: Cost-effectiveness of Influenza Vaccination. Washington, DC: GPO;
1981.

241 Molinari NA et al (2007) The annual impact of seasonal influenza in the US: measuring disease burden and costs. Vaccine
25: 5086-5096

242 Mao L et al (2012) Annual economic impacts of seasonal influenza on US counties: spatial heterogeneity and patterns. Int J
Health Geogr 11: 16

243 Osterholm MT (2005) Preparing for the next pandemic. N Engl J Med 352: 1839-1842

244 | agace-Wiens PR et al (2010) Influenza epidemiology--past, present, and future. Crit Care Med 38: 1-9

25 |bid.

246 National Institute of Allergy and Infectious Diseases. (2011) Pandemic Flu History. Department of Health & Human
Services, Washington, DC.
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million deaths.?*”-?*8 In the United States, between 550,000 and 675,000 deaths were attributed to the
pandemic.249 250

Unlike seasonal influenza, the highest rates of morbidity and mortality were observed in young, healthy
adults instead of the elderly.?! The case fatality rate was greater than 2.5%, compared to later pandemics
that were less than 0.1%.%2 The reason for the severity of the outbreak is unclear, considering the attack
rate and age distribution was similar to other pandemics. Moreover, HLN1 outbreaks are typically
associated with lower levels of morbidity and mortality.®® In total, anywhere from 1% to 3% of the global
population died as a result of this pandemic.?*

In February 1957 another pandemic strain emerged, influenza A H2N2 originating from China. The virus
spread rapidly around the world and to the United States, with most related excess mortality occurring
between September 1957 and March 1958.2% Morbidity in children exceeded 50%.2%¢ Approximately
70,000 deaths occurred in the United States and two million worldwide, which amounts to approximately
0.07% of the population worldwide dying from influenza-associated causes.?’

Just over a decade later, a new influenza A H3N2 strain emerged in Hong Kong in July 1968. The virus
was slow moving; it didn’t reach the United States until December and Europe the following year.?%®
Attack rates peaked at 40% in children, but mortality rates were highest in the elderly. The excess
mortality amounted to approximately 33,800 deaths in the United States, mild for a pandemic outbreak.?®
The 1968-1969 outbreak had the lowest mortality rate of any other pandemic of the century, possibly due
to partial immunity from exposure to the 1957 pandemic strain and improved medical treatment.6°
Overall, approximately 0.03% of the population worldwide died from influenza-associated causes during
the 1968 pandemic.26!

Table 5.12 below presents the age distribution of mortality attributable to influenza during 20" century
influenza pandemics. Figure 5.8 shows antigenic type and associated age-based mortality of pandemics
through 1995. Interpandemic seasons are also included for comparison.

247 Taubenberger JK, Morens DM (2006) 1918 Influenza: the mother of all pandemics. Emerging infectious diseases 12: 15-22

248 Noymer A, Garenne M (2000) The 1918 influenza epidemic's effects on sex differentials in mortality in the United States.
Population and development review 26: 565-581

249 National Institute of Allergy and Infectious Diseases. (2011) Pandemic Flu History. Department of Health & Human
Services, Washington, DC.

250 Crosby, A. 1989. America's Forgotten Pandemic: The Influenza of 1918. Cambridge: Cambridge University Press.

251 | agace-Wiens PR et al (2010) Influenza epidemiology--past, present, and future. Crit Care Med 38: 1-9

252 Taubenberger JK, Morens DM (2006) 1918 Influenza: the mother of all pandemics. Emerging infectious diseases 12: 15-22

23 Simonsen L (1999) The global impact of influenza on morbidity and mortality. Vaccine 17 Suppl 1: 3-10

24 Murray CJ et al (2006) Estimation of potential global pandemic influenza mortality on the basis of vital registry data from
the 1918-20 pandemic: a quantitative analysis. Lancet 368: 2211-2218

255 National Institute of Allergy and Infectious Diseases. (2011) Pandemic Flu History. Department of Health & Human
Services, Washington, DC.

256 Cox NJ, Subbarao K (2000) Global epidemiology of influenza: past and present. Annual review of medicine 51: 407-421

257 Mathews JD et al (2009) Understanding influenza transmission, immunity and pandemic threats. Influenza and other
respiratory viruses 3: 143-149

258 | agace-Wiens PR et al (2010) Influenza epidemiology--past, present, and future. Crit Care Med 38: 1-9

29 Cox NJ, Subbarao K (2000) Global epidemiology of influenza: past and present. Annual review of medicine 51: 407-421

260 | agace-Wiens PR et al (2010) Influenza epidemiology--past, present, and future. Crit Care Med 38: 1-9

261 Mathews JD et al (2009) Understanding influenza transmission, immunity and pandemic threats. Influenza and other
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Table 5.12. Influenza-Associated Mortality (per 100,000) Across Age Groups During

Pandemics in the US 262

Season Pandemic Strain All ages < 65 years > 65 years
1918-1919 H1IN1 529 546 166
1957-1958 H2N2 39 15 273
1968-1969 H3N2 8.1 4.3 44
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Figure 5.8. Age distribution of deaths associated with influenza A pandemics and interpandemic seasons in
the United States, 1918-1995, reproduced from Simonsen et. al%®

In 2009, a pandemic H1N1 strain quickly circulated through 74 countries during the summer months, an
unusual time for the virus.?®* The excess mortality is estimated between 152,000 and 575,000 people
worldwide. Populations in Africa and Asia suffered approximately 50% of the deaths, possibly due to the
limited availability of medical treatment, presence of underlying health conditions, lower qualities of care,
and fragile nutritional status.?®® In the initial stages of the pandemic, Mexico was spending an estimated
$57 million per day trying to control and treat the virus. The World Bank claimed a total $3 trillion loss
from the burden of the pandemic.?%®

In the United States, from 43 to 89 million people became infected with pandemic HIN1, resulting in
9,000 to 18,300 deaths. Point of care testing used to identify the virus is less sensitive on pandemic strains

262 Simonsen L et al (1998) Pandemic versus epidemic influenza mortality: a pattern of changing age distribution. J Infect Dis

178: 53-60
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National Institute of Allergy and Infectious Diseases. (2011) Pandemic Flu History. Department of Health & Human
Services, Washington, DC.

Dawood FS et al (2012) Estimated global mortality associated with the first 12 months of 2009 pandemic influenza A HIN1
virus circulation: a modelling study. Lancet Infectious Diseases 12: 687-695

Lagace-Wiens PR et al (2010) Influenza epidemiology--past, present, and future. Crit Care Med 38: 1-9
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and therefore, infection rates also could have been much greater.?” Children experienced significantly
higher mortality and hospitalization rates than the elderly, who are normally the most affected population
group, as can be seen in Table 5.13. The hospitalization rate was 8.3 per 10,000 among ages zero to four
years and 3.4 per 10,000 among ages 5-17 years while only 3.2 per 10,000 for those over 65 years.?%® The
severity and extent of the outbreak was curtailed by the rapid vaccination of more than 80 million people.
The H1N1 pandemic strain continues to circulate today as a seasonal human flu virus.

Table 5.13. Statistics on the Number of Influenza Cases, Influenza-Related Mortality, and

Hospitalization Rate Resulting from the 2009 H1IN1 Pandemic in the US

Hospitalization Rate (per 10,000 persons)
Season Case Count Death Toll

<4 years 5-17 years > 65 years
2009 43-89 million 9,000-18,000 8.3 34 3.2

5.4.11 Pandemic Threats

Over the past century, there were also several instances of newly emerged influenza strains that were
feared to cause a pandemic but did not. In 1976, a swine strain with similarities to the 1918 pandemic
strain emerged at Fort Dix, New Jersey. Due to a robust vaccination campaign and other unknown factors,
the virus never became widespread. Then again in May of 1977, a new virus type surfaced in China and
began to rapidly spread around the world. The strain was similar to strains circulating prior to 1957. Many
adults had already developed immunity to the virus, which limited outbreaks to children mainly and
prevented a major pandemic. Decades later in 1997, once again in China, a novel H5N1 virus began to
infect young adults directly from chickens. Over one million chickens were culled to successfully prevent
further spread of the avian flu.?%®

5.4.12 Avian Influenza

Within the past two decades, avian influenza A has caused substantial morbidity and mortality in humans.
Of the many existing strains, H5 and H7 subtypes have been the primary transmission sources from birds
to humans. H5N1 viruses are endemic in Asia and Africa while subtype H7 circulates across Europe and
North America.?’® Avian influenza A viruses are either highly pathogenic (HPALI) or have low
pathogenicity (LPAI) based on the degree of infection caused by their molecular characteristics. While
bird-to-human transmission of avian influenza is a persistent issue, sustained human-to-human
transmission of avian strains has not been observed.?"

The H5N1 virus first infected humans in Hong Kong in 1997 stemming from an outbreak in poultry. It
reemerged in mainland China in 2003 and quickly spread through wild bird migration and domestic
poultry trading among Asia, Africa, and Europe. The virus remains endemic in birds, with sporadic

267 National Institute of Allergy and Infectious Diseases. (2011) Pandemic Flu History. Department of Health & Human
Services, Washington, DC.

268 Centers for Disease Control and Prevention. (2010) Update: Influenza Activity United States, 2009--10 Season. Morbidity
and Mortality Weekly Report, VVol. 59, pp. 901-908.

269 National Institute of Allergy and Infectious Diseases. (2011) Pandemic Flu History. Department of Health & Human
Services, Washington, DC.

270 Belser JA et al (2009) Past, Present, and Possible Future Human Infection with Influenza Virus A Subtype H7. Emerging
Infectious Diseases 15: 859-865

271 Peiris JS et al (2007) Avian influenza virus (H5SN1): a threat to human health. Clin Microbiol Rev 20: 243-267
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transmission to humans.?’2 These H5N1 viruses had various genotypes of geographically-related
sublineages. 2”® Since reemerging in 2003, and up to July 2015, there have been 844 cases of human
infection with H5N1 and 449 deaths reported to the WHO, equating to a 53% mortality rate (Figure 5.9).
Sixteen countries have had outbreaks of H5N1 avian influenza; Egypt, Indonesia, and Viet Nam have
experienced the most cases.?’

H5N1 was the first avian influenza virus to continuously circulate in Asia for over 16 years.?” According
to the Food and Agriculture Organization of the United Nations, by 2008 the economic losses were
estimated to have already reached $20 billion worldwide. The two US outbreaks were estimated to have
cost $65 and $140 million from the loss of poultry and cost of disease control alone. The United States
also committed $1.4 billion towards the international effort against H5N1.2® The economies of countries
in East and Southeast Asia suffered the most due to the affect H5SN1 had on the poultry industry. From
2003 to 2005, an estimated ten billion dollars was lost from the death or culling of over 140 million birds
in Southeast Asia. GDP was depleted by 0.6% to 2% among affected countries.?’’

Azerbaijan (8) China (52) B Iraq(3) B Pakistan (3)

=} ||

B@ Bangladesh (7) B Djibouti (1) B Laos (2) O Thailand (25)
50 -{ @ Cambodia (56) O Egypt(346) B Nyanmar (1) B Turkey (12)

@ Canada (1) @ Indonesia(199) M Nigeria (1) M VietNam (127)

40

Number of Cases

Month of onset

Figure 5.9. Number of confirmed H5N1 cases in humans by month and country as of July 2015 reproduced
from The Centers for Disease Control and Prevention, Summary and assessment as of 17 July 2015.%®

In March 2013, the H7N9 virus was identified as the causative agent of infections in two patients in
Shanghai and one in Anhui Province, China. Spread throughout China continued through exposure to

272 The World Health Organization. Avian Influenza Fact Sheet.
http://www.who.int/mediacentre/factsheets/avian_influenza/en/. Last Update March 2014. Accessed August 2015.

273 Peiris JS et al (2007) Avian influenza virus (H5SN1): a threat to human health. Clin Microbiol Rev 20: 243-267

274 The World Health Organization. Cumulative number of confirmed human cases for avian influenza A(H5N1)
http:/mww.who.int/influenza/human_animal_interface/EN_GIP_20150717cumulativeNumberH5N1cases.pdf?ua=1. Last
Update July 2015. Accessed August 2015.

275 Simms L, Jeggo M (2014) Avian influenza from an ecohealth perspective. EcoHealth 11: 4-14

276 Commission of the European Communities (2015) Impact Assessment Avian Influenza. 171

277 Peiris JS et al (2007) Avian influenza virus (H5N1): a threat to human health. Clin Microbiol Rev 20: 243-267

278 The World Health Organization (2015e) Summary and assessment as of 17 July 2015. Influenza at the human-animal
interface: 1-4
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infected birds, typically in live poultry markets, but not through human-to-human contact.?”® As of July
2015, 677 cases of H7N9 with at least 275 deaths have been reported to the WHO, a 41% mortality rate
(Figure 5.10). The virus remains endemic in China, but no cases have been reported outside of the
mainland.? According to the United Nations, China experienced over $6.5 billion in losses from the
H7N9 outbreak.?®
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Figure 5.10. Number of confirmed H7N9 cases in humans by week in China as of July 2015. Figure
reproduced from The World Health Organization, Summary and assessment as of 17 July 2015.282

Since 2002, other influenza H7 subtypes have caused more than 100 human infections. Subtype H7N2
caused a widespread outbreak on domestic turkey farms in the northeastern United States in 2002. One
worker in Virginia became infected with the virus while birds were being culled to contain the outbreak,
which proved the possibility of bird to human transmissibility in the US. A year later in New York, H7N2
was identified in an immunocompromised man who denied contact with any live poultry.?® The
transmission source remains unknown.?®* Both US cases of human H7N2 fully recovered. In the United
Kingdom, several cases of H7N2 were reported in 2007; three people were hospitalized, all of whom
recovered.?
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Human H7N3 has been identified in Italian poultry workers in 2003, Canadian poultry workers in 2004,
and one poultry worker in the United Kingdom in 2006. 286.287.28 Yegrs later in 2012, H7N3 caused a
severe outbreak in chicken farms in Mexico that resulted in two infected workers. While H7N3 is capable
of human infection, few cases and no deaths have been reported; the subtype’s capability within humans
appears limited.?®

The first emergence of H7N7 was in 1996 when a woman became ill after cleaning her poultry shed in
England.?®® Then in 2002, a H7N7 outbreak in the Netherlands became the first avian influenza outbreak
in humans since H5N1 emerged. A poultry outbreak on commercial farms led to more than 1000 people
with subclinical indications, 86 human infections, and at least one death.?®* During an outbreak in Italy in
2013, three poultry workers contracted H7N7 without respiratory symptoms. Human to human
transmission did not occur.?®? Transmissibility of the H7N7 strain is still not well understood.

5.4.13 Trends in Mortality from Influenza in the 20™ Century

Unlike the newly emergent diseases SARS and MERS, influenza has caused human misery for centuries.
Because of the lack of historical data as well as the difficulty of determining influenza mortality as
previously described, little research exists on the historical trends of influenza. As discussed above (and
shown in Figure 5.12), although Simonsen et al. focused on pandemic influenza, their data on mortality
from intrapandemic seasons shows an overall downward trend in mortality from seasonal influenza.?®
Doshi et al. used mortality reports from Vital Statistics of the United States along with US Census
estimates to calculate the incidence of influenza mortality over the past century during pandemic and
seasonal outbreaks (Figure 5.11).2%* The Health Sentinel also analyzed mortality reports from Vital
Statistics of the United States along with other statistics from the HHS to determine the incidence of
influenza mortality over the past century (Figure 5.12).2°% Although both groups likely capture deaths
from respiratory ailments other than influenza, both groups show a significant reduction in annual deaths
from influenza. Importantly, although both papers suggest an overall drop in mortality over the past
hundred years, both papers also clearly show that the downward trend has largely ceased, as mortality
from influenza has been roughly the same in the last thirty years (and perhaps over the last 50). Without
significant medical advances in the future, we can expect seasonal influenza to kill tens of thousands of
Americans and nearly half a million people globally every year.
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Figure 5.11. Crude influenza-classed mortality per 100,000 persons by month from 1900-2004 (top) and
1930-2004 (bottom) in the United States, as reproduced from Doshi et. al.?%

2% Doshi AM et al (2014) Trends in Recorded Influenza Mortality: United States, 1900-2004, 2009. American Journal of
Public Health 98: 939-945

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC



Influenza and Pneumonia Mortality Rates
200.0 4
*References: Vital Statistics of the United States 1937, 1938, 1943, 1944, 1949,
1960, 1967, 19786, 1987, 1992, 1993; Historical Statistics ofthe United States —
Colonial Times to 1970 Part 1; Health, United States, 2004, U.S. Department of
Health and Human Services, p. 35;
http:/Avww.cdc. govinchs/data/dvs/lead1900_98.pdf
& 150.0 A ——Influenza and Pneumonia
o
=
o
o
-
—
[
o
%)
s
©
@ 100.0 A
a
50.0 A
(O o o o o R R
O H Q ) Q \) O ) QO \e) N) %) \\] ) Q ) N \) N \e) O
N N N N v v ) el D D \o) 0 \) o N\ N NS) NS ) ) N
N D T\ N - A A N N T N N T
Year
www.healthsentinel.com

Figure 5.12. United States mortality rate for influenza and pneumonia from 1900—-2002, reproduced from The
Health Sentinel.?”

5.4.14 Medical Countermeasures Against Influenza

Medical countermeasures (MCM) are crucial for both preparedness and response to influenza. There are
two main types of influenza countermeasures: antiviral agents and vaccinations. Research on
development of an influenza vaccine began soon after the virus was isolated in 1933.2% The first wide-
scale use of the vaccine occurred in 1945 during World War 1l among the US military. In 1960, after the
1957-1958 pandemic, the US Surgeon General recommended influenza vaccinations for high risk groups,
including the elderly, pregnant women, and those with chronic conditions. Then in 2010, after the 2009
H1N1 pandemic, the Advisory Committee on Immunization Practices promoted universal influenza
vaccination in persons over six months for the first time.?*

Adamantanes and neuraminidase inhibitors are the two classes of antiviral drugs approved by the Food
and Drug Administration (FDA) for use against influenza. The adamantanes, amantadine and
rimantadine, are agents against influenza A and were approved for treatment in the 1966 and 1973,
respectively. The Centers for Disease Control and Prevention (CDC) no longer recommends adamantanes
for the treatment of seasonal influenza due to increasing resistance of circulating strains.*® The
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1094

Osterholm MT et al (2012) Efficacy and effectiveness of influenza vaccines: a systematic review and meta-analysis. The
Lancet Infectious diseases 12: 36-44

Centers for Disease Control and Prevention. Use of Antivirals: Background and Guidance on the Use of Influenza Antiviral
Agents. http://www.cdc.gov/flu/professionals/antivirals/antiviral-use-influenza.htm. Last Update Feb 25, 2015. Accessed
October 2015.
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neuraminidase inhibitors, oseltamivir and zanamivir were both approved in 1999 and function against
influenza A and B. ! Peramivir, also a neuraminidase inhibitor, was recently approved in December 2015.3%2

5.4.14.1 Efficacy

Seasonal influenza and pandemic influenza respond differently to the available MCM. This section
summarizes the efficacy of the currently available MCM. Additional details and references are provided
in the Supplemental Information.

5.4.14.2 Seasonal Influenza
Antivirals

There are two categories of influenza antiviral drugs, but because adamantanes are no longer
recommended for treatment of seasonal influenza, they are not considered in this analysis.**

There are three neuraminidase inhibitors used to treat seasonal influenza: oseltamivir, zanamivir, and
peramivir. Antiviral treatment is most effective when administered within 48 hours of symptom onset.*%*
Antivirals can have a variety of benefits for patients suffering from seasonal influenza (see Supplemental
Information on Antiviral and Vaccine Efficacy):

e Duration of symptoms is decreased by 15-40%,
e Reduction of the probability of death from influenza by five-fold, and
e Reduction in the amount of viral titer and the duration of viral shedding by 25-70%.

Antivirals can be provided as prophylaxis as well. If provided prior to exposure, antivirals prevent
symptoms of seasonal influenza in 80% of patients.

Vaccines

Based on the CDC’s reported adjusted overall vaccine effectiveness (the reduction in risk of needing a
doctor’s visit) for influenza seasons from 2005— 2015 (excluding the 2008— 2009 influenza season), the
weighted average of vaccine effectiveness for seasonal influenza is 44.2%.%% Seasonal influenza
vaccination is also effective in preventing severe influenza. Each year, on average, vaccination produces,
a 15% reduction in hospitalizations due to influenza illness. This result agrees with more recent studies
that also show less than a 50% efficacy.3

One study suggests that a previous year’s influenza vaccine may confer protection against current
circulating viruses. During the 2012-2013 season, the vaccine effectiveness against influenza A (H3N2)

301 Department of Health and Human Services NloH. (2006) Development and Use of Antivirals for Pandemic Influenza
Meeting Summary Bethesda, MD

302 U.S. Food and Drug Administration. (2014) FDA approves Rapivab to treat flu infection. FDA News Release. U.S. Food and
Drug Administration.

303 Centers for Disease Control and Prevention. Use of Antivirals: Background and Guidance on the Use of Influenza Antiviral
Agents. http://www.cdc.gov/flu/professionals/antivirals/antiviral-use-influenza.htm. Last Update Feb 25, 2015. Accessed

304 Ibid.

305 Centers for Disease Control and Prevention. Seasonal Influenza Vaccine Effectiveness, 2005-2015.

http://Aww.cdc.gov/flu/professionals/vaccination/effectiveness-studies.htm. Last Update June 24, 2015. Accessed Aug 11,

2015.

Cowling, BJ et al “Assessment of influenza vaccine effectiveness in a sentinel surveillance network 2010-13, United

States.” Vaccine 2015, article in press.
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among people who received the 2012—- 2013 vaccination was similar to those who received only the
2011- 2012 vaccination.3"

5.4.14.3 Pandemic HIN1 Influenza
Antivirals

During the outbreak of pandemic H1N1 influenza, most patients were treated with oseltamivir, based on
the CDC’s recommendation. Of the 3,362 2009 pandemic influenza A (H1NZ1) virus isolates collected,
only three did not show resistance to adamantanes.®® Patients that received oseltamivir treatment had a
survival rate of 90.3%, and antiviral treatment was associated with a 20% reduced mortality risk when
compared to no treatment.®*®® In addition, patients receiving early oseltamivir treatment had shorter fever
durations than patients who did not receive antiviral treatment.310-311

Antiviral treatment is also effective in reducing viral titer and duration of viral shedding in pH1IN1
patients. According to one study, antiviral treatment reduced the mean viral load of patients by 14.3%.%
On average, antiviral treatment reduced the duration of viral shedding in patients by 34% when compared
to untreated patients or patients who received antiviral treatment after 48 hours, which has been shown to
be less effective.®

A study in ferrets showed that prophylaxis with oseltamivir did not prevent HIN1 infection.?* However,
a household contact study showed that contacts under 20 years old who received antiviral prophylaxis
with oseltamivir or zanamivir were nearly seven-fold less likely to be infected with pandemic HIN1
influenza than those who did not receive antiviral prophylaxis (odds ratio 0.15).3!°> Additionally, other
observational studies indicate that prophylaxis may be effective in preventing HIN1 infection.3163%
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and virus type. The Journal of infectious diseases 211: 1529-1540

308 Gubareva LV et al (2010) Comprehensive assessment of 2009 pandemic influenza A (H1N1) virus drug susceptibility in
vitro. Antiviral therapy 15: 1151-1159

309 Muthuri SG et al (2014) Effectiveness of neuraminidase inhibitors in reducing mortality in patients admitted to hospital with
influenza A HLIN1pdmO39 virus infection: a meta-analysis of individual participant data. The Lancet Respiratory medicine 2:
395-404

310 Yu H et al (2010) Effectiveness of oseltamivir on disease progression and viral RNA shedding in patients with mild
pandemic 2009 influenza A H1N1: opportunistic retrospective study of medical charts in China. BMJ 341: c4779

811 LiIW et al (2010) The natural viral load profile of patients with pandemic 2009 influenza A(H1N1) and the effect of
oseltamivir treatment. Chest 137: 759-768

312 Meschi S et al (2011) Duration of viral shedding in hospitalized patients infected with pandemic HIN1. BMC infectious
diseases 11: 140

313 Nicholson KG et al (2000) Efficacy and safety of oseltamivir in treatment of acute influenza: a randomised controlled trial.
Neuraminidase Inhibitor Flu Treatment Investigator Group. Lancet 355: 1845-1850

314 Oh DY et al (2014) Evaluation of oseltamivir prophylaxis regimens for reducing influenza virus infection, transmission and
disease severity in a ferret model of household contact. The Journal of antimicrobial chemotherapy 69: 2458-2469

315 Odaira F et al (2009) Assessment of secondary attack rate and effectiveness of antiviral prophylaxis among household
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maladies transmissibles = European communicable disease bulletin 14
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school in Ashanti Region, Ghana. Ghana medical journal 46: 219-224
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Vaccines

Monovalent pH1N1 influenza vaccine demonstrated an average effectiveness of 66% (range 60-
93%).318,319

5.4.14.4 Epidemiological Evidence of Effectiveness

The previous section describes the efficacy of vaccination in controlled, clinical trials. The
epidemiological evidence is equivocal.

Supporting the benefit of vaccination, the Influenza Division at the CDC released a study on the mortality
of the nine influenza seasons from 2005 to 2014. Their analysis found that approximately 22% of
influenza-associated deaths were prevented by the influenza vaccine, with 90% of this benefit realized in
persons over 65 years. 32° Further, they conservatively estimated 40,000 deaths to have been averted. The
study found that the fewest deaths were prevented during the 2009— 2010 pandemic.®?* Another CDC
study found that from 2005 to 2011, influenza-associated illnesses and hospitalizations were substantially
alleviated by vaccinations. The analysis estimated that 1.1 to five million illnesses and 7,700 to 40,400
hospitalizations were prevented in those vaccinated against influenza. The study also found the largest
benefit to be in elderly populations.3?2

Other studies found less favorable outcomes. Demicheli et al. presented a meta-analysis that showed poor
effectiveness of the vaccine in reducing influenza cases and work days lost in healthy adults. The study
did find, however, significant reductions in serologically confirmed cases of influenza.®?® According to
the National Center for Health Statistics, while vaccination coverage spanned 15-20% of the elderly
population by 1980 and increased to 65% in 2001, influenza-associated mortality substantially increased
among those over 65 years old.*** Likewise, a retrospective analysis covering the years 1979 to 2000 from
The Institute for Chronic Ilinesses found the vaccine to have little or no effectiveness for preventing
influenza cases, deaths, or hospital admissions.®?® Simonsen et al. at the National Institute of Allergy and
Infectious Diseases published that based on national vital statistics, other studies on the effectiveness of
the influenza vaccine overestimate its benefits.3? Despite increasing vaccination coverage from 1970 to
2001, Rizzo et al. found no evidence of a reduction in influenza-related morality in the Italian elderly
population.®?” Several research groups propose that the overestimate of vaccine benefits is due to
unrecognized confounding variables, such as a disproportionate amount of healthy elderly persons being

318 Griffin MR et al (2011) Effectiveness of non-adjuvanted pandemic influenza A vaccines for preventing pandemic influenza
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Vaccine 33: 3003-3009
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Med 165: 265-272
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Considerations. Journal of American Physicians and Surgeons
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vaccinated.®?® Moreover, Madea et al., did not find significantly different levels of infection between
vaccinated and unvaccinated healthy children six to 24 months of age.??

Regardless of differing opinions on vaccine efficacy, the decline in influenza morbidity and mortality
over the past century is irrefutable. As Doshi et al. highlights, however, influenza vaccination was not
available until the 1940s and not widely adopted until the 1980s and hence cannot be responsible for the
drop (see Figures 5.11 and 5.12 above).3*°

Few studies exist on the relationship between influenza countermeasures and the decreases observed in
morbidity and mortality, however the advent of antibiotics likely significantly reduced risk of death from
influenza. In the absence of antibiotics, the majority of influenza mortality is attributed to interactions
between the influenza virus and bacteria colonizing the upper respiratory tract, causing fatal secondary
infections.®3! Evidence strongly suggests that the 1918 pandemic would have been greatly mitigated with
the availability of antibiotics.*

5.4.14.5 Availability of Vaccines

Vaccine shortages have captured headlines several times over the past couple decades for various reasons,
including underestimation of demand, reduction in manufacturers, contaminated issues, and unexpected
outbreaks.33 After the severe influenza vaccine shortages of the 2004 to 2005 season, the United States
Government Accountability Office completed a study on the status of seasonal influenza preparation. The
final report recognized that the vaccine shortage of 4.7 million doses, approximately half of the needed
supply, exposed the need for better preparation for seasonal endemics.®* During the 2009 HIN1
pandemic, experts predicted 160 million doses of the pandemic vaccine would be available for public
vaccination by October, yet only 30 million were delivered by that date.3®
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6.1 Overview of Results

The Biosafety Risk Assessment evaluated the increase in risk to human health of pandemics caused by
modified strains of the influenza viruses and the coronaviruses. In every case, the increase in risk
compared to wild type strains was provided to determine if GoF experiments could create pathogens that
are more likely to cause laboratory acquired infections, more likely to create a local outbreak, or more
likely to cause a global outbreak (or cause one of greater consequence) than those strains that evolved via
natural forces. Note that although this study identified several types of risky, theoretical GoF experiments,
many of these experiments have not been described in the literature. For example, no examples of
researchers endeavoring to determine if seasonal influenza viruses could be made more transmissible
were found. As another example, if a virus grows to a conveniently high titer naturally (e.g., 1E8 pfu/ml)
then enhancing this level of growth may not be desirable or, indeed, biologically feasible. Moreover,
many GoF studies are performed in highly attenuated strains, so that even though the risk of an outbreak
increases if these strains were modified, risk is increasing from a very low level.
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Figure 6.1a. A figure showing increase in risk of research on modified influenza strains over wild type
pathogens. The darker the shade of gray, the more a GoF phenotype increases risk of human illnesses and
deaths. Marked in white are GoF phenotypes that are not relevant (N/A) to risk or reduce risk.
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Figure 6.1b. A figure showing increase in risk of research on modified coronaviruses compared to wild type
strains. The darker the shade of gray, the more a GoF phenotype increases risk of human illnesses and
deaths. Marked in white are GoF phenotypes that are not relevant (N/A) to risk or reduce risk. This figure
shows results assuming that the Ro value of SARS-CoV is 1.6 (our baseline assumption) or 3.0.

In short, a strain of influenza virus that is as transmissible (or to which the population has as little
minimal immunity) as newly emerged pandemic strains WHILE leading to a case fatality rate of more
than 0.5% (the case fatality rate of the highly transmissible 1957 H2N2 pandemic strain) would pose
more of a risk of a global pandemic than any wild type strain heretofore identified. No experiments that
are likely to be conducted under the rubric of GoF research will drive risk more than this combination of
traits or significantly increase the risk of a laboratory acquired infection. All other combinations of traits
would lead to pathogens that have a lesser total risk than the wild type 1957 H2N2 strain. Increasing the
transmissibility of the coronaviruses while significantly increasing the risk of work with those pathogens
by several orders of magnitude still creates a pathogen that poses less of a risk of a global pandemic than
the wild type 1957 H2N2 influenza strain.

In the brief section that follows, we provide the rationale behind these overall conclusions by showing
how changes in each GoF phenotype affects each component of the risk assessment for each pathogen.
Further supporting evidence is provided in this chapter in Section 6.4 and onward.
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6.1.1 Seasonal Influenza Viruses

This risk assessment appropriately considers the fact that not all loss of containment events lead to a
laboratory acquired infection, that not all laboratory acquired infections initiate a local outbreak (because
of stochastic factors or the fact that infected workers may be given prophylaxis or be isolated), and that
not all local outbreaks initiate a global pandemic. In fact, at each step, only a minority of events initiate
the next step. Figure 6.2 shows the probability of each step in the chain of events that would eventually
lead to a global pandemic from a loss of containment incident for wild type seasonal influenza, assuming
that the previous step has occurred, assuming the work is conducted at BSL-2. From this figure, only 2%
of laboratory acquired infections, which are rare in themselves (but not quantified by our method), start a
local outbreak (that is, cause at least one secondary case) and only 20% of local outbreaks would seed a
global pandemic. Moreover, in the case of seasonal influenza, the risk of a global pandemic is
exacerbated by laboratory research only if that laboratory is working on a strain that has not circulated
recently because residual immunity is likely to curtail its spread. If the strain is currently in circulation,
the spread of the natural outbreak is likely to be driven by travelers, not by laboratory accidents.

High Risk Events that
would lead to a LAl of These mostly involve the generation
an unvaccinated worker \ of an aerosol outside of a BSC

~50% of LOCs All High Risk L

LAls that lead to

, a local outbreak

~2% of LAls All Lab Acquired Infections

Local outbreaks that

I seed a global pandemic

~20% of Local Outbreaks All Local Outbreaks

Figure 6.2. Relative probability of each step in the event chain from a loss of containment event to a global
pandemic for a loss of containment event involving seasonal influenza.

To understand how GoF research could influence risk from research on seasonal influenza, it is useful to
consider each step in the incident that leads from a loss of containment event to a global outbreak and to
comprehend how the GoF trait would influence either probability or consequences at each step. Figure 6.3
divides risk by each step in the biosafety RA and shows how GoF research influences risk for seasonal
influenza.
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Figure 6.3. A figure showing increase in risk of GoF research on seasonal influenza over wild type seasonal
influenza. The darker the shade of gray, the more a GoF phenotype increases risk of human illnesses and
deaths. Marked in white are GoF phenotypes that are not relevant to risk (N/A), reduce risk or that could not
be quantified. The star denotes a result that may not be statistically significant.

Because seasonal influenza viruses are associated with a low case fatality rate, increasing this rate could
significantly increase the global death toll from an outbreak, increasing risk. Developing seasonal
influenza strains that are more transmissible than wild type strains (approximately as transmissible as
pandemic strains) or that overcome residual immunity increases the probability that an outbreak would
escape local control and increases the consequences should a global outbreak be initiated. The creation of
an antiviral resistant strain could increase the consequences of a global outbreak, but only in high income
countries where caches of these antivirals could be handed out to a significant fraction of the infected

population.

A strain of seasonal influenza that can overcome protective vaccination could also increase the
consequences of an outbreak in high income countries, which has the resources to vaccinate their
populations quickly. However, this phenotype is of concern only if it enables the virus to evade the
protection afforded by means other than changing its antigenic properties, which is not a subject of
current research in influenza.®*® (The vaccines made in response to an outbreak caused by a laboratory
accident would be raised specifically against the strain causing the outbreak, so it would “match” the

336 Clearly, this phenyotype increases risk given that enough vaccine could be produced in a short enough time to influence the
outbreak caused by wild type strains.
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novel antigenic properties of the strain.) The relatively small increase in risk due to vaccine resistance is
not unexpected due to the modest efficacy of seasonal influenza vaccine at preventing infection.3’

6.1.2 Pandemic Influenza Viruses

Figure 6.4 shows the relative probability of each step in the chain of events that would eventually lead to
a global pandemic from a loss of containment incident for pandemic influenza at BSL-3. From this figure,
less than 1% of high-risk loss of containment events, which are rare in themselves but not quantified here,
involving wild type pandemic influenza would lead to a laboratory associated infection; only 5% of
laboratory acquired infections start a local outbreak and only 20% of local outbreaks seed a global
pandemic.

High Risk Events that would lead to
a LAl of an unvaccinated worker

|

~0.5% of LOCs i gh R ab de

LAls that lead to

’ a local outbreak

~5% of LAls All Lab Acquired Infections

Local outbreaks that

I seed a global pandemic

~20% of Local Outbreaks All Local Outbreaks

Figure 6.4. Relative probability of each step in the event chain from a loss of containment event to a global
pandemic for a loss of containment event involving pandemic influenza.

Figure 6.5 divides risk by each step in the biosafety RA and shows how GoF research influences risk for
pandemic influenza, assuming the strain manipulated is 1918 HIN1 influenza or 1957 H2N2 influenza.
The risk analysis suggests that only two lines of GoF research could create a strain of pandemic influenza
that poses more risk of a global outbreak than a wild type strain (in this case, the 1957 H2N2 pandemic
strain). The first is the manipulation of a strain of 1918 H1N1 pandemic influenza that is modified to
evade residual immunity (or otherwise increase transmissibility to the same degree). The second is the
enhancement of pathogenicity (to that of 1918 H1N1 influenza) of a highly transmissible pandemic strain
(e.g., 1957 H2N2 influenza). Imbuing 1957 H1N1 influenza with antiviral resistance can modestly
increase the consequences of an outbreak, but only in countries with significant caches of antivirals.
Enhancing viral growth in culture beyond that which is achievable in wild type strains (1E9 or 1E10/ml)
increases the probability that a laboratory acquired infection would occur (by five- or 15-fold,
respectively). However, it is doubtful if this phenotype is desirable or scientifically achievable because
growth to 1E8 is sufficient for almost all purposes except the production of vaccines (using attenuated
strains).

337 Cowling, BJ et al “Assessment of influenza vaccine effectiveness in a sentinel surveillance network 2010-13, United
States.” Vaccine 2015, article in press.
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Figure 6.5a. A figure showing increase in risk of GoF research on 1918 H1IN1 pandemic influenza over wild
type 1918 H1N1 pandemic influenza. The darker the shade of gray, the more a GoF phenotype increases risk
of human illnesses and deaths. Marked in white are GoF phenotypes that are not relevant to risk (N/A),

reduce risk or that could not be quantified.

Risk & Benefit Analysis of Gain of Function Research

Gryphon Scientific, LLC

85



GoF Phenotype Increase Increase Increase Increasing
Probability of Probability of a Probability an Global
Lab Acquired Local Outbreak Outbreak Consequences
Infection Escapes Local
Control
Enhanced
R N/A Less than 2x Less than 2x Less than 2x
transmissibility
Unknown—
Enhanced .
pathogenicity N/A N/A _pos_5|ble decrease
in risk
Adaptation to N/A N/A N/A N/A
mammals
!Eva3|or_1 of induced Less than 2x Less than 2x N/A Less than 2x
immunity
Evasion of
natural/residual Less than 2x Less than 2x Less than 2x Less than 2x
immunity
Antiviral 2-3x increase in
. Less than 2x Less than 2x Unknown high income
resistance .
countries only
Enhanced growth ;4 6 N/A N/A N/A
in culture/eggs

Figure 6.5b. A figure showing increase in risk of GoF research on 1957 H2N2 pandemic influenza over wild
type 1957 H2N2 pandemic influenza. The darker the shade of gray, the more a GoF phenotype increases risk
of human illnesses and deaths. Marked in white are GoF phenotypes that are not relevant to risk (N/A),
reduce risk or that could not be quantified.

6.1.3 Avian Influenza Viruses

Wild type avian influenza is insufficiently transmissible amongst people to cause a global outbreak driven
by the spread of the disease among humans. For this reason, no loss of containment event would lead to a
global outbreak from a wild type strain.

Figure 6.6 divides risk by each step in the biosafety RA and shows how GoF research influences risk for
avian influenza. Because wild type strains of avian influenza cannot spread globally between people, the
creation of strains that are human transmissible would greatly increase the risk that such an outbreak
could occur, which could cause millions of illnesses. The creation of a strain that is as transmissible as
seasonal influenza would have a significant chance of sparking a global outbreak if a local outbreak were
initiated. An increase in the pathogenicity in humans of the most pathogenic, wild type strains increases
the consequences modestly only if one assumes that the case fatality rates of the most pathogenic strains
of avian influenza are inflated by the underreporting of mild illness in people. Adapting avian strains to
humans without increasing transmissibility (thereby lowering the median infectious dose in people)
actually decreases risk because, while this trait increases the probability that a single laboratory worker
would become infected, it decreases the risk that birds would become infected through an accidental
release via the solid waste stream, which otherwise could lead to thousands of human infections and is the
dominant loss of containment pathway. No other GoF trait increases the risk posed by avian influenza.
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Figure 6.6. A figure showing increase in risk of GoF research on avian influenza over wild type avian
influenza. The darker the shade of gray, the more a GoF phenotype increases risk of human illnesses and
deaths. A numerical value cannot be provided for the greatest increases because the risk from wild type
pathogens is vanishingly low for these outcomes. Marked in white are GoF phenotypes that are not relevant
to risk (N/A) or reduce risk.

6.1.4 Coronaviruses

Figure 6.7 divides risk by each step in the biosafety RA and shows how GoF research influences risk for
the coronaviruses. Recall that the RA uses the word “coronavirus” to mean the coronaviruses that cause
SARS or MERS and not the coronaviruses that cause the common cold. Importantly, most estimates of
the transmissibility of the coronaviruses consider these pathogens to be insufficiently transmissible and
sufficiently susceptible to control measures such that a global pandemic has a very minimal chance of
occurring. Even using the highest estimates of Ry for SARS-CoV, derived from the location and time of
an outbreak that caused the most secondary infections, results in less than a 10% chance of sparking a
global pandemic should a local outbreak begin. For this reason, increasing the transmissibility of the
coronaviruses could significantly increase the chance of a global pandemic due to a laboratory accident.
That being said, even if these strains were modified to be as transmissible as pandemic influenza, the
viruses’ long generation time and lack of asymptomatic transmission, which results in susceptibility to
control measures, the resulting outbreaks would still be contained a majority of the times they were
initiated. Some researchers, using the strictest definition of Ro, have calculated the Ry of SARS-CoV to be
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3.0.3383% |f SARS-CoV is indeed this transmissible, than the probability of escape or the consequences of
a global outbreak are not increased significantly by further increases in transmissibility.

Increasing the pathogenicity of these strains could also increase risk somewhat through the increase in
global deaths expected, considering most deaths from wild type strains are suffered by those with
significant co-morbidities. Strains of the coronaviruses that have enhanced growth properties could
increase risk of a laboratory acquired infection if samples with 1E9pfu/ml or 1E10pfu/ml were routinely
manipulated in a laboratory (risk would increase by seven- or 25-fold, respectively). However, it is
uncertain if this phenotype is desirable or even achievable because wild type coronaviruses grow to a
sufficiently high titer for manipulations in the laboratory.

GoF Phenotype Increase Increase Increase Probability Increasing
Probability of Lab Probability of a an Outbreak Escapes | Global
Acquired Infection | Local Outbreak Local Control Consequences

Enhanced Less than 2x

L N/A :

transmissibility increase

Enhanceq . N/A N/A 2-3x increase
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Adaptation to N/A N/A N/A N/A

mammals
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immunity

Antiviral resistance N/A N/A N/A N/A
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culture/eggs

Figure 6.7. A figure showing increase in risk of GoF research on coronaviruses over wild type coronaviruses.
The darker the shade of gray, the more a GoF phenotype increases risk of human illnesses and deaths. A
numerical value cannot be provided for the greatest increases because the risk from wild type pathogens is
vanishingly low for these outcomes. Marked in white are GoF phenotypes that are not currently relevant to
risk (N/A).

However, if a coronavirus were modified such that it caused a global pandemic (one in which sustained
human-based transmission occurs in all global regions, which has never been observed), their relatively
long incubation time and disease course (compared to influenza) would lead to a pandemic that unfolds
over many years (Figure 6.8). While some outbreaks peak within two years, most require two to ten years
to reach their peak. The fact that the outbreak evolves slowly gives public health authorities more time to
adapt and expand their efforts to further contain the outbreak than the modeling conducted in this
assessment suggests.

338 Lipsitch, M., et al., Transmission dynamics and control of severe acute respiratory syndrome. Science, 2003.
300(5627): p. 1966-70.

339 Wallinga, J. and P. Teunis, Different epidemic curves for severe acute respiratory syndrome reveal similar
impacts of control measures. Am J Epidemiol, 2004. 160(6): p. 509-16.
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Figure 6.8. The number of coronavirus outbreaks modeled that peak (in terms of new cases per day) at any
particular day after the global outbreak begins. To show the duration of truly global outbreaks, outbreaks
that lead to less than one million infections are not shown.

6.2 Methodology

6.2.1 Purpose of This Task

The purpose of the quantitative biosafety RA is to provide information regarding the risk (in terms of
consequences and probability) of a release of strains of pathogens with novel phenotypes that enhance
their pandemic potential due to an accident or natural disaster. This assessment has three main

components:

1. The estimate of the probability that an accident/natural disaster would occur and result in an
infection of a human or other animal outside the laboratory,

2. The estimate of the probability that an outbreak that occurs would escape beyond local control
and seed a global outbreak, and

3. The estimate of the extent of an outbreak that would result from an infection outside the
laboratory.

Critically, because GoF research occurs in a world in which research on dangerous, wild type pathogens
is ongoing, the risk assessment is comparative. That is, we seek to determine how much risk increases if

GoOF research proceeds.
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6.2.2 Input from Modeling Subject Matter Experts

To guide our modeling effort, we interviewed the following infectious disease modeling subject matter
experts (SMEs): Dr. Jason Asher, Dr. Steven Riley, Dr. Martin Meltzer and Dr. Carrie Manore, 340.341.342:343
Their input is reflected in the modeling methodology described in this section. All of the interviewed
experts unanimously agreed that the use of multiple models, covering event initiation, initial local spread,
and potential global outbreak, respectively, is reasonable and sound. Additionally, all experts confirmed
that the choices of a stochastic approach for the initiation phase of an outbreak followed by a homogenous
mixing, deterministic approach for modeling the global spread phase were appropriate. Mr. Asher spoke
about the BARDA Interactive Flu Model, an SEIR-type model, and confirmed that it contained the
necessary features for the biosafety risk analysis; this model became the basis for global outbreak
simulations.

When asked about appropriate stochastic models for the initiation phase of the outbreak, Dr. Riley
suggested that, in lieu of a computationally-intensive agent based model, a branching process model may
be more appropriate. He believed that such an approach would capture the key features of such an
outbreak, while leaving out dimensions that were not critical in determining whether an outbreak would
grow beyond local control, such as where infected individuals lived. He also remarked that branching
process models would capture a critical facet of laboratory acquired infections: that most of them do not
lead to outbreaks of significant size. Moreover, an agent-based model would require the parameterization
of features of the environment of the outbreak that would be unknowable. Dr. Riley emphasized the
criticality of the shape of the offspring distribution in such a model and suggested we speak with Dr.
James Lloyd-Smith, with whom Gryphon collaborated and consulted on the development of the
branching process model used in the final risk analysis.®** All other interviewees to whom a branching
process model was mentioned either raised no objections or confirmed the appropriateness of the
approach.

In searches of the literature, little data and few models covering zoonotic infections of influenza were
found. Dr. Manore agreed that relatively little data existed, particularly for interspecies contact rates, and
that few people were considering models that incorporated humans, domestic animals, and wildlife in a
single model. She remarked that their approach to overcoming this lack of data in their influenza models
was to parameterize based on a retrospective analysis of prior outbreaks to ensure that the predictions of
the model were reasonable. This approach is clearly not suitable for a prospective analysis such as ours.

6.2.3 Interplay of the Components of the Biosafety Risk Assessment

The biosafety RA has several components that will be married together to understand how risk of a
laboratory accident changes if GoF experiments proceed. These components and their interplay are
shown in Figure 6.9.

340 | eidos contract support to the Division of Analytic Decision Support, Biomedical Advanced Research and Development
Authority, Department of Health and Human Services, Washington, United States

341 MRC Centre for Outbreak Analysis and Disease Modelling, Department of Infectious Disease Epidemiology, School of
Public Health, Imperial College London, United Kingdom

342 National Center for Emerging and Zoonotic Infectious Diseases, Centers for Disease Control, Atlanta, GA, United States

343 Center for Computational Science, Tulane University, New Orleans, LA, United States

344 Department of Ecology and Evolutionary Biology, University of California, Los Angeles, California, United States of
America
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Figure 6.9. Flow diagram showing the interplay of the various components that permit the calculation of the
probability and severity of an outbreak to calculate relative risk. The components in blue speak to the
probability that an infection outside the laboratory occurs. The components in orange speak to the
probability that an outbreak will escape local control and cause a global pandemic. The components in green
speak to the consequences of a global outbreak. Quantitative modeling approaches are shown in bold italics.
All components are considered together to understand probability and consequence using a Probabilistic
Risk Assessment framework.

To inform the RA, we interviewed 77 Subject Matter Experts as shown in Figure 6.10. These stakeholders
provided data on the frequency of GoF experiments and the experimental conditions, containment
features, health surveillance procedures, isolation procedures, and public health response measures that
occur in their laboratories.
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Figure 6.10. A pie graph showing the sector from which the 77 SMEs who informed the RA were drawn.

6.2.4 Taking a Parametric Approach to the Analysis

Perhaps the most challenging aspect of this effort is to assess the risk of experiments that have yet to
occur in locations that haven’t been identified performed under unknown biosafety conditions. If there
were a finite number of phenotypic changes to the pathogens of interest, a finite number of experimental
procedures used, a small number of possible locations for the research or a finite number of conditions
under which the research could occur, we could simply test each one. However, this approach is not
feasible and would not provide the NSABB with the information it needs to make recommendations and
for the USG to formulate policy.

Worse still, drawing a "bright-line" boundary between research that qualifies as GoF and research that
does not is likely to be difficult. Even for experiments of the same type, the specific strains selected, the
guantities used, and the intended outcomes matter greatly; the context of the research is key. As a result,
without a method that allows an examination of the details of each experiment and the pathogens therein,
accurately assessing the relative risks of each would be difficult, if not impossible.

For this reason, the power of the modeling approach was exploited to explore the entire space describing
each quality of GoF and wild type pathogens used, the experiments undertaken, the laboratories, and the
containment measures where the experiments occur. This type of approach is called “parametric analysis”
because each quality, or parameter, is allowed to vary across a range of possible values. This approach
enabled not only the accurate assessment of the risk of future experiments, but also can be used to support
the development of generalizable guidelines after important drivers of risk are identified.

This approach was applied to the pathogens themselves, for which the following parameters were allowed
to vary, including:

e Pathogenicity in humans (including case fatality rate and infectious dose),

e Transmissibility in humans,

e Evasion of diagnostics and countermeasures, including vaccines and antivirals,
e Evasion of immunity, either natural or induced, and

e Growth in culture or eggs
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The approach was applied to the experimental conditions, for which the following parameters were
allowed to vary, including:

e The number and type of infected animals,
e The frequency animals are physically handled,
e The concentration and volumes of stocks and infected tissue culture samples, and

Although we considered pathogens with a range of characteristics, any of these pathogens were
considered to have arisen from an already established strain of virus in terms of the experiments
conducted and epidemiology. Moreover, we specifically parameterized and modeled wild type influenza
viruses (seasonal, pandemic and avian), MERS Co-V, SARS Co-V (to establish the baseline for relative
risk), and the strains that have arisen from GoF experiments already (to identify any change in risk).

This approach was applied to the laboratories that may perform the work, for which the following
parameters were allowed to vary, including (a full list is available in the Supplemental Information):

e The existence and effectiveness of various containment features,

e The existence and effectiveness of various pieces of personal protective equipment (PPE),
e The existence and effectiveness of decontamination procedures,

e The existence and effectiveness of monitoring systems for the health of the workforce, and
e The population density of humans outside the laboratory,

To understand risk of GoF work when performed under less-than-ideal circumstances, as may be the case
in other parts of the world, we can assess how the removal of any particular containment feature,
decontamination procedure, or health monitoring procedure would affect the probability of a release.

6.2.4.1 Bounding the Parametric Approach in Science

The parametric analysis described above is also underpinned by scientific data. That is, a parameter could
be allowed to vary between any arbitrarily large or small value but is grounded by information related to
the attributes of known pathogens. For example, the contagiousness (which could be measured in the
number of naive people an infected person can infect) could be allowed to vary from zero to the entire
population of the earth. However, given data on real viruses, we know that this parameter value would
rarely exceed ten and only when describing the most contagious viruses known. Moreover, the possibility
that a modified avian influenza virus becomes more contagious than any influenza virus that has ever
been observed stretches reason. Similarly, even though the parametric analysis will allow the systematic
removal of containment features, it is highly unlikely that GoF experiments would proceed without any
containment whatsoever. As another example, an extremely risky strain of influenza virus may be one
that could be simultaneously transmissible in poultry and humans, however such a strain may not be
possible due to the nature of the changes in viral receptors that lead to changes in species tropism.

Our parametric analysis allowed us to evaluate how risk changes as the GoF research features change.
The possibility that risk increases significantly only when a parameter reaches an unrealistic value builds
confidence in the fact that our model is capturing all possible facets of risk. At the same time, this
counterfactual analysis provides some information as to which manipulations or settings are unlikely to
pose a significant increase in risk over work with unmodified pathogens.

Although the intent was to develop an RBA approach that is flexible enough to encompass all possibly
risky manipulations of any pathogen, many aspects of a pathogen’s lifecycle (and its epidemiology) are
unique, and therefore models that faithfully replicate the risk of outbreak initiation and spread must use
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real examples. Moreover, the experimental conditions used in GoF experiments (volumes, titers, cell
lines, animal models, etc.) are also unique to the pathogens used in the experiments. Due to the focus of
GoF concerns on influenza and coronaviruses, we used these viruses as the basis of our work in this
study.

6.2.5 Probability of an Infection Outside of Containment
6.2.5.1 Choosing the Incidents to Model in Detail

To estimate the probability that an accident or natural disaster (together called incidents) leads to an
infection outside the laboratory, we treated each separately. There are several types of incidents that could
cause a loss of containment and a subsequent outbreak outside a containment laboratory. To identify the
incidents to model, we leveraged previous laboratory risk studies and reports on past incidents to
understand which incidents most drive risk of outbreaks caused by incidents at containment laboratories.
Minor accidents, which do not drive risk because they were found to be unlikely to cause an infection or
to have minimal consequences should they occur, need not be considered in detail. Recall that because
risk is the product of the consequence and frequency of an adverse event, the riskiest accidents to examine
include a variety of types: 1) those that are frequent and low-consequence, 2) those that are rare and high-
consequence, and 3) those that are not uncommon and of moderate consequence. After the identification
of the incidents that drive risk, the remainder of the biosafety RA analysis focuses on the evidence basis
and modeling of only these most risky accidents. We further winnowed out incidents that were found to
be minimally risky in the context of GoF research.

We collected past laboratory RAs and Environmental Impact Assessments (listed in Appendix I11). For all
studies that quantitatively assess risk in terms of probability and consequence, we identified the highest
risk incidents and gathered all data related to those incidents. For studies that simply detail scenarios that
are deemed to be “maximum reasonably foreseeable events” or a “plausible, worst case” scenario, we
determined if quantitative studies examined similar incidents and where they fall on the risk ranking. As
these types of scenarios are typically chosen because they have maximal consequences, without a
consideration of probability of the event occurring, it is possible that these so-called “maximum
reasonably foreseeable events” or “plausible, worst-case” scenarios are so vanishingly unlikely (i.e.,
occurring less than once in a billion years) that they do not affect risk much, even though they are
consequential when they occur. If these scenarios were found to be relatively low risk, they were
excluded from further analysis. If they were assessed in other quantitative risk assessments or there was
no other reason to exclude them, they were included in our Fault Tree Analysis. This process explicitly
captures the low-probability (but plausible), high-consequence events.

To supplement our list of high-risk accidents from previous assessments, we examined accident reports
and case studies (sources are listed in Appendix I11). Importantly, historical incidents are supported by a
minimal amount of quantitative information (mostly related to consequence) that prohibits an estimate of
risk. Just because an accident occurred once, we cannot calculate the probability that it would happen
again. For this reason, we compared the list of historical accidents to the list of incidents to model from
past RAs. Also, we found that many incident reports are included as high-risk incidents in past RAs (for
instance, “spill”’) and other incidents are components of an overall sequence of failures that leads to a
release in a past RA. For example, “PPE failure”, which is mentioned in accident repotts, is a possible
failure node in all incidents that involve the generation aerosols or splashes on personnel. We included
these types of events in several fault trees to assess the influence of the failure of these systems on risk of
another incident (such as a spill). From these riskiest accidents, we removed those accidents that do not
apply to the pathogens we are considering. For example, the National Bio- and Agro-defense Facility Site
Specific Risk Assessment conducted for the Department of Homeland Security in 2012 identifies several
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risky accidents arising from the fact that their pathogens are studied in large animals (like cattle), which
can physically break containment features.

The list from previous studies and reports consists of the riskiest incidents that cannot be discounted from
previous studies, the most common accidents that could lead to an infection outside a laboratory, any
accident that did lead to an infection outside the laboratory (that cannot be discounted), and all
“maximum reasonably foreseeable events” that could not be shown to be lower in risk than incidents
included.

Even though the highest risk accidents are unlikely to change much in their frequency regardless of the
nature of the pathogen, the probability that an infection outside the laboratory could occur may be
significantly different. That is, although the chance that a centrifuge rotor breaks is the same if the sample
inside contains viruses or bacteria, the chance that an infection may occur outside the laboratory if a
worker caries infected material out on his shoe may be different if the contaminant were Foot and Mouth
Disease virus versus influenza virus. For this reason, we determined if the pathogens of particular interest
in GoF studies, specifically influenza viruses, MERS-CoV, and SARS-CoV, pose unique risk pathways
that must be investigated further due to dissimilarities of their biology, pathogenesis, host range, or life
cycle compared to the pathogens considered in past RAs. From this qualitative analysis, we identified
further accidents to consider to capture the unique risks that these pathogens may pose. Specifically,
animal bites were a “low risk” incident in past RAs, but ferrets, an animal model of choice in influenza
studies, are particularly prone to biting (which, although the risk of infection from the bite is unlikely for
respiratory pathogens, could deposit pathogen directly on the skin, increasing the risk of self-inoculation
into the eye or nose). An “incident” modeling the fact that infected animals are constantly exhaling
pathogen (called “animal respiration”) was also specifically included because, unlike in other laboratories,
infected animals pose a direct hazard to unprotected workers (should containment fail). All highest risk,
relevant incidents from past studies and case reports were combined with these additional selected
incidents to define the list of high-risk incidents that we were investigated in detail.

6.2.5.2 Predicting the Amounts and Pathways of Pathogen Releases for Accidents

To assess the probability that an accident would occur resulting in a loss of containment, we used Fault
Tree Analysis (FTA), an accident modeling approach in which each possible system component that
could fail in a complex pathway to an accident is explicitly parameterized with probability and
consequences of failure. We implemented this FTA using Monte Carlo simulations, an approach that
randomly samples values from all possible parameter values to explore the effect of uncertainty on our
analysis. This approach was used to determine the probability that an accident occurs while an experiment
with a dangerous pathogen is taking place (or in the handling or shipment of a pathogen) and the amount
of material that escapes containment. Should an accident occur, there will be consequences in terms of
the material dispersion. The dispersed material will then be subject to elimination or retention due to
decontamination procedures and containment systems. The fact that many accidents may not be apparent
when they occur is important to consider because additional measures are usually implemented when
overt accidents occur. The accident could generate an infectious aerosol, fomites, or living carriers
(laboratory animals or workers). We also considered the possibility that an accident generates many types
of sources (a centrifuge spill could create an aerosol, fomites, and infected workers).

For accidents, the frequency of experiments and the concentration of the stocks and samples manipulated
were estimated to describe the “opportunity space” for accidents to befall. These data were gathered in
site visits and interviews with PPP researchers. Once an accident occurs, the agent may be released but
will still be inside of containment. The effectiveness of containment measures determines how much
material leaves containment depending on the nature of the accident. Containment measures reduce the
concentration of a biological release, but may not be in place/functioning where the accident occurs due
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to human error (e.g., mislabeling/mishandling of a sample) or equipment failure. Data on the failure of
mechanical systems and of human error rates were derived from the scientific/engineering literature. Data
supporting the Fault Tree Analysis are provided in the Supplemental Information along with full
descriptions of the Fault Trees. Given the role of humans in historical laboratory accidents, our FTA
includes a robust consideration of human reliability in the execution of appropriate decontamination and
safety procedures.

Any material that escapes containment and decontamination described a source term that is used to model
the initiation of an infection outside the laboratory. Aerosols were described by their quantity in a
respirable range. Fomites were described by their material, location, and quantity. Infected people and
animals were described by their type and quantity. Insofar as an accident causes consequences inside the
laboratory to the workers, these casualties were tallied as consequences.

6.2.5.3 Source Terms for Natural Disasters

For natural disasters, we estimated, at any given time, how much pathogenic material is in the laboratory
that could be released. This pathogenic material could be in the form of stocks in storage, samples being
manipulated, or infected animals. The disaster itself may lead to several events inside the laboratory (the
spill of materials or the release of animals) and the disruption of containment systems (over pressuring of
HEPA systems or breach/failure of a building envelope). Several infection pathways could
simultaneously lead to outside infection after a natural disaster (an earthquake could lead to the
generation of an agent aerosol and the escape of infected animals). FTA was used to determine the
probability that a natural disaster occurred and affected pathogen stocks, infected animals, or experiments
in progress. As described above, we examined only those natural disasters that are deemed to be high risk.
The dispersed material will then be subject to elimination or retention due to decontamination procedures
and containment systems, although these may be compromised due to the disaster. Natural disasters
cannot be covert, and so we assume that special public health measures (such as social distancing or
restrictions on movement) would be implemented if a natural disaster is known to strike a containment
laboratory.

Any material that escapes containment and decontamination helps describe a source term that was
modeled for its ability to cause an infection outside of a laboratory. The source terms were described
similarly to those arising from accidents.

6.2.5.4 Modeling Initiation of an Infection Outside a Laboratory

Once infected material leaves the laboratory, it may cause infections in nearby human or animal
populations. The probability of the infection occurring depends on the nature of the source term, which
can be aerosols, fomites, or infected animals/researchers. Each type of source term was modeled using a
separate methodology.

Indoor and outdoor source terms were modeled separately. Indoor source terms were modeled as if the
worker causing the accident inhaled all of the aerosol to understand a maximum level of risk. We chose
this approach because a worker who creates an aerosol is exposed to a relatively high concentration of the
contaminant until it disperses within the room. Workers who did not create the aerosol are exposed by
dwelling in a completely well-mixed space that is slowly exhausted to the outside. Any material escaping
the building was modeled using the Hazard Prediction and Analysis Capability (HPAC), a model
developed by the Defense Threat Reduction Agency which is able to predict the transport and downwind
infections over large areas given real population densities. We chose two laboratory locations to
understand the range of risk from aerosols, New York City—the urban area with the greatest population
density in the US— and a small town. Real weather data for those locations was used. One hundred
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releases were modeled ranging over a variety of times of year and times during the work day. HPAC was
used to calculate the dose that people downwind received. Dose/response curves were used to determine
how much of the population inhaling the pathogen becomes infected. Given data on the populations of
susceptible animals (specifically ducks) and their minute tidal volume (the amount of air they inhale per
minute), we calculated animal infections over the same area.

For infected animals that leave the laboratory due to a natural disaster, we presumed that an outbreak is
initiated by the animal encountering a human before it expires (for human-transmissible pathogens) or by
encountering a susceptible bird (for bird-transmissible pathogens). For infected animals that leave the
laboratory because they are carried out intentionally in a malicious act (relevant to the biosecurity RA
below), we presumed that the malicious actors are themselves infected (for human-transmissible
pathogens) or that the infected animal encounters a susceptible bird (for bird-transmissible pathogens).
For the animal escape incident in the biosafety RA, our FTA models predict the animal leaving the
laboratory is vanishingly unlikely (by bolting, unnoticed through several self-closing doors) and instead
drives risk by escaping containment features within the lab and infecting workers.

For infected workers, we created a separate FTA that accounts for their behavior, the possible violation of
health monitoring procedures and isolation guidance and their contacts with susceptible individuals
throughout their disease course. Some protocols are initiated only if the exposure event was overt and
considered high risk (an observed spill for example). Other protocols, such as the reporting of influenza-
like illness and isolation should such symptoms appear, occur regardless of the type of accident that
caused the illness. Workers may violate protocols (via ignorance or arrogance), and these workers enter
into the models of local infection, as described below. Also, a worker could initiate a local outbreak if
they develop no clinical symptoms or develop transmissible illness prior to the onset of symptoms.

For fomites, we developed a stochastic, Markov chain model to predict the likelihood of an outbreak
initiating after a laboratory worker leaves containment with virus on his or her person. The model tracks
the contamination through the paths it must take to result in infection of the initial laboratorian, of one or
more household or community members, or of avian species on a farm (or any combination of the three).
All infections are the result of internalization of the virus from a contaminated surface or body part; that
is, this is a model of contamination transference and subsequent infection, not a model of contagious
transmission. The transference model utilizes Monte Carlo simulations to estimate the likelihoods of a
number of possible actions that would lead to internalization, spread, or removal of the virus. Human
infection occurs when viral contamination on a person’s hand enters their mucosal membranes of the eye,
nose, or mouth, and the probability of infection is dose-dependent based on the calculated amount of virus
present at the time of inoculation. For an animal infection to occur, the primary laboratorian must
encounter a susceptible species, at which point it is assumed that all of the virus is inoculated into the
animal. For animal contact to occur, the worker may need to violate quarantine protocol, which occurs at
a specific probability, after which visits to an animal facility occur at a predetermined rate, as with the
events above.
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Figure 6.11. Schematic of the transference and infection model.

For the data supporting the parameter values used in the models that support the estimate of source terms
causing infections outside the laboratory, please see the Supporting Information.

This analysis predicts the probability that an outbreak would be initiated by human or avian infections
outside the laboratory for each of the possible incidents modeled. These incidents can vary by the species
infected (ducks or people), the type of person infected (laboratory worker or a member of the public) and
the number of people infected.

6.2.6 Predicting the Probability That an Outbreak Escapes Local Control

Once a human-transmissible disease leaves the laboratory and infects at least one person outside of
containment, an outbreak is initiated (recall that health monitoring and isolation/quarantine measures
enacted for exposed laboratory workers are already considered before the outbreak occurs, as described
above). Depending on the release, an outbreak can start with one or more initial cases. For example, a
large aerosol release from a catastrophic incident (like an earthquake) could infect many dozens of
people. We considered outbreaks that initiate with the infection of a laboratory worker differently than
outbreaks that begin with a member of the public because we presume that laboratory workers (and their
families) would be more likely to report to public health authorities if they developed unusual symptoms
of infectious disease and would be more likely to self-isolate.

An outbreak that starts with a handful of people is governed by stochastic forces that could, by chance,
cause the outbreak to extinguish. Similarly, an outbreak that is recognized early and subjected to vigorous
control measures may extinguish.

To model the local outbreak, we used a branching process model, developed by, and in consultation with,
Dr. James Lloyd-Smith (UCLA), a recognized world expert in stochastic epidemic modeling.3*®
Branching process models are stochastic, where each case creates a number of new cases based on a
probability distribution. In the model used in this report, the distribution is a negative binomial
distribution with parameters R (the average number of new cases each case generates) and k (which
reflects the variation in infectiousness between individuals, where low values of k imply high variation

35 ], 0. Lloyd-Smith, S. J. Schreiber, P. E. Kopp & W. M. Getz. Superspreading and the effect of individual variation on
disease emergence. Nature 438: 355-359 (2005)
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and high values of k imply low variation). Low k is appropriate for MERS/SARS because most people
create no secondary cases, whereas some create a very large number. Higher k is appropriate for flu
because many people infect one or two others, some zero, some a large number. The range of values used
for Ro and k for wild type strains of influenza and coronaviruses is provided in the Supplemental
Information. Branching process models capture one crucial feature of new outbreaks: that many new
outbreaks extinguish at a small number of cases.

The branching process model we adapted considers various control measures and can account for partial
immunity in the community (important for outbreaks of recently circulating influenza strains). Social
distancing and isolation/quarantine are parameterized. Because our analysis is not to evaluate control
measures but to compare the risk of various outbreaks, we explore a variety of plausible values for the
parameters describing these measures. The parameter values that describe control measures are described
in the Supplemental Information. Notably, our model tracks laboratory workers and community members
separately so that we subjected each to different control measures.

In our analysis, an outbreak was considered to be out of control if either of the following conditions were
met:

e The model calculated that, given the number of cases in the current generation, that the outbreak
had less than a 5% chance of extinguishing at any point in the future, or

e That any generation included more than 1,000 infected individuals (which probably outstrips the
ability of a locality to control), or

e The model includes 200 generations of infected individuals without extinguishing or reaching any
other termination condition (suggestive of never getting under control).

In this Risk Assessment, 2.6 billion simulations were performed in our BPM to provide statistically sound
data to explore the parameter set for wild type and GoF pathogens and a variety of outbreak control
parameters.

Once an outbreak was considered out of control, it was considered to seed outbreaks globally. The
illnesses and deaths due to an outbreak that extinguishes either due to stochastic forces or due to control
measures were tallied as part of the consequences of the local outbreak.

6.2.7 Modeling the Global Consequences of a Human-Transmissible Outbreak

Once an outbreak was found to grow out of local control using the branching process model, we modeled
the global consequences of a pandemic using the HHS-BARDA Interactive Influenza Model (1IM), which
is used by the Centers for Disease Control and Prevention and HHS-BARDA to evaluate the effectiveness
of medical countermeasure strategies to control influenza outbreaks.3* IIM is a “Susceptible, Exposed,
Infectious, Recovered” (SEIR)-based model, which is a compartmental epidemiological model which
tracks the progression through various stages of a disease course of individuals in an outbreak. 1IM
considers the differences in vaccination and clinical visit rates of different age groups (children, adults,
and the elderly), contact rates between these groups, and control measures, like mass vaccination, social
distancing and antiviral treatment.

346 For example, see Biggerstaff, M et al “Estimating the potential effects of a vaccine program against an

emerging influenza pandemic--United States.” Clin Inf Dis S1, S20-9 (2015).
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IIM was developed using contract rates and demographic data for the US. To globalize the model, we
collected demographic data for 12 regions of the world, divided by geography and income (with the
rationale that high-income countries have distinct demographics and public health resources than other
countries). We characterized each region by population, class size (used to scale school-based contact
rates), household size (used to scale household contact rates), and age stratification (used to scale relative
numbers of children and the elderly). The methodology for scaling contact rates is described in Appendix
111 Section 14.3.1 and the demographic data supporting the regionalization of the globe is provided in the
Supplemental Information. Although this method captures some demographic differences between
regions of the world, it does not capture cultural practices and socioeconomic factors (like underlying
poor health) that could affect the outbreak. Also, public health measures, like social distancing, are
assumed to be equally effective in all parts of the world (however, vaccine doses and antivirals are more
limited).

If an outbreak escaped local control, we assumed that it would continue to seed infections in the US and a
US-wide outbreak will continue to seed outbreaks abroad. For this reason, travel rates were unnecessary
to obtain as eventually the disease would spread. Each region was seeded with 100 initial cases.
Parameter values used in the 1M model are provided in the Supplemental Information.

To support the analysis in this Risk Assessment and adequately explore the parameter space, the 1IM ran
approximately 750,000 simulations.

6.2.8 Simplified Modeling of Bird-Transmissible Pathogens

One hypothetical consequence of a laboratory release of research with a strain of influenza that is
transmissible only amongst avian species is that the strain could establish itself in wild bird populations
(by infection via an aerosol, contaminated worker, or contaminated waste leaving the laboratory), causing
sporadic human disease over a dispersed geographic area, similar to the natural HSN1 strain today. For
this eventuality to occur following loss-of-containment and subsequent release, a series of events must
occur: the virus must reach an environment where infection of a wild bird can occur; it must infect a wild
bird; the virus must spread and migrate with a population of birds; these infected wild birds must then
spread the virus to a domestic bird population; this virus must then spread from the domestic birds to
humans; and finally, the virus need be capable of causing disease in a human host. Note that a virus that
spreads between humans is presumed to spread between humans efficiently and any incidental
transmission from birds will not significantly affect the kinetics of the outbreak; hence, this section does
not consider human transmissible viruses. This presumption is supported by the opinion of several of the
interviewed experts, who believed that a Gain of Function influenza virus, including the H5N1 strains
adapted to transmit between ferrets by the airborne route, could be adapted to spread efficiently among
humans or among birds, but not between them due to differences in viral receptors in these animals. This
belief agrees with the historical evidence, as we have yet to identify either a natural human influenza that
spreads easily among birds or a natural avian adapted virus with sustained mammalian transmissibility.

6.2.8.1 Unpredictability of the Consequences of Novel Avian-Influenza Strains

Determining the probability and consequences of each of the events necessary for an avian virus to infect
humans is very difficult primarily due to missing data. For example, one reference reviewed 4,763
literature sources of human to animal transmission of any disease, and found no documented examples of
direct human to animal transmission of influenza.3*’ Similarly, despite detection of influenza in natural
water sources and measurements of the persistence of influenza in water suggesting that “cloacal

347 Messenger AM et al (2014) Reverse zoonotic disease transmission (zooanthroponosis): a systematic review of seldom-
documented human biological threats to animals. PloS one 9: 89055
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drinking” by waterfowl of contaminated water may be a source of infection, no identified source listed an
IDso for such a process.#8:349.3%0 However, of the sources of uncertainty, estimating the consequences to
humans of a flu circulating in wild birds remains the largest due to uncertainties in the biology of the
virus and the role of human-avian interaction in its epidemiology.

Despite intense research efforts spanning decades, predicting the transmissibility and pathogenicity of a
new or novel avian strain in humans or other mammalian hosts remains challenging. Part of this difficulty
stems from the diverse range of symptoms and effects seemingly similar strains cause, combined with the
apparent uncorrelated symptom severity between birds and mammals. Shown in the Supplemental
Information are data for eleven recent avian influenza outbreaks, eight of which have caused human
cases. Comparing the outbreaks reveals the unpredictability of human effects. For example, despite the
virus that caused the 2015 H5N2 outbreak containing a hemagglutinin (HA) in the same clade as one
known to cause fatal human H5N1 infections, the HSN2 outbreak has of yet caused no known human
cases of infection.®®%2 This difference could be behavioral (due to enhanced biosafety practices in the
poultry industry in the USA) or may be due to differences in biology of the strains. The H7N7 outbreak of
2003 caused only one human fatality, and most symptoms were restricted to conjunctivitis even though
the strain appeared highly infectious to humans, with 250/500 of potentially exposed humans tested
showing evidence of seroconversion.®? In comparison, the ongoing H7N9 outbreak causes minor to no
signs in either wild birds or poultry, but causes severe respiratory disease in humans in the relatively few
human cases it has caused.®**

The distribution of an outbreak is as unpredictable as its transmissibility and pathogenicity. The majority
of poultry outbreaks of influenza remain constrained to one or a few flocks, with a few spreading much
further. The current outbreak of H5N1 began in December 2003 with the first reported human cases in
Vietnam and spread rapidly.>*® By April 2004 it had spread to Thailand, Korea, Japan, Indonesia and
Hong Kong and by November 2004 to mainland China. By February 2006 it had become intercontinental,
spreading to Europe as well as Africa where it remains endemic to Egypt. The timing and location of
spread appeared to correlate with bird migratory patterns, hinting at wild bird-mediated spread.3%¢*" In
contrast, H7N9 began in the same global region, and appeared to initially spread more quickly, yet despite
beginning in the same region and presumably being subject to the same cultural and geographic factors, it
has only spread through a geographically contiguous area and not spread internationally, confounding
determination of whether the spread is primarily wild bird or human mediated.*® Meanwhile, the North

348 Deboosere N et al (2011) Development and validation of a concentration method for the detection of influenza a viruses
from large volumes of surface water. Applied and environmental microbiology 77: 3802-3808

349 Stallknecht DE et al (1990) Persistence of avian influenza viruses in water. Avian diseases 34: 406-411

350 Alexander DJ (2007) An overview of the epidemiology of avian influenza. Vaccine 25: 5637-5644

31 Ip HS et al (2015) Novel Eurasian highly pathogenic avian influenza A H5 viruses in wild birds, Washington, USA, 2014.
Emerging infectious diseases 21: 886-890

32 de Vries E et al ibid.Rapid Emergence of Highly Pathogenic Avian Influenza Subtypes from a Subtype H5N1
Hemagglutinin Variant. 842-846

33 Fouchier RA et al (2004) Avian influenza A virus (H7N7) associated with human conjunctivitis and a fatal case of acute
respiratory distress syndrome. Proceedings of the National Academy of Sciences of the United States of America 101: 1356-
1361

354 World Health Organization, “Overview of the emergence and characteristics of the avian influenza A(H7N9) virus”, Report
issued May 31, 2013.

35 Yee KS et al (2009) Epidemiology of H5N1 avian influenza. Comparative immunology, microbiology and infectious
diseases 32: 325-340

36 Liang L et al (2010) Combining spatial-temporal and phylogenetic analysis approaches for improved understanding on
global H5N1 transmission. PloS one 5: e13575

%7 Gilbert M et al (2006) Anatidae migration in the western Palearctic and spread of highly pathogenic avian influenza H5NI
virus. Emerging infectious diseases 12: 1650-1656

358 Bui C et al (2015) A Systematic Review of the Comparative Epidemiology of Avian and Human Influenza A H5N1 and
H7N9 - Lessons and Unanswered Questions. Transboundary and emerging diseases
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American H5N2 outbreak began in the Pacific Northwest and quickly jumped two migratory flyways to
the Midwest; the mechanism for this rapid eastward spread has not yet been identified.

The lack of a solid scientific evidence basis for predictive epidemiology in avian influenza viruses implies
that any serious quantitative analysis would be unfounded. For this reason, we took a simplistic approach
to modeling outbreaks of influenza viruses that spread between birds only.

6.2.8.2 Spread of Escaped Laboratory Virus to Wild or Domestic Birds

First, avian-influenza strains are modeled in the Fault Tree Analysis like any other strains. We have
enough data to predict the chance of infection of a human or a bird when exposed to a source of pathogen.
We can therefore quantitatively predict if humans or animals are infected within the laboratory (due to a
variety of incidents) or outside the laboratory (due to aerosols or transfer of contamination from a worker
to poultry). Should a bird be infected outside the laboratory or an infected bird escape from the laboratory
(in the earthquake and biosecurity scenarios), we presume that an avian influenza outbreak occurs and has
consequences similar to the recent outbreaks. That is, we presume that between 0 and 1,000 human
infections occur and that the case fatality rate is between 0 and 50%. Given the lack of data, our model
presumes an equal probability of any result in this range. Because we are not estimating economic
consequences or risks to animal health, this approach is sufficient to characterize the risk of this agent to
humans given the paucity of data available.

Recall that if the pathogen is transmissible between people (regardless of if the strain is a natural one or if
it is a modified avian-influenza strain), we modeled the outbreak assuming that all human health risk is
dominated by human-to-human contact.

6.2.9 Estimating Risk of Experiments Involving GoF Pathogens
Each modeling component is used to predict a single aspect of risk:

1. The Fault Tree Analysis is used to determine how pathogen characteristics, containment features,
experimental manipulations and the laboratory environment contributes the probability of
escape, and the number of cases that would initiate an outbreak (a component of consequence),

2. The branching process model estimates the probability that a local outbreak would grow and
seed a global pandemic. If the outbreak extinguishes due to stochastic factors or due to an
effective public health response, the consequences from the local outbreak are tallied, and

3. The HHS-BARDA Interactive Influenza Model is used to predict the global consequences of a
pandemic.

By linking the outputs of the modeling component, we can state how much any pathogen, research
feature, or environment drives risk. For example, we can ask the specific question of how much does
fatality risk change if one increased the transmissibility of HSN1 influenza in humans to half of that of
seasonal influenza. We would explore how the probability and consequences of all laboratory accidents
depends on this change, and how the probability of a local outbreak escaping control depends on this
change and how the consequences of a global outbreak depend on this change. Comparing the three
modeling components together provides an overall estimate of the change of risk.

In fact, for each pathogen phenotype and condition under which GoF research could be performed, we
determined how varying the phenotype or research condition within scientifically defensible limits

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 102



influences risk. To undertake this sensitivity analysis, we determined how risk changes if a parameter
value is held to a series of specific values in a Monte Carlo analysis in which other parameter values are
allowed to be selected at random. This analysis determined if risk increases or decreases as any specific
parameter value changes across the range of possible values for all other parameters.

Each parameter that is found to significantly influence risk (either positively or negatively) compared to a
baseline that assumes work with unmodified pathogens was further explored to understand the reason
behind this relationship. In this way, we determined if a parameter value must be set to an unreasonable
value in order to significantly drive risk or if risk can be increased at parameter values that could be easily
expected. Moreover, by analysis of the results, we determined if risk is driven only when a combination
of parameter values occurs (for example, risk increases significantly only if the pathogenicity and
transmissibility of an agent is increased, or only if transmissibility is increased and the work is performed
without worker health monitoring). Together these results will help identify the GoF activities and
conditions that could significantly increase risk of an outbreak compared to work with wild type
pathogens.

The branching process model and the 1M are computationally intensive and so a Monte Carlo analysis
could not be done to explore the entire parameter space. Instead, a variety of discrete parameter values
were rationally chosen to defining the epidemiology (e.g., Ro and latent period) of the viruses and the
efficacy of control measures to contain the outbreak. For each of these parameters, a range of values
believed to cover a significant fraction of the possible parameter values were used, and results were
obtained for each unique combination of every parameter varied. Figure 6.12 illustrates the variation in
simulation results for these parameters for seasonal flu global outbreaks, where each marker represents a
result for a unigue combination of parameters.
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Figure 6.12. lllustration of results for single models in simulations. Each circle represents the results from a
single model run with a single set of parameters. Lines connect models that differ only in the RO value used in
the simulation. To reduce the number of lines for visual clarity, some parameters were fixed: shown are
models using the median values of antiviral efficacy on mortality, case fatality rate, and fraction of cases
symptomatic, as well as no community mitigation; all other parameters ranged across their values
appropriate for seasonal influenza.

Elsewhere in this report, when showing results for these simulations, the median number of deaths across
all values of the varied parameters is shown by the marker, and the 10" and 90" percentile value of deaths
across the same parameters are shown by vertical lines extending outward from those markers (the “error
lines”). These vertical lines do not represent statistical (aleatoric) uncertainty in the underlying
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simulations; instead they represent uncertainty as to the properties of the virus, outbreak and public health
capacities (epistemic uncertainty). If a real-world outbreak were to occur with a defined set of parameters
matching those simulated by one of the models, the results would, with high confidence, match those of
that particular model. In addition, while these vertical lines plotted cover 80% of the resultant number of
deaths for the model parameters simulated, they should not be understood as a typical 80% confidence
interval. Because no probability distribution was assigned to the underlying varying parameters, the
vertical lines represent the middle 80% of the outputs of the simulations, and not the range of the 80%
most likely outbreaks. This approach suggests that a real outbreak would follow the overall shape of the
median line presented (and not simply move randomly inside the range presented), but may be higher or
lower (up to the bounds of the “error bars”) if certain properties of the virus or the control measures
caused the outbreak to spread more aggressively (or less aggressively) than the median set of parameters.

6.3 Practices in GoF Laboratories That Reduce Risk but Are Not Included in Our Study

To collect data to inform the modeling approach, interviews were conducted with laboratorians, biosafety
officials, and public health officials. These interviews uncovered several measures that certainly reduce
the risk posed by containment research but in ways that could not be included in a quantitative study that
models human behavior abstractly. This section describes some of these practices that speak well of the
culture of biosafety that exists in these containment laboratories but could not be captured by our models.

A thorough examination of current practices in influenza and coronavirus biosafety level 3 (BSL-3) was
conducted through site visits and interviews with researchers, public health officials, and institutional
representatives. Best practices in biosafety and biosecurity pertaining to Gain of Function research were
identified that exceed recommendations or requirements from various bodies, including the Occupational
Safety and Health Administration (OSHA), select agent regulations, recommendations of the Federal
Experts Security Advisory Panel (FESAP), and Institutional Animal Care and Use Committees (IACUC).
Practices either unique to specific institutions or commonly found across institutions are highlighted and
were found to be especially beneficial/optimal/useful in training, exercises and drills, laboratory practices,
health precautions, physical security, and institutional culture.

6.3.1 Training

Laboratory directors and personnel at various BSL-3 laboratories shared their protocols for training new
researchers. From this, several best practices are highlighted. One observed prerequisite to BSL-3 work is
demonstrating competency in BSL-2 work. Additionally, across all institutions, extensive BSL-3 training
was observed, involving both written examinations and supervision of hands-on laboratory skills. One
institution described a tiered training structure, in which the first tier covered basic laboratory operations,
emergency situations, and general laboratory safety. The second tier covered more specific training for
laboratory safety when performing cell culture work. The third tier covered procedures and precautions
for animal work. Each tier was associated with a training checklist, which a trainer would use to assess
the trainee. Another institution required the trainee to shadow the trainer in the BSL-3 laboratory and
perform laboratory procedures under mentored supervision before conducting independent work. Best
practices for hands-on training involve dedicated one-on-one instruction and active roleplay for scenarios
such as an animal bite or a biohazardous spill.

Training and education can be codified into standard operating procedures (SOPs) covering experimental
protocols, biohazardous spills, working with animals, potential exposure to infectious material, and
biosecurity threats. These SOPs can be made easily accessible within the BSL-3 containment lab, should
the need arise. Demonstrating knowledge of all SOPs can be required as part of BSL-3 training.
Additional training in biosecurity is also recommended, covering topics such as cybersecurity, identifying
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abnormal or suspicious behavior, identifying insider and outsider threats, and how to deal with strangers
requesting lab access. Institutions remarked on the need for constant reminders and renewal of training to
counter complacency. Commendably, some institutions were particularly thorough about BSL-3 training
requirements. Visiting researchers were required to repeat BSL-3 training, even if they had prior
experience either elsewhere or at that same institution. Training is not only limited to issues of biosafety
and biosecurity. One institution provided communications training for researchers on how to discuss Gain
of Function work in public settings. Finally, institutions can offer select agent training to first responders
to inform what agents may be present during an incident and what to do in case of a large-scale spill or a
fire.

6.3.2 Exercises and Drills

Hands-on training can extend beyond laboratory protocols to tabletop exercises and drills within and
outside the laboratory setting. Institutions described several exercises and drills, such as responding to a
researcher having a medical emergency in the BSL-3 containment lab, responding to a potential exposure
in the laboratory, and responding to a natural disaster. Another research facility discussed methods for
testing their security infrastructure, such as leaving a door open or holding up signs to security cameras to
test for prompt response. On a wider scale, the research institution can conduct exercises and drills in
conjunction with first responders, environmental health and safety (EHS), and local hospitals for better
preparation against a potential exposure. Examples of such exercises are: a researcher following SOPs for
exposure to a pathogen, a researcher not following SOPs for exposure and showing up at a hospital
emergency room, and response to a bomb threat. Conducting these drills also strengthens cross-
institutional relationships, which can better inform future preparedness and response protocols. One
institution asked local first responders to perform walkthroughs of the research facility to learn how to
gain access and what to do during an emergency. For instance, the fire department was instructed to
contain but not extinguish a fire in the BSL-3 containment lab, allowing it to burn within those
boundaries. Notably, one institution remarked that whenever a researcher would display influenza-like
illness, this essentially became an exercise in practicing SOPs for a potential exposure. Finally, a best
practice that formalizes these relationships is to establish an Emergency Operations Center (EOCs) under
the parent institution or university to better coordinate emergency responders, EHS, local public health,
and the research facility. EOCs can run campus-wide drills to scenarios such as bomb threats, natural
disasters, and active shooters to prepare a coordinated response effort from multiple agencies.

6.3.3 Laboratory Practices

CDC select agent regulations dictate several requirements for day-to-day laboratory operations, including
a regular inventory of pathogen stocks and inspections of laboratory equipment and the BSL-3 facility.
Several institutions have demonstrated particularly useful laboratory practices that may surpass regulatory
requirements or otherwise represent optimal biosafety and biosecurity measures in access control,
inventory, animal work, facility maintenance, and communications. Furthermore, select agent
requirements represent best practices for non-select agent labs that work with, for instance, seasonal
influenza viruses.

Several best practices in access control are highlighted here. One non-select agent status laboratory was
observed to keep its freezer containing pathogen stocks under lock and key and to perform frequent
inventory checks. Another practice was to grant access to select agent freezers only to a small number of
staff out of the many more who were approved for BSL-3 work. This can prevent researchers from
performing unauthorized experiments, as it requires explicit permission to access the pathogen stocks.
Another institution required researchers to obtain permission to access anesthetic drugs for anesthetizing
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animals for in vivo work. More broadly speaking, it would be a best practice to control access to reagents
necessary for risky experimental protocols.

Maintaining an updated inventory is a requirement for laboratories working with select agents. However,
one institution was noted to count inventory more frequently compared to peer institutions (monthly
instead of quarterly). Alternatively, another facility performed random inventory checks. One institution
randomly sampled 10% of its boxes to reconcile its contents with the inventory log. If discrepancies were
noticed, a 100% inventory check was performed, and the CDC was notified. Another select agent
requirement is to limit how long experimental samples may be kept. The best practice observed for this
requirement was to keep experimental samples up to 30 days, after which they were either discarded or
added to the permanent inventory. There are several additional best practices associated with counting
inventory. One institution required two people present to count inventory. One researcher was
“permanent” and was always present at every inventory check. The other researcher was “rotating” to
witness the inventory count and ensure that inventory was not simply memorized as a complacent way of
counting. Another institution assigned one employee to keep track of all changes to inventory; this
employee was responsible for conducting counts and was to be notified if a sample were to be taken from
stocks.

Additional practices were noted that improve the safeguarding of inventory. Witnesses can be required for
any changes to inventory, including taking agents from pathogen stock, destroying old samples, and
adding samples. Stocks not used for at least one year can be archived in boxes sealed with security tape.

Researchers highlighted several best practices when working with animals in the course of pathogenic
research. One is to limit researchers’ and animal caretakers’ contact with laboratory animals, a USDA
regulation though not a CDC regulation. Animals can be observed prior to the conduct of experiments to
determine whether they are prone to abnormal or aggressive behaviors, which may make them more
likely to inflict bites or scratches on their handlers. These behaviors will be noted for experimenters so
they can take appropriate precautions when working with those animals. Furthermore, animals can be
completely or partially anesthetized before experimental procedures to prevent bites or scratches. One
research group noted that genetically mixed mice were more prone to aggressive behaviors and thus
partially anesthetized all mixed mice as a precaution. A daily check, including weekends and holidays, of
animals and other laboratory equipment can be conducted. In order to record which employees were
trained to perform animal experiments, animal husbandry, and respiratory testing, one facility kept an
animal handling training sheet. Finally, a paper trail for each laboratory animal can be maintained, which
details its history of procedures, tests, and bodyweight measurements, as well as the dosage and strain of
the experimentally induced infection.

Briefly, some best practices were noted with regards to maintaining the facility and its equipment.
Frequent inspections of the shower and facilities can ensure that containment safeguards and
decontamination procedures remain optimal. Additionally, several facilities performed annual shutdowns
for several weeks in order to perform a comprehensive surface and gas decontamination and to perform
preventive maintenance.

There were several practices observed that sought to optimize researcher-to-researcher communications
or to utilize a partner system to limit mistakes or malicious behavior. A radio system can be used to
communicate between BSL-3 researchers and outside staff. One institution mandates that any potential
exposure, no matter how minor and even if it does not breach PPE or skin, should be reported over the
radio. This allows an outside employee to be aware of the situation, and furthermore the employee can
guide the BSL-3 researcher on next steps, preventing a possibly stressed researcher from making rash
decisions. Another simple tool is to place a whiteboard outside the BSL-3 containment lab that displays
which researchers are working in which suites, and which pathogens are in each suite. One best practice
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that was especially notable was notification of weekend or after-hours work. Researchers seeking to
conduct work off-hours can be asked to notify a coworker by phone of time of entry, expected duration,
and time of exit. One institution employed an on-call cell phone, which is always kept on and is assigned
to an employee by rotation. Messaging this phone is required for after-hours work in the laboratory.
Finally, several institutions require BSL-3 laboratory staff to wear emergency “man-down” pendants,
which can used in the event of an emergency to alert first responders and research supervisors.

With regards to a partner or two-person system, when interviewing different research institutions,
different opinions emerged on its utility. Many institutions required the partner system when performing
experiments requiring animals or sharps. Some institutions used the partner system liberally, requiring
witnesses to validate changes to inventory (as mentioned above) or proper execution of inactivation
protocols (inactivating an agent to transfer from BSL-3 to BSL-2). However, institutions differed in their
opinions about the partner system when performing more routine experiments. One institution encouraged
the partner system whenever possible. However, researchers at another remarked that the risk of
accidental exposure was higher with two people, and that the two-person system provided little utility. It
is important to point out that the utility of the two-person system has historically been contentious, and
that no applied research has been done to assess the benefit of such a measure.

Lastly, some additional best practices for day-to-day laboratory conduct are to limit a researcher’s hours
in a BSL-3 lab to three to four hours daily and to designate one employee to receive and sign off on
shipped biological materials. These can limit the chance of exposure and ensure an extra degree of
security, respectively.

6.3.4 Health Precautions

Several best practices were identified that better reduce the chances of severe illness following a
laboratory exposure. These can be categorized as conditions of employment, post-exposure SOPs, and
partnerships with local and state public health departments and with local hospitals.

Some institutions were observed to require employees who worked in BSL-3 laboratories to abide by
certain rules. One commonly observed best practice was the requirement of the seasonal influenza
vaccination as a precaution against laboratory-acquired influenza infection. Another was to medically
clear new employees, which would (1) discover any underlying medical issues that may exclude a
researcher from working with select agents and (2) obtain a baseline serum sample prior to starting lab
work, in order to test for seroconversion in the event of potential exposure. Lastly, one institution
obtained signed statements from its employees agreeing to self-quarantine, self-report body temperature,
permit home visits by a nurse, and submit samples for diagnostic testing, in the event of a potential
exposure.

One best practice for post-exposure SOPs is to include extra precautions following a potential exposure.
For instance, one institution isolates the exposed researcher and administers an N95 mask without an
exhalation valve while awaiting emergency medical response, even though the pathogen would not be
expected to replicate within those few hours following exposure.

Partnerships between the research institution, local and state public health, and local hospitals can be
established prior to an exposure incident to expedite the medical response. Researchers can carry cards
describing their occupation and what agents they work with, which should be shown at the emergency
department to facilitate proper treatment. Medical emergency protocols for laboratory pathogens used in
the neighboring research institute can be shared with the local emergency department, and occupational
health concerns for working with these pathogens can inform hospital protocols for safety and security. In
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fact, this can be further codified into a memorandum of understanding (MOU) with the local hospital. It
was noted that if the institution is a university, hospital physicians can often be affiliated with the
university’s medical school, which facilitates a culture of cooperation between the hospital and research
staff. The contributions of institutional culture to best practices in biosafety and biosecurity are explored
in a later section. Finally, one institution has shared samples and genomic sequences with the state public
health department to verify that their diagnostic tests detect the virus strains commonly used in the
laboratory, in the event of a potential laboratory-acquired infection.

For employees leaving the university, they must terminate access two weeks prior to leaving and go
through an exit physical before they leave, to ensure they’re not sick (two weeks based on incubation
period of SARS/MERS - ten days). In some laboratories, everyone must check into lab daily. If someone
doesn’t show up, the lab is responsible for tracking them down. Lab will notify EHS if they are unaware
of someone’s whereabouts, and EHS will reach out to the university hospital ER to let them know to
watch out for that person to show up.

6.3.5 Institutional Culture

Several researchers cited their institutional culture as a powerful factor in promoting safety and security in
the laboratory. Institutional culture can dictate workplace satisfaction, willingness to report incidents,
awareness, and workforce turnover, all of which can directly or indirectly influence the levels of biosafety
and biosecurity. Several institutions noted the importance of developing a non-punitive culture that
encouraged over-reporting, especially of “gray-area” incidents such as a minor spill without breach of
PPE or skin. Also widely practiced was a culture of carefulness and vigilance, bolstered by consistent
reminders to practice good safety and security measures to prevent complacency. One institution
remarked that the principal investigator sets the example by obtaining all biosafety and biosecurity
training. Many institutions cited their small work environment as conducive to maintaining vigilant
security, since all of the staff knew each other. One supervisor commented about developing an intuition
for the happiness levels of all staff members, which can reduce the risk of an insider threat. Institutions
can additionally offer assistance programs for employees to cope with hardships or obtain counseling.
Establishing an environment that promotes staff retention is also a best practice. This builds relationships
between laboratory staff and is a strong security measure in limiting the number of new employees.
Additionally, one institution does not allow undergraduate students to work in the BSL-3 lab, due to
concerns with turnover and with the length of time needed for BSL-3 training.

Strong support from the parent institution for the Gain of Function research program can also promote a
positive working culture. One research group noted that, in the face of controversy, the parent institution
remained strongly supportive of the research program, which encourages the laboratory staff to be
diligent about reporting incidents and maintaining a safe and secure working environment.

Finally, as mentioned above, strong relationships between the research institute and local hospitals, first
responders, regional FBI offices, EHS, and local and state public health departments contribute to a
positive institutional culture that lends itself to better preparation for and response to laboratory incidents.

6.3.6 Additional Institutional Policies

Finally, additional best practices were observed in various institutions that do not fall under the above
general categories. Several institutions required principal investigators to register their research with EHS,
documenting a notice of intent (listing the agent of study, purpose of the study, and dual use research
guestions), a risk assessment, and training requirements. As part of this registration, EHS can perform an
annual inspection of the facilities to verify the proper safety and security measures. Institutions have also
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employed campus-wide behavioral risk assessments to monitor for behaviors or emails of concern.
Finally, institutions can share their own practices with other research facilities, improving each other’s
security and safety procedures.

6.4 Probability of Laboratory Acquired Infections

6.4.1 The Selection of Incidents to Include in the RBA

In this study, we analyzed ten previous laboratory accident risk assessments and three compilations of
accident/incident reports to identify the accident or incident scenarios that would be quantitatively
evaluated in our study. Any scenario that was high risk (either due to their frequency or consequence) or
used as the “maximum reasonably foreseeable events” in at least one source was included for quantitative
analysis, except when:

e General accident types that are explored in more detail by another accident type (e.g., “waste
stream” would be discarded in favor of the high risk “leaking pipe” scenario),

e Any incident with an unknown cause because these are not quantifiable (e.g., “contamination
outside laboratory with unknown cause”—note that these are likely captured by other event
types), and/or

e Accidents specific to containment research on large animals

Other scenarios were considered but not included in a quantitative analysis because they are rarer than
events that would have a larger consequence. Beyond these events, we included additional scenarios to
capture risks that may inhere in GoF research specifically or were recently in the news, specifically:

e Floods, due to the flooding of hospitals and laboratories that occurred during Hurricane Sandy,
and

e Animal bites because of extensive work with ferrets, which tend to bite more often than mice or
guinea pigs

In many cases, the “incidents” identified in other reports aren’t incidents in themselves but risk factors
that influence the risk of other incidents. That is, if the HVAC system fails, this failure has a consequence
only if animals are actively exhaling pathogen into the ambient air or there is a spill or splash. For these
events, their probability of occurrence was included in ALL other relevant accident fault trees. In total, 16
incidents were investigated in detail to form the basis of our quantitative analysis.

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 109



Table 6.1. Rationale for Scenarios Included in the Risk Benefit Assessment.

Scenario Rationale for Inclusion

Scenarios listed in blue are failure modes that could exacerbate the risk of a loss of containment and are included in other events. Scenarios listed in green were included by name
in this assessment.
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Figure 6.13. Pie charts showing the types of incidents included in our study and the fraction of total risk or
incidents they comprise in previous studies or reports. Only the incidents extracted from the pie chart are
excluded from further analysis in this RBA. A. The NEIDL, B. The NBAF, C. past reports.
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Note that these events include the low probability, high consequence incidents; the high probability, high
consequence incidents; and the high probability, low consequence incidents from other reports, along
with the “maximum reasonably foreseeable events” incidents. Excluded from this point on in the
assessment are only the events that are rare and inconsequential, or not foreseeable (for instance, have a
probability of less than the age of the earth). Note, any event that is reasonably foreseeable (even if
extremely unlikely) and of high consequence was captured in our assessment. These 16 incidents capture
the vast majority of the risk from previous assessments: more than 99% of the risk from the NIEDL study,
about 90% of the risk from the NBAF study (much of the rest relates to work with large animals only),
and 80% of incident reports (the rest are not quantifiable due to unknown cause) (Figure 6.13 above).

All incidents included in our study were studied to reconstruct the pathways leading to the loss of
containment event. After study, some incidents were excluded from quantitative analysis because no
plausible scenario that leads to a loss of containment could be identified to model. Other incidents were
guantitatively investigated but excluded from the fault tree analysis because all pathways identified lead
to vanishingly unlikely and/or small releases. See Appendix Il for details.

6.4.2 Identification of Locations at Risk of Earthquakes and Floods

To quantitatively assess the risk of earthquakes and floods at GoF laboratories, we found the GPS
coordinates of 36 containment laboratories, including labs that were formerly conducting GoF research
and several additional BSL-4 and BSL-3 facilities that are currently operational or under construction.
The flood risk at each location was assessed using information from the Federal Emergency Management
Agency.>® The earthquake risk was assessed using information from the US Geological Survey.3®° Of
these 36 locations we identified the locations of greatest risk of flooding and earthquake and assessed the
risk of a loss of containment event at that facility due to a natural disaster. If the risk was significant, we
would have assessed the risk from these natural disasters at other sites with slightly lesser risk. However,
we found that the risk of natural disasters was minor compared to accidents, so this analysis was not
performed.

6.4.3 Irreducible Uncertainty Prevents an Accurate Prediction of Absolute Risk

Humans are an integral component of every laboratory, however, humans are prone to making mistakes
due to carelessness, haste, tiredness or unfamiliarity with validated procedures. In most complex systems,
the physical systems (fans, valves, filters, alarms) are demonstrated to fail much less often than the
humans operating the systems and interpreting the alarms these systems make when an error occurs. The
only human reliability data found directly related to work in a containment laboratory are studies of
decontamination (when removing gloves or washing hands). Much of the data on human reliability comes
from the transportation, chemical and nuclear sectors and this study had to analogize to interpret human
error rates to laboratory situations. Because of the absence of data, in this risk assessment some
conservative assumptions were made that prevent the accurate estimation of absolute risk. None of these
assumptions affect the relative risk of an accident with a modified pathogen compared to a wild type and
so the comparative risk assessment still holds.

Conservative assumptions made include:

39 FEMA, National Flood Hazard Layer Map (Official), accessed in June, 2015 at
http://fema.maps.arcgis.com/home/webmap/viewer.html?webmap=che088e7c8704464aa0fc34eb99e7f30.
360 USGS, US Seismic Design Maps, accessed in June, 2015 at http://earthquake.usgs.gov/designmaps/us/application.php
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e When a skill error (a slip) happens with a sharp object (scissors, typically) during a necropsy, the
assumption is that the slip results in a cut through the worker’s glove(s). There are no data on the
relative number of errors during necropsy that result in damage to the specimen, dropping of the
instrument or any other inconsequential failure compared to breaches in the gloves, therefore this
assumption was made to conservatively maximize risk,

e When a splash happens when working with pathogen (for example a contaminated pipette tip
skipping over the top of a well), the splash is assumed to land on the worker’s hands and not the
hood or any part of the clothes or body unlikely to contact the worker’s face or others outside the
laboratory. There are no data on distribution of drops from laboratory accidents on this scale so
the assumption of contamination on the gloves was made to conservatively maximize risk,

e When a worker contaminates their hands by any pathway, the contamination is assumed to be on
the fingertips because this part of the hand is mostly likely to contact a contaminated surface.
This is a conservative assumption because the fingertips are the only part of the hand to permit a
self-inoculation (in the eye or nose) to maximize risk,

e When gloves fail, they are assumed to fail on the fingertips because these parts of gloves are the
most prone to failure. Note that this assumption forces the point of contamination and glove
failure to be coincident, which maximizes risk,

e When an accident the worker directly caused leads to the generation of an aerosol (like the spill
of a viral stock), the assumption is made that the worker inhales all of the aerosolized pathogen
because they are nearest to the most concentrated part of the spill (assuming that the aerosol
reaches equilibrium in the room does not account for the fact that the worker was relatively close
to the source).

6.4.4 Relative Probability of Laboratory Acquired Infections

The approach used in this risk assessment predicts that a variety of accidents, when combined with human
or equipment failures, lead to laboratory acquired infections from work with the GoF pathogens. For
seasonal influenza, most laboratory acquired infections are the result of aerosols accidentally generated by
spills or centrifuge accidents, while a minority are caused by contamination of the hands during necropsy,
cell culture, or via an animal bite. For pandemic influenza, because of the additional respiratory protection
used under BSL-3 conditions, events that contaminate the hands cause slightly less than half of the
laboratory acquired infections, while the rest are caused by aerosols. In avian influenza laboratories, the
vast majority of infections are those of wild birds contaminated by the accidental discharge of
incompletely decontaminated solid waste. Less than 10% of the accidental infections caused in avian
influenza laboratories are in the human workers. For the coronaviruses, even though additional respiratory
protection is worn under BSL-3 conditions, most infections are caused by aerosol exposure because other
routes are unlikely to cause an infection. Although this analysis produces a robust estimate of relative risk
in a variety of informative ways, the data used are insufficient to predict absolute risk. A separate method
is used to support a rough estimate of absolute risk in Section 6.8.

In sum, the analysis of these release pathways enables the estimation of the relative risk of working with
the GoF pathogens and how the change of any phenotype would alter this risk. Table 6.2 shows the
relative probability (compared to work with seasonal influenza) of a laboratory acquired infection (that
produces some hazard of a causing a local outbreak) when working with the various pathogens considered
in this study. Our analysis considers that vaccination of laboratory workers could reduce the chance of a
laboratory infection and that antivirals could be given prophylactically if a high risk exposure event
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occurs. Moreover, health monitoring and isolation protocols would greatly reduce the chance that a
worker mingles with the general population, causing secondary cases and sparking an outbreak. In this
section, these factors are always considered when examining the pathways that lead to a laboratory
acquired infection, because if the infected worker poses no hazard to the population, the consequences of
the accident end with that person.

Table 6.2. Relative Probability of a Laboratory Acquired Infection for the Various Pathogens Considered

in This Study as Compared to Work with Seasonal Influenza

Pathogen Biosafety Level Relative Probability of an LAI*
Seasonal influenza virus BSL-2 1 (defined)
Pandemic influenza virus BSL-3 0.10 (0.07-0.15)
Avian influenza virus BSL-3 0.43 (0.21-0.90) (mostly of birds)
SARS-CoV BSL-3 0.03 (0.02-0.04)
MERS-CoV BSL-3 0.01 (0.006-0.02)
These data are generated by comparing the sums of the frequency of infection from all loss of containment
pathways for each pathogen. In this case, we use the term laboratory acquired infection to include an infection of
wild birds to capture the comparative risk of working with avian influenza viruses. The numbers in the
parenthesis are the results from the p5 and p95 outputs of the Monte Carlo analysis.

The irreducible uncertainty in the pathways that lead from laboratory incidents to infections of wild birds
with avian influenza is evident in these results. As will be described below, if infected material leaves the
laboratory, it is assumed that wild birds will access it at the dump because there is no way to estimate
what percent of bags are accessed by birds in a dump. The estimate here is therefore conservative but,
even with the uncertainty provided, suggests that the probability of a wild bird becoming infected in a
laboratory accident with avian influenza is roughly equivalent (within an order of magnitude) to the
probability a person will be infected by a laboratory accident involving seasonal influenza. In contrast, the
risk of an accident leading to an infection with any other pathogen is roughly one (for pandemic
influenza) or two orders of magnitude less (for the coronaviruses).

The sections that follow explore the various pathways that lead from a laboratory accident to a laboratory
acquired infection for each of the pathogens examined. The relative probability of laboratory acquired
infections when working with pathogens with GoF phenotypes compared to the work with wild type
pathogens is described.

6.4.4.1 Laboratory Acquired Infections and Seasonal Influenza

When working with seasonal influenza under BSL-2 conditions, the accidental generation of aerosols
produces the majority of laboratory acquired infections because no personal respiratory protection is worn
(and the agent is extremely infectious). Only a small minority of accidental infections are caused by the
contamination of the hands. Figure 6.14 shows the various accident pathways that contribute to the
probability of a laboratory acquired infection. Data in these figures comes from comparing the total
frequencies of laboratory acquired infections, which in turn is derived from the predicted frequency of
exposure events with various pathogen amounts as calculated by the Fault Tree Models. Comparing the
51, 50" and 95" percentile®! of our Monte Carlo simulations suggests that changes in risk of less than a
factor of two are not that significant because the total probability of an infection from any cause changes

31 Recall that the p50 is the median result, whereas the p95 is the result in which 95% of all results have a smaller value, and
the p5 is the result in which 5% of all results have a smaller value.
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by this much between the samples (relative to the p50, the p5 is 2.3-fold less and the p95 is 1.6-fold
greater). In terms of the incidents that contribute to the probability of infection, the 5 and 95" percentile
results are similar to the p50 but the fomite-based pathways contribute to the infections slightly more
frequently (splashes cause from 0.5 to 3% of infections and cuts cause from 0.8% to 10% of infections
depending on the sample).

Seasonal Flu - 50th Percentile
Splash--Cell
Culture

Centrifuge
Accident

Figure 6.14. A pie chart showing how the various accident pathways contribute to the total probability of a
laboratory acquired infection for seasonal influenza. Solid colored sections are fomite-based hazards, hatched
sections are aerosol-based hazards and stippled sections are both fomite- and aerosol-based hazards. The
median result of the Monte Carlo analysis is shown.

Some of the GoF phenotypes could affect risk of a laboratory infection (Table 6.3). Viruses that grow to a
high titer could increase the dose received by a victim via an aerosol or fomite-based exposure and
approximately double the chance of a laboratory acquired infection if cultures with these high titers are
routinely manipulated. That being said, many strains of seasonal influenza already grow to a titer of
1E8/ml and increasing this titer may not be desirable or scientifically achievable. The strain could be
made antiviral resistant, which would vitiate providing antivirals after a high-risk exposure. Similarly, the
strain could be made to evade the protection afforded by vaccines. Because seasonal influenza is already
adapted to humans, this GoF phenotype is not relevant for this pathogen. Table 6.3 shows the relative
increase in the probability of a laboratory acquired infection predicted if modified strains of seasonal
influenza are created. As titer increases, splashes begin to contribute more to the risk of a laboratory
acquired infection, but still contribute less than 20% of the total risk (not shown).
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Table 6.3 Increase in the Probability of a Laboratory Acquired Infection

Associated with GoF Phenotypes in Seasonal Influenza

Phenotype Increase in Probability of a LAI
Evasion of vaccines +50%
Antiviral resistance +40%
Growth to 1E9/ml +100%
Growth to 1E10/ml +140%
Adaptation to humans N/A

6.4.4.2 Laboratory Acquired Infections and Pandemic Influenza

When working with pandemic influenza under BSL-3 conditions, the accidental generation of aerosols
produces the majority of laboratory acquired infections even though personal respiratory protection is
worn. About 20% of accidental infections are caused by the contamination of the hands. This finding
holds across the p5 and p95 samples (although in the p95 the fomite-pathways contribute to ~30% of risk)
Figure 6.15 shows the various accident pathways that contribute to the probability of a laboratory
acquired infection.

Pandemic Flu - 50th Percentile

Animal Bite
Cut During
Necropsy

Figure 6.15. A pie chart showing how the various accident pathways contribute to the total probability of a
laboratory acquired infection for pandemic influenza. Solid colored sections are fomite-based hazards,
hatched sections are aerosol-based hazards and stippled sections are both fomite- and aerosol-based hazards.
The median result of the Monte Carlo analysis is shown.

Some of the GoF phenotypes could affect risk of a laboratory infection. Viruses that grow to a high titer
could increase the dose received by a victim via an aerosol or fomite-based exposure. The strain could be
made antiviral resistant, which would vitiate providing antivirals after a high-risk exposure. Similarly, the
strain could be made to evade the protection afforded by vaccines. Because pandemic influenza is already
adapted to humans, this GoF phenotype is not relevant for this pathogen. Table 6.4 shows the relative
increase in the probability of a laboratory acquired infection predicted if modified strains of pandemic
influenza are created. Enhancing the growth of pandemic strains to achieve titers of 1E9 or 1E10/ml can
significantly increase the risk that a laboratory acquired infection would occur because the exposures that
drive risk are normally very low. That being said, some strains of pandemic influenza already grow to a
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titer of LE8/ml and increasing this titer may not be desirable or scientifically achievable. Increasing the
maximum titer of poor growing strains to 1E8/ml simply allows these strains to approach the risk
modeled for the more robust strains.

Table 6.4 Increase in the Probability of a Laboratory Acquired Infection

Associated with GoF Phenotypes in Pandemic Influenza

Phenotype Increase in Probability of a LAI
Evasion of vaccines +50%
Antiviral resistance +40%
Growth to 1E9/ml +90%
Growth to 1E10/ml +520%
Adaptation to humans N/A

6.4.4.3 Laboratory Acquired Infections and Avian Influenza

When working with avian influenza under BSL-3 conditions, the accidental release of improperly
decontaminated solid waste drives the risk of an accidental infection, albeit of a wild bird, not a human. In
these cases, the operator committed an error, such as packing the autoclave too tightly with bedding-
containing cages or carcasses such that the steam did not penetrate into all parts of the waste.
Alternatively, the operator could run an improper cycle such that the temperature was not reached for the
required length of time. The waste then enters the solid waste stream and is dumped, whereupon wild
birds (like gulls that frequent garbage dumps) access the infectious material and are infected. Data is
lacking to determine the percent of waste containers actually accessed by gulls, or even how an outbreak
would unfold if gulls that live in garbage dumps were infected; however, the analysis assumes that an
avian outbreak would occur with attendant human infections and deaths from exposure to infected wild or
domestic birds. Direct infections of workers in the laboratory represent less than 25% of the probability of
an infection. Figure 6.16 shows the various accident pathways that contribute to the probability of a
laboratory acquired infection.
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Figure 6.16. A pie chart showing how the various accident pathways contribute to the total probability of a
laboratory acquired infection for avian influenza (including infections of wild birds). Both solid waste
pathways infect wild birds only, and not humans. Solid colored sections are fomite-based hazards, hatched
sections are aerosol-based hazards and stippled sections are both fomite- and aerosol-based hazards. The

median result of the Monte Carlo analysis is shown.

The differences between the p50 and p5 result illustrate some of the significant uncertainty of the causes
of accidents when working with avian influenza viruses (Figure 6.17). Although the pathways that lead to

infection of a laboratory worker (compared to a bird) begin to contribute more to the probability of

accidents, these pathways still contribute to a minority of infections.

Avian Flu - 5th Percentile

Spill

Solid Waste--
Litter

¥ Solid Waste--
Carcass

Centrifuge Accident

Cut During Necropsy

Figure 6.17. A pie chart showing how the various accident pathways contribute to the total probability of a
laboratory acquired infection for avian influenza (including infections of wild birds) for the p5 result of the
Monte Carlo analysis. Both solid waste pathways infect wild birds only, and not humans. Solid colored

sections are fomite-based hazards, hatched sections are aerosol-based hazards and stippled sections are both

fomite- and aerosol-based hazards.
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Some of the GoF phenotypes could affect risk of a laboratory infection. Viruses that grow to a high titer
could increase the dose received by a victim via an aerosol or fomite-based exposure. The strain could be
made antiviral resistant, which would vitiate providing antivirals after a high-risk exposure. Similarly, the
strain could be made to evade the protection afforded by vaccines. If the strain were adapted to humans,
we assume it would poorly infect birds but would greatly decrease the infectious dose in humans. Table
6.5 shows the relative increase in the probability of a laboratory acquired infection predicted if modified
strains of pandemic influenza are created. No GoF phenotype increases the risk that an accidental
infection occurs with the avian influenza viruses, because so much of the risk of an accidental infection
wild type pathogen is driven by the infection of birds from solid waste (all the GoF phenotypes affect the
human health risk). In fact, adapting the strain to humans DECREASES the probability that a laboratory
accident will lead to an infection of an animal or person by 30% because although the strain is more likely
to infect a person, it is much less likely to lead to a dangerous outbreak in birds, which can sicken much
more than a handful of laboratory workers. Note, because this analysis considers one GoF trait at a time,
the adaptation to humans is assumed to create a strain that is more infectious in humans but not alter its
transmissibility.

Table 6.5 Increase in the Probability of a Laboratory Acquired Infection

Associated with GoF Phenotypes in Avian Influenza

Phenotype Increase in Probability of a LAI
Evasion of vaccines +11%
Antiviral resistance +8%
Growth to 1E9/ml +20%
Growth to 1E10/ml +120%
Adaptation to humans -30%

Figure 6.18 shows the accident pathways that lead to human infections for avian influenza strains adapted
to infect humans (instead of birds).
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Figure 6.18. A pie chart showing how the various accident pathways contribute to the total probability of a
laboratory acquired infection for avian influenza adapted to infect humans. Solid colored sections are fomite-
based hazards, hatched sections are aerosol-based hazards and stippled sections are both fomite- and aerosol-
based hazards. The median result of the Monte Carlo analysis is shown.

6.4.4.4 Laboratory Acquired Infections and Coronaviruses

When working with the coronaviruses under BSL-3 conditions, the accidental generation of aerosols
produces the vast majority of laboratory acquired infections even though personal respiratory protection is
worn. Working with infected animals poses minimal risk because mouse adapted strains poorly infect
human cells due to changes in the spike protein. Figure 6.19 shows the various accident pathways that
contribute to the probability of a laboratory acquired infection, the p5 and p95 results from the Monte
Carlo analysis are similar (not shown).
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Figure 6.19. A pie chart showing how the various accident pathways contribute to the total probability of a
laboratory acquired infection for SARS-CoV (the chart for MERS-CoV is very similar). Solid colored
sections are fomite-based hazards, hatched sections are aerosol-based hazards and stippled sections are both
fomite- and aerosol-based hazards. The median result of the Monte Carlo analysis is shown.

Only one of the GoF phenotypes could affect risk of a laboratory infection. Viruses that grow to a high
titer could increase the dose received by a victim via an aerosol or fomite-based exposure. Because the
coronaviruses are already adapted to humans, and because there are no countermeasures in use for
protecting against infections with this pathogen, other GoF phenotypes are not relevant for this pathogen.
Table 6.6 shows the relative increase in the probability of a laboratory acquired infection predicted if
modified strains of the coronaviruses are created. Enhancing the growth of the coronaviruses to achieve
titers of 1E9 or 1E10/ml can significantly increase the risk that a laboratory acquired infection would
occur because the exposures that drive risk are normally very low. Under these circumstances,
contamination of the hands beings to significantly drive risk, growing to cause about 20% of all
laboratory infections for strains that grow to 1E10/ml (not shown). That being said, SARS- and MERS-
CoV already grow to a titer of 1E8/ml, and increasing this titer may not be desirable or scientifically
achievable.

Table 6.6 Increase in the Probability of a Laboratory Acquired Infection Associated

with GoF Phenotypes in the Coronaviruses

Phenotype Increase in Probability of a LAI
Evasion of vaccines N/A
Antiviral resistance N/A
Growth to 1E9/ml +260% (SARS-CoV), +160% MERS-CoV
Growth to 1E10/ml +860 (SARS-CoV), +550% (MERS-CoV)
Adaptation to humans N/A
*N/A marks a phenotype not applicable to the coronaviruses
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6.4.4.5 Effect of various research conditions on risk on probability of loss of containment
6.4.4.5.1 Effect of changing the biosafety level when working with GoF pathogens

This section describes how changing the biosafety level of the laboratory in which GoF pathogens are
manipulated changes risk. All GoF pathogens except for seasonal influenza are manipulated at BSL-3
containment at least. Increasing the containment level of seasonal influenza decreases the probability of a
laboratory acquired infection by three-fold, which, notably, would partially compensate for the increases
in risk caused by the riskiest GoF phenotypes. For all but avian influenza, the increase or decrease in risk
is caused by the addition or elimination of personal respiratory protection (such as PAPRs). For avian
influenza, fewer mistakes need to be committed to release infected solid waste at BSL-2 than BSL-3
leading to an increase in the frequency of infections of wild birds.

Table 6.7. Change in the Probability of a Laboratory Acquired Infection (LAI) for Changes in the

Containment Level Required for Manipulating the GoF Pathogens

Pathogen

Change in BSL

Change in Probability of an LAI

Seasonal influenza

Increase from BSL-2 to BSL-3

3-fold decrease

Pandemic influenza

Decrease from BSL-3 to BSL-2

3.5-fold increase

Avian influenza

Decrease from BSL-3 to BSL-2

110-fold increase

SARS-CoV

Decrease from BSL-3 to BSL-2

Less than 2-fold increase

MERS-CoV

Decrease from BSL-3 to BSL-2

Less than 2-fold increase

In contrast, if any of the other GoF pathogens were manipulated under BSL-2 conditions instead of BSL-
3, the probability of a laboratory acquired infection would, unsurprisingly, increase, although this increase
is small for the coronaviruses. This analysis suggests that work on influenza viruses in parts of the world
with less stringent biosafety standards than the US could be expected to have up to an order of magnitude
more accidents resulting in an infection.

6.4.4.5.2 Factors That Influence the Probability of Accidents with Seasonal Influenza Virus

To understand which laboratory features and practices influence the probability of a laboratory acquired
infection with the risk of causing an outbreak, a sensitivity analysis was performed in which the values of
any parameter were set to the lowest or highest level while all other parameter values were allowed to
vary as normal. The results of this sensitivity analysis for seasonal influenza at BSL-2 are shown in the
one-sided tornado plot in Figure 6.20 wherein the width of the boxes shows the increase in the probability
of an infection if the parameter is set from its value that minimizes the probability to the value that
maximizes it.
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Figure 6.20. A one-sided tornado plot that shows the increase in the probability that a laboratory accident
with seasonal influenza virus would lead to an infected individual mingling with the community. The left side
of each box (set to one) represents that value of that parameter that minimizes this probability, whereas the
right side is the value that maximizes this probability.

The most influential features that influence the risk of an infection occurring and that worker posing a risk
to the community is the behavior of that worker. Maximizing the probability that a worker will not
properly report a high-risk exposure can increase the probability of a dangerous infection by a three-fold.
Similarly, maximizing the chance that a worker violates isolation protocols after an overt exposure can
increase risk by seven-fold. For this reason, extensive training on the benefit of reporting, health
monitoring and isolation could increase compliance and greatly reduce risk. No other parameter is very
influential (partially because respirators are not worn in BSL-2).

6.4.4.5.3 Factors That Influence the Probability of Accidents with Pandemic Influenza Virus
The results of the sensitivity analysis for pandemic influenza at BSL-3 are shown in the one-sided tornado

plot in Figure 6.21. The width of the boxes shows the increase in the probability of an infection if the
parameter is set from its value that minimizes the probability to the value that maximizes it.
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Figure 6.21. A one-sided tornado plot that shows the increase in the probability that a laboratory accident
with pandemic influenza virus would lead to an infected individual mingling with the community. The left
side of each box (set to one) represents that value of that parameter that minimizes this probability, whereas
the right side is the value that maximizes this probability.

The most important practice of reducing the probability of a dangerous infection with pandemic influenza
is the isolation of possibly infected workers (poor isolation practices increase the risk of an infection by
four-fold). Similarly, poor reporting of exposure can more than double the probability of a double
infection. Failure to double glove can more than double the probability of an infection, whereas poorly
functioning or fitted respirators can nearly double this probability.

6.4.4.5.4 Factors That Influence the Probability of Accidents with Avian Influenza Virus

The results of the sensitivity analysis for avian influenza at BSL-3 are shown in the one-sided tornado
plot in Figure 6.22 wherein the width of the boxes shows the increase in the probability of an infection if
the parameter is set from its value that minimizes the probability to the value that maximizes it. No
feature or practice in the assessment conducted influences the probability of a dangerous infection by
more than 1.5-fold, which makes sense because most of the risk is driven by errors in solid waste
processing.
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Figure 6.22. A one-sided tornado plot that shows the increase in the probability that a laboratory accident

with avian influenza virus would lead to an infected individual mingling with the community. The left side of

each box (set to one) represents that value of that parameter that minimizes this probability, whereas the

right side is the value that maximizes this probability.

6.4.4.5.5 Factors That Influence the Probability of Accidents with Coronaviruses

The results of the sensitivity analysis for the coronaviruses at BSL-3 are shown in the one-sided tornado
plot in Figure 6.23 wherein the width of the boxes shows the increase in the probability of an infection if

the parameter is set from its value that minimizes the probability to the value that maximizes it.
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Figure 6.23. A one-sided tornado plot that shows the increase in the probability that a laboratory accident
with SARS-CoV would lead to an infected individual mingling with the community. The left side of each box
(set to one) represents that value of that parameter that minimizes this probability, whereas the right side is
the value that maximizes this probability.

Three practices have a significant influence on the probability that an infection occurs and the worker
mingles with the community. Firstly, failure to double glove can increase the probability by up to four-
fold. From the same exposure pathways, poor hand washing can increase the probability by nearly 50-
fold. These findings demonstrate that worker education and training on proper techniques for reducing
hand contamination may significantly reduce risk of working with the coronaviruses. Also, poor
adherence to isolation protocols can increase the probability that an infected worker mingles with the
population by ten-fold. Once again, training on the importance of health monitoring and isolation could
greatly reduce risk.

The results for MERS-CoV follow the same overall trends, and are shown in Figure 6.24, below.
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Figure 6.24. A one-sided tornado plot that shows the increase in the probability that a laboratory accident
with MERS-CoV would lead to an infected individual mingling with the community. The left side of each box
(set to one) represents that value of that parameter that minimizes this probability, whereas the right side is
the value that maximizes this probability.

6.4.4.5.6 Importance of Laboratory Worker Training

By far, the most critical driver of the probability of a dangerous infection is the behavior of workers
themselves. As discussed above, the probability that a worker reports a high risk exposure or adheres to
isolation protocols can significantly influence the probability that an infected worker would mingle with
the population. However, the probability that a worker would carelessly or forgetfully cause the incident
in the laboratory is the most influential factor on risk. Figure 6.25 shows the relative influence of
parameters influencing human error rates in the laboratory against all other parameters investigated. In
this instance, all nodes in the fault trees that were based on the probability of a human error occurring had
their failure probabilities (i.e., the probability a mistake is committed) simultaneously set to their
maximum or minimum values. Only human errors that occur within the laboratory leading to an accident
were considered; the probabilities of human errors occurring after an incident occurs, such as failures to
report incidents or remain in isolation, were unchanged in this analysis. From this figure, human error
rates can influence the probability of an infection by more than 100-fold (whereas the next most
influential parameter for seasonal influenza changes this probability by nearly tenfold). Across all
pathogens studied, human error rates in the laboratory this type of parameter influence the probability of a
dangerous infection from 100-1,000-fold (data not shown).
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Figure 6.25. A one-sided tornado plot that shows the increase in the probability that a laboratory accident
with seasonal influenza would lead to an infected individual mingling with the community. The left side of
each box (set to one) represents that value of that parameter that minimizes this probability, whereas the
right side is the value that maximizes this probability. The x-axis is on a log scale.

This analysis reflects both aleatoric and epistemic uncertainty. That is, data are lacking on how often
humans will make mistakes of a variety of kinds in a biological laboratory (epistemic uncertainty).
However, even if relevant observational data were available to inform these human error rates, significant
aleatoric uncertainty would remain. That is, laboratory workers are humans and some humans are more
prone than others to errors due to carelessness, unfamiliarity with protocols, distraction, or stress. Many
who have experience working in a microbiology laboratory could identify co-workers with whom no one
would share reagents due to the perception that the co-worker would contaminate or otherwise
compromise the reagent. Aleatoric uncertainty will always exist because at any given time, it is unknown
which type of person will be working in the laboratory (and what stresses they will be under). This
analysis suggests that efforts to reduce stressors on workers could significantly improve laboratory safety.
Also, measures to identify and re-train workers that are prone to carelessness or forgetfulness may have
similar benefits. Moreover, as described by the laboratory safety stakeholders we interviewed, efforts to
“train-in” to a BSL-3 laboratory by first demonstrating competence and mastery of protocols in a BSL-2
laboratory could significantly improve safety. Lastly, some stakeholders mentioned that dedicated
professionals handle some sensitive laboratory protocols, such as the operation of autoclaves, to reduce
the probability of the release of contaminated materials. Such practices would also significantly improve
safety.

6.5 Consequences of an Outbreak Caused by an Avian Influenza Strain That Is Not
Transmissible in Mammals

As discussed in the methods, we are unable to adequately model the human health consequences of an
outbreak of an influenza virus that is not transmissible amongst people but is maintained in birds. Our
simple models, based on the characteristics of past avian influenza outbreaks, suggest that an average of
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100 people would die and 1,000 people would be clinically ill from contact with infected wild birds or
poultry.

Most GoF phenotypes would not affect risk (clearly, if the strain were made transmissible in mammals,
risk could change greatly as explored in Section 6.7 below). Enhanced growth in culture would not affect
the outbreak unless this trait was related to pathogenicity or infectiousness. Ability to overcome immunity
would not increase risk because most humans have no prior immunity from exposure to avian strains and
novel vaccines are not stockpiled in quantity for an outbreak of influenza that is not human transmissible.
Resistance to antivirals is of minimal risk because some wild type strains of avian influenza are already
resistant and antivirals at most would reduce the number of deaths by half (and the role of antivirals in
preventing onward transmission is moot).

No prediction was able to be made on how adaptation to a mammalian host, which could reduce the
median infectious dose, affects risk. The infectious dose of any given strain of avian influenza in humans
is unknown as is the dose to which past victims had been exposed to. It is possible that upon exposure to
an infected bird, a human receives either a large dose or no dose at all (if, for example, infection is
generally caused by inoculation with a globule of infected feces that could contain billions of active virus
particles). In this case, a reduction of the median infectious dose would minimally affect risk. Conversely,
many people could be exposed to very low doses and not become infected; if the infectious dose
decreased perhaps all these people would develop illness.

In a simple way, the effect of an increased case fatality rate on risk can be made. Figure 6.26 shows the
human deaths predicted to occur from an outbreak of wild type avian influenza, an outbreak caused by a
strain that causes an illness with half the rate of survival of wild type avian influenza, and an outbreak that
causes an illness caused by a strain with quarter the rate of survival of wild type avian influenza.
Decreases in rates of survival must be modeled instead of increases in death rates because the fatality rate
could be as high as 50% in some wild type strains. Outbreaks of wild type avian influenza are predicted to
cause about 100 deaths, and very few outbreaks would cause up to 500 deaths. If a strain were modified
to decrease the survival rate in victims by half, the outbreaks cause about 300 deaths on average, but up to
700 deaths in rare cases. If a strain were modified to decrease the survival rate in victims by a quarter, the
outbreaks cause about 500 deaths on average, but up to 900 deaths in rare cases. This analysis presumes
that the most pathogenic strains of avian influenza have an inflated case fatality rate due to the under-
reporting of mild cases. If the case fatality rate of the most pathogenic strains of avian influenza is truly
50% then increasing this trait would not make the strain much more dangerous.
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Figure 6.26. The number of outbreak simulations (out of 1,000 per condition) resulting in a number of deaths
for wild type avian influenza and strains modified to be more pathogenic. Outbreaks of wild type avian
influenza are in blue, outbreaks of a strain that causes disease with half the survival rate of wild type avian
influenza are in orange, and outbreaks of a strain that causes disease with quarter the survival rate of wild
type avian influenza are in grey.

That being said, the state of modeling of avian influenza outbreaks in human populations is very
rudimentary, so confident predictions of the risk of modified avian influenza strains in human populations
is currently impossible. Additional data on the risk factors that lead to human infection, the life cycle of
disease in its various avian hosts and factors that relate the biology of the virus to the pathology in the
various hosts is needed to improve modeling of this infectious disease.

6.6 Risk of an Outbreak Escaping Local Control of Pathogens That Are Transmissible in
Mammals

After an outbreak is initiated, the GoF phenotype of enhanced growth characteristics in culture or eggs no
longer has any influence on risk. If this phenotype also increases transmissibility in humans, then the
models capture changes in risk through those parameters. Pathogenicity is indirectly captured in the
probability that an outbreak escapes local control. That is, the strength of public health control measures
and social distancing exerts a critical influence on the probability that an outbreak escapes local control,
which is assumed to be stronger when the outbreak is causing significant mortality than when the
outbreak resembles a typical influenza season. Pathogenicity directly influences consequences in terms of
the number of deaths that occur should an outbreak not escape local control (if the outbreak escapes, then
the consequences will be dominated by the global deaths summed across all regions, not the deaths in one
community). Ability to overcome immunity induced by vaccination is not relevant because a matched
vaccine will not be available in quantity in time to respond to the initial outbreak.

Antivirals have never been dispensed to address a nascent outbreak of influenza, and public health
authorities interviewed have no concrete plans for the use of antivirals in an outbreak arising from a local
laboratory. For this reason, we do not know if, in the case of a laboratory-associated outbreak, antivirals
would be mass dispensed to the entire outbreak area, if they would be distributed to all contacts of an
infected person, or if they would just be given to the infected individuals. Moreover, some strains of
influenza are naturally resistant to antivirals, and we do not know which strain would be involved in an
outbreak. For these reasons, antivirals were not included in the branching process model. Because data
exists on how antivirals are used in the context of an ongoing global pandemic of influenza, antivirals are
included in the global influenza models described in Section 6.11, below. Similarly, antivirals can be
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given upon high-risk exposures in the laboratory to prevent the onset of illness or reduce transmissibility
if an infection occurs, as described in Section 6.4.

All of the figures shown assume that just one person is initially infected. These events dominate risk
because they are much more likely to occur and have similar consequences to events that initially infect
multiple people. As discussed in Figure 6.27 below, increasing the number of initially infected at most
increases the probability of a global pandemic by ten-fold. However, events that lead to a single initial
infection are more than 100-fold more likely to occur.

Even if an infected person mingles with the local population, secondary infections in the population are
not guaranteed. In fact, for some poorly transmissible pathogens (or the coronaviruses that have a high
variance in transmissibility), in most cases no secondary cases are caused just by chance. Figure 6.27
shows the relationship between transmissibility and the percent of outbreaks that create at least one
secondary infection for the influenza viruses and the coronaviruses. When a single person infected with
seasonal influenza mingles with the population, another person is infected just half the time (and this
probability increases modestly as Ro increases). In contrast, when a single person infected with a SARS-
like disease mingles with the population, at least one secondary case is caused only 30% of the time,
which is expected given the high variance of the transmissibility of that disease. If two infected people
mingle with the population, the chances that at least one secondary infection is caused increases. Perhaps
most importantly, as transmissibility increases dramatically, the probability of at least one secondary
infection increases only modestly, by less 15% for an increase in Ry of one (except for very low values of
Ro). The chance that an infected person does not cause any secondary infections is integrated into the
analysis of outbreaks escaping local control described below.

Probability of 1 Index Lab Worker Probability of 2 Index Lab Workers
Causing at Least One Secondary Case

Causing at Least One Secondary Case
T A —

Probability of at Least One Secondary Case

x

Figure 6.27. The probability that at least one secondary infection is caused by one (left panel) or two (right
panel) infected people mingling with the population for various wild type and enhanced viruses. The Ros used
in this figure are 0.1-0.2 for wild type avian influenza, 0.2-1.0 for enhanced avian influenza, 1.0-1.2 for
enhanced avian influenza+, 1.2-1.4 for wild type seasonal influenza (this value also captures 1918 H1IN1
pandemic influenza in a modern population), 1.4-1.9 for wild type pandemic influenza (specifically strains for
which our population has little residual immunity), 1.9-2.2 for enhanced pandemic influenza, 2.2-2.5 for
enhanced pandemic influenza+, 0.4-0.6 for wild type MERS-CoV, 0.8-1.2 for wild type SARS-CoV low, 1.2-
1.6 for wild type SARS-CoV high, 1.6-1.9 enhanced SARS-CoV, 1.9-2.2 enhanced SARS-CoV+, 2.2-2.5 for
enhanced SARS-CoV++. “Error bars” show the range of results across 80% of the parameter values explored
in the analysis (the parameter values that cause the highest and lowest 10% of results are not represented). In
this figure, “pandemic flu” is used to describe those pandemic influenza strains against which the population
has little immunological memory (e.g., 1957 H2N2 pdm) whereas 1918 H1IN1 pdm is as transmissible as a
seasonal influenza strain due to recent exposure of the population to the 2009 HIN1 pdm and more recent
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seasonal strains (See Supplemental Information - Protection against Infection with 1918 HIN1 Pandemic
Strain).

6.6.1 Effect of Enhanced Transmissibility in Mammals on Risk of an Outbreak Escaping Local
Control

Transmissibility has a significant influence on the chance that an outbreak would escape local control for
all GoF pathogens.

6.6.1.1 Seasonal Influenza

If a single person is initially infected by a loss of containment event with a seasonal influenza strain that
has not circulated recently and the infected person mingles with the general population, stochastic forces,
and control measures still cause the outbreak to extinguish the vast majority of the time. The tornado plot
in Figure 6.28 illustrates how a variety of parameters influence the probability that an outbreak would
escape local containment (the wider the box, the more influence that parameter value has on the outbreak
escaping local control). This figure shows that an outbreak caused by a single infection with wild type
seasonal influenza virus has a 20% chance of escaping local control. Of wild type strains, those with the
highest Ro values (1.4) have up to a 30% chance of escaping local control. If transmissibility were
increased even further (to 2.2), the probability of an outbreak escaping local control could more than
double to 60%.

Sensitivity Analysis of Parameters, Seasonal Flu,
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Figure 6.28. A tornado plot showing how values of modeling parameters affect the probability that an
outbreak of seasonal influenza would escape local control if a single person were initially infected (shown on
the Y-axis). Open boxes represent the range of probabilities that an outbreak would escape local control for
all parameter values sampled for the wild type pathogen whereas grey boxes represent possible enhancements
in a GoF strain. The vertical line shows the median result across all parameter values for an outbreak caused
by a wild type strain.

Although the probability of an outbreak escaping local control is sensitive to the transmissibility of the
strain that causes the outbreak, this increase poses a risk only if the creation of a strain with such
properties is feasible. Figure 6.29 shows the relationship between the transmissibility of a seasonal
influenza strain and the probability that a resulting outbreak would escape local control. These data show
that modifying a wild type seasonal influenza strain associated with an average Ro value (1.3) so that it
has the transmissibility associated with an average pandemic influenza strain (1.7) doubles the probability
that an outbreak would escape local control. Also of note, the least transmissible wild type strains (R, of
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1.2) are roughly two-to-three-fold less likely to cause an outbreak that escapes local control as the most
transmissible wild type strains (Ro of 1.4).
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Figure 6.29. The relationship between transmissibility of seasonal influenza virus (as measured by the Ro of
the resulting outbreak) and the probability that an outbreak escapes local control. Grey represents various
manipulations to increase the transmissibility of the virus beyond estimates for wild type strains. The colors
correspond to those represented in the tornado plot in Figure 6.28. “Error bars” show the range of results
across 80% of the parameter values explored in the analysis (the parameter values that cause the highest and
lowest 10% of results are not represented). The error bars reflect the effect of an uncertain k value (the
variance in transmissibility of the disease among those infected) on the probability that an outbreak escapes
local control. For this reason, for any particular k value, the relative increase in the probability that an
outbreak escapes local should mirror the shape of the line given for the median result.

6.6.1.2 Pandemic Influenza

If a single person is initially infected by a loss of containment event with a pandemic influenza strain and
that infected person mingles with the general population, stochastic forces, and control measures still
cause the outbreak to extinguish the majority of the time. Figure 6.30 shows that an outbreak caused by a
single infection with wild type pandemic influenza virus has a 20% chance of escaping local control
(because the transmissibility of 1918 HIN1 pdm is less than that of new seasonal strains due to recent
exposure to 2009 HIN1 pdm, see Supplemental Information - Protection against Infection with 1918
H1N1 Pandemic Strain). However, our population has little residual immunity against the H2 pandemic
strains, so some wild type pandemic strains have up to a 30% chance of escaping local control (the
rightmost portion of the open box). If transmissibility were increased even further (to 2.5), the probability
of an outbreak escaping local control could more than double to 50%.
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Figure 6.30. A tornado plot showing how values of modeling parameters affect the probability that an
outbreak of pandemic influenza would escape local control if a single person were initially infected. Open
boxes represent the range of probabilities that an outbreak would escape local control for all parameter
values sampled for the wild type pathogen whereas grey boxes represent possible enhancements in a GoF
strain. The vertical line shows the median result across all parameter values for an outbreak caused by a wild
type strain.

Figure 6.31 shows the relationship between the transmissibility of a pandemic influenza strain and the
probability that a resulting outbreak would escape local control. These data show that modifying a wild
type pandemic influenza strain associated with an Ro value of a strain against which little population
immunity exists (like H2 strains, Ro of 1.7) so that it has a transmissibility greater than any estimate for
any influenza strain (2.4) merely increases the probability that outbreak escapes control by 50%. If,
however, the local population can sustain robust social distancing throughout the nascent outbreak (for
example, by reducing the number of human contacts they have by half, shown as a community mitigation
of 0.5 in the figure below), these extreme R, values would be required for the outbreak to have any
chance of escaping local control. This finding is intuitively obvious because halving all contacts would
reduce an Ry value of two to an Ry of one, which is required for the outbreak to be self-sustaining. It
should be noted, however, that no experiment performed to date has increased the transmissibility of an
influenza strain more than the most highly transmissible strains, and it is unknown if this result is even
feasible. In contrast, increasing the transmissibility of a poorly transmissible strain (like 1918 HIN1 pdm,
which, due to recent population exposure to antigenically similar HLN1 strains, has a RO closer to 1.2),
can more than double the probability of an outbreak even if little community mitigation is assumed.
Increasing the transmissibility to that of other pandemic strains (by, for example, changing its antigenic
properties) would double the probability of escape, and increasing the transmissibility further could triple
the chance of escape.
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Figure 6.31. The relationship between transmissibility of a pandemic influenza virus (as measured by the RO
of the resulting outbreak) and the probability that an outbreak escapes local control. Grey indicates various
manipulations to increase the transmissibility of the virus beyond estimates for wild type strains. The colors
correspond to those represented in the tornado plot in Figure 6.30. “Error bars” show the range of results
across 80% of the parameter values explored in the analysis (the parameter values that cause the highest and
lowest 10% of results are not represented). The error bars reflect the effect of an uncertain k value (the
variance in transmissibility of the disease among those infected) on the probability that an outbreak escapes
local control. For this reason, for any particular k value, the relative increase in the probability that an
outbreak escapes local should mirror the shape of the line given for the median result.

6.6.1.3 Avian Influenza

Wild type avian influenza virus is insufficiently transmissible in mammals to cause an outbreak that
escapes local control. Figure 6.32 shows how transmissible in people a modified strain of avian influenza
would have to be to escape local control should one laboratorian be initially infected and mingle with the
general population. Unless robust social distancing measures can be implemented throughout the outbreak
(community mitigation 0.5 in the figure below), increasing the transmissibility of an avian influenza strain
in humans to that of seasonal influenza would lead to a local outbreak with about a 10-20% chance of
escaping local control. Given that the wild type strain has no chance of creating an outbreak that escapes
local control (or even one that is made modestly more transmissible) this increase is extremely significant.
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Figure 6.32. The relationship between transmissibility in humans of an avian influenza virus (as measured by
the RO of the resulting outbreak) and the probability that an outbreak escapes local control. Grey points
indicate various manipulations to increase the transmissibility of the virus beyond estimates for wild type
strains. “Error bars” show the range of results across 80% of the parameter values explored in the analysis
(the parameter values that cause the highest and lowest 10% of results are not represented). The error bars
reflect the effect of an uncertain k value (the variance in transmissibility of the disease among those infected)
on the probability that an outbreak escapes local control. For this reason, for any particular k value, the
relative increase in the probability that an outbreak escapes local should mirror the shape of the line given
for the median result.

6.6.1.4 Coronaviruses

If a single person is initially infected by a loss of containment event with SARS-CoV and that person
mingles with the general population, stochastic forces and control measures still cause the outbreak to
extinguish. Figure 6.33 shows that an outbreak caused by a single infection with wild type SARS-CoV
has nearly no chance of escaping local control. The historical outbreaks of coronaviruses reinforce this
finding because although these outbreaks lead to infections in several locations, they did not initiate a
global pandemic because local control of the outbreak was successful in every outbreak location. As
described in the Supplemental Information, most researchers consider the highest estimates for the value
of Ro to be 1.6 for outbreaks caused by wild type SARS-CoV. This value is useful for a biosafety analysis
because it automatically considers the spontaneous, uncoordinated control measures that would occur
until the outbreak is identified. Some researchers have estimated the R to be as great as 3.0 if only the
absolute earliest stage of the outbreak is considered, the strictest meaning of the term Ro.%%? %63 For our
analysis, we have restricted “wild-type” SARS-CoV to Ro values of 1.6 or less, but we also describe how
a higher baseline Ro value affects risk.

362 Lipsitch, M., et al., Transmission dynamics and control of severe acute respiratory syndrome. Science, 2003. 300(5627): p.
1966-70.

363 Wallinga, J. and P. Teunis, Different epidemic curves for severe acute respiratory syndrome reveal similar impacts of
control measures. Am J Epidemiol, 2004. 160(6): p. 509-16.
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As figure 6.33 shows, wild type SARS-CoV have nearly no chance of escaping local control. If we
assume that community mitigation is poor, some outbreaks have up to a 10% chance of escaping local
control.

Sensitivity Analysis of Parameters, SARS, with 1 Lab Workers and 0 Community Members
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Figure 6.33. A tornado plot showing how values of modeling parameters affect the probability that an
outbreak of SARS would escape local control if a single person were initially infected. Open boxes represent
the range of probabilities that an outbreak would escape local control for all parameter values sampled for
the wild type pathogen (assuming the Ro value does not exceed 1.6) whereas grey boxes represent possible
enhancements in a GoF strain (or greater values for the Ro for the wild type). The vertical line shows the
median result across all parameter values for an outbreak caused by a wild type strain.

Wild type MERS-CoV is not transmissible enough to cause an outbreak to escape local control. Should a
MERS-CoV be modified to be as transmissible as SARS-CoV, then its probability of escaping local
control would be similar.

As transmissibility of SARS-CoV increases, the probability that an outbreak escapes local control
increases. The relationship between transmissibility and probability of an outbreak escaping is shown in
Figure 6.34. As mentioned above, wild-type SARS-CoV has only a 10% chance of escaping local control
if poor community control is assumed. If transmissibility were increased (to an Ro of 3), the probability of
an outbreak escaping local control could increase significantly to 30%. Increasing the transmissibility
beyond 3.0 to 4.0 has a modest effect on the probability of escape (increasing from 30% to 38%, or
roughly by 30%). In short, if the Ro value of wild-type SARS-CoV is low (Roof 1.6 or less) then
increasing this value can significantly increase risk. If the Rovalue of wild-type SARS-CoV is already
great (Ro of 3.0) then further increases do little to increase risk. The relationship for MERS-CoV is similar
to that shown in Figure 6.34 except that GoF experiments that increase transmissibility must be conducted
for the pathogen to have any chance of creating an outbreak that escapes local control.
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Figure 6.34. The relationship between transmissibility of SARS-CoV (as measured by the RO of the resulting
outbreak) and the probability that an outbreak escapes local control. Grey points indicate various
manipulations to increase the transmissibility of SARS-CoV in humans beyond the highest estimates for the
first few generations of infections caused by the virus (Ro=1.6). We here show the probability of escape of a
SARS-CoV with an Ro of 3.0 as well. “Error bars” show the range of results across 80% of the parameter
values explored in the analysis (the parameter values that cause the highest and lowest 10% of results are not
represented).

6.6.2 Effect of Enhanced Pathogenicity on Risk of an Outbreak Escaping Local Control
6.6.2.1 Pandemic/Seasonal Influenza

All influenza outbreaks that extinguish do so when the outbreak is relatively small. For this reason, even
the most highly pathogenic strains influenza would lead to only a handful of deaths (we predict that even
a 1918-like strain would not result in, on average, even one fatality if the outbreak extinguished locally).
If the outbreak escaped local control and spread throughout the world, vastly more deaths could occur, but
these consequences are assessed in Section 6.11.

Interestingly, an outbreak associated with significant mortality may trigger more robust and prolonged
social distancing, which would greatly decrease the chance that an outbreak would spread beyond local
control. For this reason, an outbreak caused by a strain that is modified to be more deadly may actually
reduce risk, although we cannot quantify how the public will react to a novel outbreak.

6.6.2.2 Avian Influenza

Wild type avian influenza strains are already associated with a high case-fatality rate and so increasing
this rate would probably have little influence on the robustness of a public health response. Moreover,
wild type avian influenza strains are insufficiently transmissible in humans to cause an outbreak that
would escape local control.
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6.6.2.3 Coronaviruses

Infections with wild type SARS- and MERS-CoV is already associated with a relatively high case fatality
rate. Increasing this rate is likely to have little influence on the robustness of social distancing. Also,
because the case fatality rate is already significant, increasing this rate has little influence on the number
of deaths expected. For SARS and MERS outbreaks that start with one person and extinguish locally, we
expect less than ten people to die even if the strain were modified to be more pathogenic.

6.6.3 Effect of Overcoming/Evading Natural/Residual/Innate Immunity on the Probability of an
Outbreak Escaping Local Control

6.6.3.1 Pandemic/Seasonal Influenza

Innate/residual immunity in a population can significantly affect the kinetics of an outbreak of influenza
because prior exposure to recently circulating strains of influenza affords protection against similar
serotypes. The protective value of residual/innate immunity is already accounted for in the effective R,
which is one reason why the RO for seasonal influenza is significantly less than that of pandemic
influenza strains that have not circulate recently (like H2 strains). Figure 6.35, below, shows the relation
between reduction in innate or residual immunity and the probability that an outbreak would escape local
control for given prior immunity values.
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Figure 6.35. The effect of the evasion of innate/residual immunity on the probability of an influenza outbreak
escaping local control. The left hand column in each panel represents the result with the baseline value of
prior immunity. In the left-hand panel, the presumption is that 40% of the population is protected against
infection with a wild type strain of influenza (either seasonal or pandemic, like 1918 HIN1 pdm). Under this
condition the effect on the probability of escape if a strain (with the same Ro value) were able to overcome
most of this residual/innate immunity (so that only 10% of the population were immune) or overcome all
immunity is shown. In the right-hand panel, the presumption is that 10% of the population has immunity to
the wild type strain. Under this condition, the effect on the probability of escape is shown for strains that are
modified to overcome all immunity.
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This analysis demonstrates that the evasion of pre-existing immunity can significantly increase the
probability of an outbreak of influenza escaping local control, by two-to-three-fold, if the population has a
high level of residual immunity (as is likely for seasonal influenza since prior vaccination or illness
provides some protection against new strains and 1918 H1IN1 pdm influenza). Similar to Ry, this
parameter influences the probability of an outbreak escaping by enabling the disease to spread more
quickly (because each contact is more likely to result in an infection). Pre-existing immunity can protect a
significant proportion of the population if the strain released is similar (or identical) to a strain of
influenza that recently circulated, which is one reason why this parameter is highly influential. If the
population exhibited relatively low levels of prior immunity, then evasion of prior immunity has little
influence on consequences (increasing the probability of escape by less than a fifth).

6.6.3.2 Avian Influenza

Because very few humans have been previously exposed to avian subtypes of influenza and because wild
type strains are poorly transmissible in people, residual immunity has essentially no bearing on the
probability that an outbreak would escape local control.

6.6.3.3 Coronaviruses

Because very few humans have been previously exposed to SARS- or MERS-CoV, residual immunity has
essentially no bearing on the probability that an outbreak would escape local control.

6.6.4 Effect of Loss of Containment Pathways on Risk of Loss of Local Control of an Outbreak

The nature of the incidents that could lead to a loss of containment event affect the probability of an
outbreak escaping local control in three ways:

1. Incidents can be covert or overt and faster implementation of control measures is possible with
overt incidents,

2. Incidents can initially infect a laboratory worker or member of the public, and

3. Incidents can infect a single person or multiple people
In this section we explore how the loss of containment pathway affects probability of an outbreak.
6.6.4.1 Overt Versus Covert Incidents

Some incidents are easy to recognize by the public health and laboratory safety communities as having a
very high probability of causing infections outside the laboratory. In the biosecurity assessment, discussed
in Chapter 7, the self-announcing events include mass shootings and bombings of the laboratory. In the
biosafety assessment, the only event that poses a risk of loss of containment that falls into this category is
the earthquake. If an earthquake strikes a laboratory such that obvious physical damage occurs that
breaches the containment suites, the response community is likely to adopt measures assuming that the
population is at risk of an infection and potential outbreak. Moreover, the community, fearful of the work
done in the laboratory, are likely to significantly change their behaviors. Lastly, many laboratory
buildings that house work on wild type influenza- or coronaviruses also house work on other human
pathogens, so any work done on influenza- and coronaviruses may contribute only a portion of the overall
risk of such an event.
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If we assume that control measures can be immediately implemented but these control measures are no
stronger than those implemented in a laboratory-based outbreak caused by other events, the probability
than an outbreak escapes local control is decreased only modestly if at all (Figure 6.36).
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Figure 6.36. Reduction in the probability that an outbreak would escape local control for outbreaks caused by
self-announcing events (like earthquakes) vs other events (like splashes). The reduction in probability is small
and drops to zero for self-announcing events that initially infect large numbers of people.

If immediate and strong social distancing measures can be adopted (such that people halve the number of
contacts they normally have) when an obvious breach in the laboratory is recognized, then no outbreak
escapes local control. This result may be intuitively obvious because most outbreaks caused by a wild
type influenza virus have an Ro value less than two and this degree of control would drop the Ro below
one, which is required for the outbreak to be self-sustaining. We have no data to determine how people
would behave after a large earthquake destroys a containment laboratory in the context of the chaos
caused by the larger event. Perhaps a catastrophic earthquake would naturally reduce the contact between
people in the community because school and work will be suspended. Alternatively, perhaps large
number of people gathering in shelters would increase the contact between individuals and make outbreak
control extremely difficult.

Due to the irreducible uncertainty and the minimal effect of the implementation of immediate control
measures (which are assumed to be similar in strength to those implemented after a covert loss of
containment event), the biosafety analysis assumes that an outbreak in the aftermath of an earthquake that
destroys the laboratory has the same chance of coming under local control as any other outbreak.
Similarly, in the biosecurity section, since the self-announcing events strike the laboratory with minimal
consequences elsewhere (like a bombing or mass shooting), we presume that immediate control measures
can be implemented to control the resulting outbreak although these have a minimal additional influence
on the outbreak escaping local control.

6.6.4.2 Initial Infections of the Public Versus Initial Infections of Laboratory Workers
If a worker violates the protocol and mingles with the general population while sick, this person has the

nearly the same probability of causing an outbreak that spreads beyond local control as an infected
member of the public (not shown). The fact that a laboratory worker is trained to report early symptoms

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 141



of unusual illness, preemptively self-isolate (and potentially receive prophylactic antivirals) significantly
reduces the probability that a worker will not mingle with the general population, as explained above.

6.6.4.3 Initial Numbers of People Infected

Depending on the loss of containment pathway, one, two, or more people could be infected by the event.
The vast majority of loss of containment events lead to the infection of one laboratorian who
contaminated her hands, failed to decontaminate them thoroughly, and then infected herself and no one
else due to the contamination. However, some loss of containment events lead to multiple people infected
either directly (via aerosols generated inside the laboratory) or indirectly (via a contaminated worker who
happens to physically contact several people soon after leaving the laboratory). Figure 6.37 shows how
the probability of an outbreak escaping local control depends on the initial number of people infected for
seasonal influenza, pandemic influenza, and SARS. If one person is infected with influenza and mingles
with the local population, the outbreak has a 20-30% chance of seeding a global pandemic. As more
people are initially infected, the outbreak has a much greater chance of growing beyond local control.
Even with 100 initially infected individuals, a SARS outbreak has a minimal chance of escaping local
control (unless the Ro for the pathogen is at the high end of all estimates). In addition, a SARS outbreak
has a minimal chance of seeding a global pandemic due to the efficacy of control measures at preventing
its spread (unless it is the Ro for an outbreak in the US is at the high end of estimates of Ros estimated for
this pathogen).
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Figure 6.37. The relationship between the probability of an outbreak expanding beyond local control and the
number of people initially infected by the loss of containment event. In this figure the median probability of
an outbreak not extinguishing across all parameters for seasonal influenza, pandemic influenza and SARS
are shown. The X-axis is on a log scale (the data points are for 1, 2, 5, 10 and 100 initial infections).

As explained above, the probability that a loss of containment event leads to the initial infection of one
person is much more than ten times as likely as an event that initially infected multiple people. Since the
probability of an outbreak escaping local control is not an order of magnitude greater for outbreaks in
which more than one person is initially infected, incidents that infect exactly one person dominate the risk
of a global outbreak. That is, because incidents that create exactly one index infection happen much more
frequently than incidents that create multiple index infections, yet are still relatively likely to cause a
global outbreak, these incidents are responsible for most of the global pandemics modeled.
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6.7 Consequences of a Global Pandemic of Pathogens that Are Transmissible in
Mammals

This section provides a description of the effect of GoF experiments on the consequences of a global
pandemic. Because the relative risk of changing any phenotype depends upon the type of pathogen being
modified (and its wild type traits), the phenotypes that have the most influence on risk for each pathogen
are summarized first. In the sections that follow, a description is provided on exactly how risk changes as
those phenotypes are altered.

After an outbreak is initiated, the GoF phenotype of enhanced growth characteristics in culture or eggs no
longer has any influence on risk. If this phenotype also increases the transmissibility or pathogenicity in
humans, then the models capture changes in risk through those parameters. Moreover, regardless of how
the outbreak began, once it has spread globally the consequences of the global pandemic depend on the
characteristics of the pathogen, not the means by which the outbreak was initiated.

6.7.1 Seasonal Influenza Virus

Even if a wild type strain of seasonal influenza sparked a global outbreak the consequences of this
pandemic would eclipse those from all industrial accidents ever suffered. This section describes which
GoF phenotypes would influence the consequences of a global outbreak of seasonal influenza strains. The
GoF phenotypes relevant to an ongoing global outbreak of seasonal influenza are:

e The ability to overcome protective vaccination,

e The ability to overcome prior immunity (either natural or induced by previous vaccinations or
infection by similar strains in the past),

e Resistance to antivirals,
e Transmissibility, and
e Pathogenicity (used here, case fatality rate)

The ability to evade diagnostics is of secondary importance to the effect of antivirals because diagnostics
are used primarily to direct limiting stocks of these antivirals to only those truly infected. Few other
effects of evading diagnostics exist at this stage of the outbreak because the agent causing the outbreak
would already be identified by the time the outbreak has spread globally and mass vaccination (as soon as
a protective vaccine were available) would occur instead of vaccination based on identified cases.
Moreover, public health resources are insufficient for case isolation and quarantine when an outbreak has
become global.

The GoF phenotypes of enhanced growth is irrelevant to an ongoing outbreak unless it influences
transmissibility or pathogenicity (the risk of which are analyzed here). Adaptation to mammalian hosts is
irrelevant for this pathogen because it is already adapted to infect and spread amongst humans.

To understand how various GoF phenotypes influence the consequence of a global outbreak, a sensitivity
analysis was performed using the BARDA Interactive Influenza Model. In Figure 6.38 below, the value
of any given parameter was set at its lowest level or its highest level to produce the mean numbers of
deaths globally for those two values across model runs for all values of all other parameters. All
parameters can be explored with this analysis simultaneously EXCEPT for prior/natural immunity in the
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population because the estimated Ry of a disease is calculated given natural levels of immunity (that is,
the value of these two parameters are linked). We explore the ability of a pathogen to evade natural
immunity separately.
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Figure 6.38. Sensitivity analysis of global deaths resulting from an outbreak of seasonal influenza. The width
of the boxes corresponds to the median prediction of deaths if the value for that parameter is set to its lowest
and highest level (and all other values are allowed to vary). Hollow boxes show the parameter value range for
community control measures and wild type pathogens. Grey sections of the boxes show how increases in the
transmissibility or pathogenicity beyond wild type levels affect consequences.

Firstly, this analysis demonstrates the great variability possible within the wild type strains that exist. The
least deadly (non-attenuated) wild type strains are predicted to cause fifteen-fold fewer deaths globally
than the most deadly wild type strains (from 100,000 to four million deaths). The least transmissible wild
type strains (that have not circulated recently) are predicted to cause six-fold fewer deaths than the most
transmissible wild type strains (from 80,000 to 500,000 deaths). Also, how an outbreak with seasonal
influenza would influence global morbidity and mortality in the context of currently circulating strains is
unknown. An unresolved question (which likely depends on the biology of the virus released and its
similarity to currently circulating strains) is whether the laboratory-associated outbreak would replace the
annual toll of seasonal influenza by supplanting circulating strains or would add to this toll. That is, if a
laboratory-associated outbreak causes 300,000 deaths, would that be in addition to the several hundred
thousand deaths expected annually or replace those expected deaths? Clearly, if a laboratory accident
occurred with a wild type, circulating strain, the accident would simply mimic the commonplace
occurrence of travel-associated spread of influenza.

This analysis demonstrates that enhancing the pathogenicity of a seasonal influenza strain increases the
number of global deaths resulting from an outbreak significantly, largely due to the fact that the case
fatality rate of unmodified seasonal influenza is very low. Increasing the case fatality rate from its highest
level observed in seasonal influenza to that of 1918 pandemic influenza (5%), increases deaths by more
than tenfold.

Increasing the transmissibility of seasonal influenza also increases the number of global deaths
significantly, but to a lesser degree than increases in pathogenicity. Increasing the Ro from 1.4 to 2.2 can
double global deaths.
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From this analysis, vaccines and antivirals have little influence on the global outbreak because of poor
public health infrastructure and resource availability across most of the world. For this reason, the GoF
phenotype leading to the evasion of the protection afforded by vaccination or antivirals does not
significantly increase global consequences.

However, when the outbreak in North America is considered alone (Figure 6.39), vaccines and antivirals
can reduce the deaths by an order of magnitude. This result may be surprising because the outbreak is
with an unanticipated serotype so no effective vaccine would be available for months. For a GoF strain of
influenza to overcome protection caused by a vaccine made specifically in response to the outbreak this
strain is causing, it must be modified to overcome immunity caused by any vaccine, not just a vaccine
matched to its serotype. Although the GoF literature describes how to alter the antigenic properties of
influenza, no one has described an experiment that makes an influenza strain overcome protective
vaccination regardless of its serotype. For this reason, only some GoF experiments leading to the evasion
of induced immunity increase consequences.
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Figure 6.39. Sensitivity analysis of deaths in North America resulting from an outbreak of seasonal influenza.
The width of the boxes corresponds to the median prediction of deaths if the value for that parameter is set to
its lowest and highest level (and all other values are allowed to vary). Hollow boxes show the parameter value
range for community control measures and wild type pathogens. Grey sections of the boxes show how
increases in the transmissibility or pathogenicity beyond wild type levels affect consequences.

When considering North America alone, antivirals also can reduce deaths significantly, by about an order
of magnitude. Although in a typical seasonal influenza outbreak, only about 5% of patients receive
antivirals, federal caches of influenza antivirals could accommodate a much greater level of treatment and
so overall death rates could drop significantly (largely through the prevention of secondary infections
from those administered antivirals during treatment—compare the width of the bars for AV efficacy at
preventing transmission versus AV effectiveness on mortality). For this reason, resistance to antivirals in
a modified strain could increase the death toll of an influenza outbreak in the US by about an order of
magnitude (fourth and fifth box from top in Figure 6.39) even though this phenotype would have
negligible influence on the number of deaths globally (fourth and fifth box from top in Figure 6.38).
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6.7.2 Pandemic Influenza Virus

Even if a wild type strain of pandemic influenza sparked a global outbreak, the consequences would
eclipse those from all industrial accidents ever suffered. This section describes which GoF phenotypes
would influence the consequences of a global outbreak of pandemic influenza strains. The GoF
phenotypes relevant to an ongoing global outbreak are:

e The ability to overcome protective vaccination,

e The ability to overcome prior immunity (either natural or induced by previous vaccinations or
infection by similar strains in the past),

e Resistance to antivirals,
e Transmissibility, and
e Pathogenicity (used here, case fatality rate).

As above the ability to evade diagnostics is of secondary importance to the effect of antivirals and
vaccines and the GoF phenotypes of enhanced growth and adaptation to mammalian hosts are irrelevant
to an ongoing outbreak.

To understand how various GoF phenotypes influence the consequence to a global outbreak of pandemic
influenza, a sensitivity analysis was performed as described above (Figure 6.40). All parameters can be
explored with this analysis simultaneously EXCEPT for prior/natural immunity in the population because
the estimated Ry of a disease is calculated given natural levels of immunity (that is, the value of these two
parameters are linked). The ability of a pathogen to evade natural immunity is explored separately.
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Figure 6.40. Sensitivity analysis of global deaths resulting from an outbreak of pandemic influenza. The width
of the boxes corresponds to the median prediction of deaths if the value for that parameter is set to its lowest
and highest level (and all other values are allowed to vary). Hollow boxes show the parameter value range for
community control measures and wild type pathogens. Grey sections of the boxes show how increases in the
transmissibility or pathogenicity beyond wild type levels affect consequences.
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Firstly, this analysis demonstrates the great variability possible within the wild type strains that exist. The
least deadly (non-attenuated) wild type strains are predicted to cause 400-fold fewer deaths globally than
the most deadly wild type strains (from 100,000 to 50 million deaths). This result mirrors our previous
observations from the recent 2009 pandemic and the 1918 pandemic, which demonstrated an enormous
difference in their case fatality rate. The least transmissible wild type strains are predicted to cause 1,000-
fold fewer deaths than the most transmissible wild type strains (from less than a thousand deaths to
1,000,000 deaths).

From this analysis, we note the GoF-related modification of pandemic influenza to increase
transmissibility or pathogenicity may influence the global consequences. Vaccines and antivirals have
little influence on the global outbreak because of poor public health infrastructure and resource
availability across the world. For this reason, the GoF phenotype leading to the evasion of the protection
afforded by vaccination or antivirals does not significantly increase global consequences.

When North America is considered alone, for pandemic strains, vaccine evasion and antiviral resistance
influences potential deaths about tenfold (Figure 6.41).
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Figure 6.41. Sensitivity analysis of deaths in North America resulting from an outbreak of pandemic
influenza. The width of the boxes corresponds to the median prediction of deaths if the value for that
parameter is set to its lowest and highest level (and all other values are allowed to vary). Hollow boxes show
the parameter value range for community control measures and wild type pathogens. Grey sections of the
boxes show how increases in the transmissibility or pathogenicity beyond wild type levels affect consequences.

6.7.3 Avian Influenza Virus That is Transmissible Amongst People

Wild type strains of avian influenza are unable to cause a global pandemic unless they are transmissible
amongst people. For this reason, the consequences of a global outbreak for GoF phenotypes other than
transmissibility all must be considered in the context of a strain that is already modified to be highly
transmissible. This interaction is explored below.
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6.7.4 Coronaviruses

Even if a wild type strain of a SARS-like CoV sparked a global outbreak, the consequences would be
significant. This section describes which GoF phenotypes would influence the consequences of a global
outbreak caused by a SARS-like CoV. We focus on SARS-like CoVs because wild type MERS-CoV is
not sufficiently transmissible in people to cause a global pandemic. If MERS-CoV were modified to be
more transmissible, the resulting outbreak would resemble that caused by a SARS-like CoV. The GoF
phenotypes relevant to an ongoing global outbreak are simply transmissibility and pathogenicity because
there are no medical countermeasures to forestall the spread of the illnesses caused by the coronaviruses.

As above, the GoF phenotypes of enhanced growth and adaptation to mammalian hosts are irrelevant to
an ongoing outbreak (unless they alter transmissibility or pathogenicity). To understand how various GoF
phenotypes influence the consequence to a global outbreak of a SARS-like disease, a sensitivity analysis
was performed as described above (Figure 6.42). As the data show, increasing transmissibility of SARS-
CoV beyond wild type levels (Ro of 1.6) can increase median global deaths predicted by several fold, a
similar effect to increasing the pathogenicity. If the Ry value of wild-type SARS-CoV is considered to be
3.0, further increases are of little consequence. Of note, variation in the estimates of wild type
transmissibility of SARS-CoV can increase or decrease global deaths by 100,000-fold, showing how little
effect a modification can have compared to natural variation (or imperfect epidemiological estimates).
Similarly, the ability of the community to reduce their contacts for a significant period of time has a
similar influence on the consequences of the outbreak. If the worst-case estimates for transmissibility for
a SARS outbreak were used one could expect a global outbreak to kill tens of millions of people. Recall
that since SARS is very susceptible to control measures, much of the difference in these estimates is
likely due to the robustness of public health measures undertaken to curtail its spread.

Sensitivity Analysis of Parameters, SARS, Global

Fraction Symptomatic

Community Mitigation Multiplier

Ro| ﬂl |

Case Fatality Rate

102 10° 10* 10° 108 107 108 10
Global Deaths

Figure 6.42 Sensitivity analysis of global deaths resulting from an outbreak of SARS. The width of the boxes
corresponds to the median prediction of deaths if the value for that parameter is set to its lowest and highest
level (and all other values are allowed to vary). Hollow boxes show the parameter value range for community
control measures and wild type pathogens (RO of no greater than 1.6). Grey sections of the boxes show how
increases in the transmissibility or pathogenicity beyond wild type levels affect consequences.
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Firstly, this analysis demonstrates the variability possible within the wild type strains that exist. The least
deadly wild type strains are predicted to cause four-fold fewer deaths globally than the most deadly wild
type strains (from 3,000 to 10,000).

A global outbreak of a SARS-like disease would differ from a global influenza outbreak in many ways,
several of which are explicitly explored in this analysis (like case fatality rate, existence of medical
countermeasures, etc.). Beyond these traits, SARS has a much longer incubation time (median of more
than four days but a much greater average) than influenza and therefore a global outbreak of SARS would
be much more protracted than an outbreak of influenza. Figure 6.43 shows when the peak number of
daily cases of a SARS-like disease is reached compared to the initiation of the outbreak. For the smallest
outbreaks, the peak is reached within the first 500 days. However, other outbreaks require many years to
reach their peak in terms of cases per day. Clearly, the protracted nature of a SARS-like disease pandemic
could put a greater strain on sustaining a response and, conversely, afford some additional opportunities
for outbreak control compared to an influenza pandemic that circulates in less than a year. Given that an
outbreak of this kind has never been experienced, the nature and effect of these possibilities cannot be
quantified in the current modeling effort.
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Figure 6.43. The number of coronavirus outbreaks modeled that peak (in terms of new cases per day) at any
particular day after the global outbreak begins. To show the duration of truly global outbreaks, outbreaks
that lead to less than one million infections are not shown.

The sections that follow provide a drill-down to describe HOW changes in any of the GoF phenotypes
affect the consequences of a global outbreak.

6.7.5 Effect of Enhanced Transmissibility in Mammals on Consequences of a Global Outbreak
Seasonal influenza

As discussed above, increasing the transmissibility of a seasonal influenza strain can double the global
death toll. Figure 6.44 explores this relationship in more detail. These data show that increasing the
transmissibility of seasonal influenza to match that of an average pandemic influenza outbreak (Ro of 1.7)
is sufficient to double the death toll and increases beyond that point do no further increase consequences
significantly. For relatively poorly transmissible strains of seasonal influenza, increasing the
transmissibility to the greatest levels observed for wild type strains (in blue on the left in Figure 6.44) can
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increase global deaths by 50 fold if no social distancing measures are taken during the outbreak. Recall
that community mitigation is a parameter that describes the actions taken by the public to reduce their
contacts with potentially infected individuals (such as avoiding public gatherings and mass transit).
Essentially, community mitigation reduces the ability of the disease to spread effectively in the
population.
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Figure 6.44. Relationship between transmissibility of a seasonal influenza strain (in Ro of the outbreak) and
global deaths. Grey points are used to show values for Ro beyond the estimates for wild type seasonal
influenza strains corresponding to the tornado plot in Figure 6.27. “Error bars” show the range of results
across 80% of the parameter values explored in the analysis (the parameter values that cause the highest and
lowest 10% of results are not represented).

6.7.5.1 Pandemic Influenza

Increasing the transmissibility of a pandemic influenza strain can increase global risk if the wild type
strain is poorly transmissible (such as 1918 HIN1 pdm due to the protection afforded by recently
circulating strains). In contrast, if the strain is highly transmissible (like H2 strains) further increases in
transmissibility are not significant. For strains with a Ro of 1.2 (such as 1918 HIN1 pdm in today’s
population), any increase in transmissibility can increase global consequences by at least 100-fold if any
community mitigation but the most stringent is assumed (even a reduction in contacts by 10%--
community mitigation of 0.1). In contrast, for the most transmissible strains, increasing transmissibility
increases global consequences only if the most severe community mitigation is assumed (a sustained
reduction of contacts by 50%). Given that these outbreaks last many months, the ability for the
community to sustain this level of social distancing is doubtful, especially given that this level of
community mitigation has not been observed in any prior modern influenza outbreak. Figure 6.45
explores this relationship in more detail
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Figure 6.45. Relationship between transmissibility of a pandemic influenza strain (in Ro of the outbreak) and
global deaths for various levels of sustained community mitigation. Grey point are used to show values for Ro
beyond the estimates for wild type pandemic influenza strains and correspond to colors in Figure 6.29.
“Error bars” show the range of results across 80% of the parameter values explored in the analysis (the
parameter values that cause the highest and lowest 10%o of results are not represented).

6.7.5.2 Avian Influenza

In Figure 6.46, we show the relationship between R, and global cases of avian influenza for four levels of
community mitigation. With a novel, highly pathogenic illness, we can expect the public to significantly
change their behavior, as was observed in the SARS outbreak in Canada. However, we lack the data to
predict to what degree social distancing can be implemented and for what period of time. Figure 6.46
shows, however, that unless very significant levels of community mitigation can be sustained for a very
long time, the number of global cases significantly increases as the R, of an avian influenza strain
approaches that of seasonal influenza. Increasing the Ro past 1.5 (which is typical for pandemic influenza
strains) has no further effect on consequences. If, however, community mitigation can be sustained at a
very high level, then to significantly increase global consequences, the avian influenza strain must be
more transmissible than any pandemic influenza strain ever observed. Because the ability of the
community to reduce their contacts for a significant period of time is dubious, we presume that the
increase of the transmissibility of avian influenza to that of seasonal influenza significantly drives the
potential consequences of an outbreak.
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Figure 6.46. Relationship between global consequences (in term of illnesses) and Ro of a modified avian
influenza virus and the strength of community mitigation. “Error bars” show the range of results across 80%
of the parameter values explored in the analysis (the parameter values that cause the highest and lowest 10%
of results are not represented).

6.7.5.3 Coronaviruses

Figure 6.47 shows the relationship between Ry and global cases of a SARS-like CoV for three levels of
community mitigation. The data show that for wild type strains of SARS-like CoV, the virus is already
sufficiently transmissible (Ro > 1.4) to maximize global deaths unless very significant levels of
community mitigation can be sustained for a very long time. Figure 6.47 shows results for a SARS-like
CoV, but the results for a MERS-like CoV are nearly the same (not shown). That being said, because
MERS-CoV is less transmissible than SARS-CoV, a greater increase in transmissibility over a wild type
strain is required to produce the same increase in risk. Because the ability of the community to reduce
their contacts for the years required for a global outbreak to run its course is unknown, these data suggest
that SARS-like CoVs are already sufficiently transmissible to maximize a global outbreak and
modifications that increase transmissibility are of little additional risk. Notably, if wild type SARS-CoV
already is extremely transmissible (Ro > 2.0) as some have suggested, then even sustained and robust
community mitigation will not limit the outbreak. If this were the case, further increases in
transmissibility would not increase risk.
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Figure 6.47. Relationship between global consequences (in term of illnesses) and Ro of a modified SARS-like

CoV and the strength of community mitigation. Strains modified to increase transmissibility beyond

estimates for wild type SARS-CoV (here 1.6) are shown in grey. “Error bars” show the range of results across
80% of the parameter values explored in the analysis (the parameter values that cause the highest and lowest

10% of results are not represented).

6.7.6 Effect of Enhanced Pathogenicity on Consequences of a Global Outbreak

6.7.6.1 Seasonal Influenza

Because of the low case fatality rate of typical seasonal influenza strains, increasing the pathogenicity of
these strains can significantly increase the predicted global death toll (Figure 6.48). These data show that,

as expected, increasing the case fatality rate by a factor of 10 or 100 increases the global deaths

correspondingly. An increase of this magnitude would be reflected by the modification of a typical

seasonal influenza strain to have the pathogenicity of the 1918 pandemic strain.
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Figure 6.48. Relationship between global deaths and case fatality rate for seasonal influenza. Grey points are
used to show values for Ro beyond the estimates for wild type seasonal influenza strains corresponding to the
tornado plot in Figure 6.27. “Error bars” show the range of results across 80% of the parameter values
explored in the analysis (the parameter values that cause the highest and lowest 10% of results are not

represented).

6.7.6.2 Pandemic Influenza

Because the wild type 1918 pandemic influenza strain had a high case fatality rate, increasing this rate by
a factor of 100 is impossible. Figure 6.49 shows the effect on global deaths of doubling the case fatality
rate of a pandemic strain to be 10% (double that of the wild type 1918 strain). These data show that, as
expected, doubling the case fatality rate doubles the global deaths correspondingly. Death rates beyond
10% have been observed in avian influenza strains only and then only rarely.
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Figure 6.49. Relationship between global deaths and case fatality rate for pandemic influenza. Grey points
are used to show values for Ro beyond the estimates for wild type seasonal influenza strains corresponding to
the tornado plot in Figure 6.27. Because the wild type 1918 pandemic strain has a case fatality rate of 5%,
much of this graph is occupied by data reflecting wild type strains. “Error bars” show the range of results
across 80% of the parameter values explored in the analysis (the parameter values that cause the highest and
lowest 10% of results are not represented).

6.7.6.3 Avian Influenza

If a strain of avian influenza that is already modified to be highly transmissible in people was further
modified to be more pathogenic in people, the number of deaths is expected to increase. The natural range
of pathogenicity in wild type strains of avian influenza is immense, from those that produce no clinical
symptoms in humans to those that kill about half of those with recognized illness. For this reason, the
GoF study that increases risk most is one in which the already pathogenic strain is made more
transmissible while pathogenicity is maintained, not a GoF study in which pathogenicity is increased.
However, as shown in Figure 6.50, below, expected global deaths increase linearly with increases in
pathogenicity. Figure 6.50 also confirms how much an influence contagiousness has on consequences, as
increasing the transmissibility beyond an Ro of 1.1 increases deaths by at least 10,000 fold.
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Figure 6.50. The relationship between case fatality rate (a measure of pathogenicity), transmissibility (in

terms of R0) and global consequences (in terms of deaths). “Error bars” show the range of results across 80%

of the parameter values explored in the analysis (the parameter values that cause the highest and lowest 10%

of results are not represented).

6.7.6.4 Coronaviruses

Modifications to increase the pathogenicity (in this case, the case fatality rate) of a SARS-like CoV have
the expected outcome in terms of global deaths as shown in Figure 6.51, in that doubling or tripling the
rate of death doubles or triples global deaths.
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Figure 6.51. Relationship between global deaths and the case fatality rate of a SARS-like CoV. Strains
modified to increase pathogenicity are shown in grey. “Error bars” show the range of results across 80% of
the parameter values explored in the analysis (the parameter values that cause the highest and lowest 10% of

results are not represented).

6.7.7 Effect of Countermeasures Evasion on Consequences of a Global Outbreak

6.7.7.1 Seasonal Influenza

If the strain involved in the laboratory released were able to overcome protective vaccination, the
outbreak in North America would cause up to four-fold more deaths (Figure 6.52—vaccine efficacy
dropping from 0.6 or 0.4 to 0). Recall that the state of the public health infrastructure in the majority of
the world is so parlous that vaccines do not appreciably affect global death rates for influenza, so this risk
is realized only by high income countries. Also, this risk is realized only if the outbreak is caused by a
strain of influenza that can overcome protective immunity afforded by any vaccine (instead of simply
changing the antigenic properties of the virus) because even if a novel strain has unprecedented antigenic
properties, a vaccine developed in the midst of an outbreak would be raised to the strain causing the
nascent outbreak. For these reasons, this GoF trait poses little overall biosafety risk.
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Figure 6.52. Relationship between vaccine efficacy and deaths from a seasonal influenza outbreak in North
America. Because this outbreak is caused by a laboratory accident, the vaccine is raised to the strain involved
in the outbreak soon after the outbreak occurs. “Error bars” show the range of results across 80% of the
parameter values explored in the analysis (the parameter values that cause the highest and lowest 10% of
results are not represented).

In a typical influenza seasons, only approximately five percent of patients receive antivirals. If this level
of antiviral distribution is used in the face of an outbreak caused by a laboratory accident, very few lives
are saved by antivirals and therefore antiviral resistance has limited influence on risk (Figure 6.53—
darker green line). However, the US holds a very large federal cache of antivirals that could be used to
provide treatment for many victims in a serious influenza epidemic. One may presume that if a global
outbreak were caused by an accident in a US laboratory, this cache would be deployed and used
aggressively. In this case, antivirals can significantly reduce risk of an outbreak by preventing the onward
transmission of influenza (Figure 6.53—1Iight green line). Conversely, a seasonal influenza strain that is
antiviral resistant could vitiate the protection afforded to the public by antivirals and could increase the
consequences of an outbreak in North America by five-fold. We do not know how many other countries
have similar large caches of antivirals so we cannot determine if this risk increase would be shared by the
rest of the high income countries.
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Figure 6.53. Relationship between antiviral efficacy and deaths from seasonal influenza in North America.
The left panel shows efficacy in terms of the ability to prevent mortality, the right is in terms of preventing
onward transmission. Typically, only about 5% of influenza patients receive antivirals. However, the US has
a large cache of antivirals that could be used in case of an emergency. Typical use and possible use are shown
in the graph. “Error bars” show the range of results across 80% of the parameter values explored in the
analysis (the parameter values that cause the highest and lowest 10% of results are not represented).
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6.7.7.2 Pandemic Influenza

If the strain involved in the laboratory released were able to overcome protective vaccination, the
outbreak in North America would cause up to four-fold more deaths (Figure 6.54—vaccine efficacy,
defined by the percent reduction in infection risk for a vaccinated individual compared to an unvaccinated
individual, dropping from 0.6 or 0.4 to 0). Recall that the state of the public health infrastructure in the
majority of the world is so parlous that vaccines do not appreciably affect global death rates for influenza,
so this risk is realized only by high income countries. Also, this risk is realized only if the outbreak is
caused by a strain of influenza that can overcome protective immunity afforded by any vaccine (instead of
simply changing the antigenic properties of the virus) because the vaccine would be raised to the strain
causing the nascent outbreak. For these reasons, this GoF trait poses little overall biosafety risk.
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Figure 6.54. Relationship between vaccine efficacy and deaths from a pandemic influenza outbreak in North
America. Because this outbreak is caused by a laboratory accident, the vaccine is raised to the strain involved
in the outbreak soon after the outbreak occurs. “Error bars” show the range of results across 80% of the
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parameter values explored in the analysis (the parameter values that cause the highest and lowest 10% of
results are not represented).

If only 5% of the population receives antivirals, then risk is barely mitigated (Figure 6.55—darker blue

line). If antivirals were more widely distributed, these countermeasures can reduce risk of an outbreak by
two- to four-fold by preventing the onward transmission of influenza and by preventing mortality (Figure
6.55—1light blue line). Conversely, a pandemic influenza strain that is antiviral resistant could vitiate the

protection afforded to the public by antivirals and could increase the consequences of an outbreak in

North America by two-to four-fold. We do not know how many other countries have similar large caches

of antivirals so we cannot determine if this risk increase would be shared by the rest of the high income
countries.

Deaths vs. Antiviral Efficacy on Mortality Deaths vs. Antiviral Efficacy on Tranmission
6 x10® Pandemic Flu in North America 6 x105  Pandemic Flu in North America
—&— Typical Antiviral Distribution —&— Typical Antiviral Distribution
5 —A— 10x Typical Antiviral Distribution 5 —A— 10x Typical Antiviral Distribution
4t L
c)—&-eL_eL d * [ p—d
) L 4 D w D
£ =
@ 3| m 3
a A
Y. Sy
5| Kis\-ﬂ-\é ol
N ;\ﬂ 1
oL 1 0L 1 L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 06 0.8 1
Efficacy at Prevention Efficacy at Prevention

Figure 6.55 Relationship between antiviral efficacy and deaths from pandemic influenza in North America.
The left panel shows efficacy in terms of the ability to prevent mortality, the right is in terms of preventing
onward transmission. Typical use and possible use are shown in the graph. “Error bars” show the range of
results across 80% of the parameter values explored in the analysis (the parameter values that cause the
highest and lowest 10% of results are not represented).

6.7.7.3 Avian Influenza

An unexpected outbreak of avian influenza that is highly transmissible amongst people would be very
difficult to control with vaccination. The disease will have spread significantly by the time a protective
vaccine could be developed, tested, made in quantity and deployed. For this reason, as shown in Figure
6.56, below, the efficacy of the vaccine (and therefore, the ability of the pathogen to evade protective
vaccination), matters only for a narrow range of Ro values for avian strains. North America is shown
because this region has greater resources and capacity than the world as a whole so that vaccines can
show some efficacy. If the strain is highly transmissible, then vaccination comes too late to prevent a

significant number of deaths. If the strain is as transmissible as the least transmissible seasonal influenza

strains, then community mitigation is sufficient to contain the outbreak to a relatively low level without
vaccination.
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Figure 6.56. Consequences (in terms of deaths) in North America of a pandemic caused by an avian influenza
strain modified to be highly transmissible amongst people as a function of vaccine efficacy and
transmissibility. “Error bars” show the range of results across 80% of the parameter values explored in the
analysis (the parameter values that cause the highest and lowest 10% of results are not represented). The
panel above shows a modest level of community mitigation sustained throughout the pandemic, and the panel
below shows a more robust level of community mitigation sustained through the pandemic.
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Two critical points must be made. Firstly, because a vaccine will be developed for the serotype driving
the outbreak, the evasion of a vaccine is only relevant if the strain is modified to evade protection by any
vaccine, regardless of the antigenic properties of the virus. Secondly, predicting how transmissible an
avian strain could become is difficult. Although seasonal influenza strains are highly transmissible, an
avian strain could, theoretically, become as transmissible as a pandemic strain if much of the increase in
transmissibility of pandemic strains over seasonal strains is due to the lack of protective innate or residual
immunity in the population. For this reason, the value of protective vaccination against an unexpected
outbreak caused by an avian strain is very difficult to predict with certainty.

In summary, two facts significantly limit the risk posed by a transmissible avian strain of influenza that
can evade vaccination. Firstly, a narrow combination of phenotypes and control measures are necessary
for vaccines to have a significant effect on the outbreak even in North America (where the response
capacity is much greater than the world as a whole). Secondly, to affect risk at all, the strain must be able
to overcome protective vaccination regardless of the serotype of the virus. Although this modification
poses a biosecurity risk (see below), it is not the subject of active research (and also of dubious scientific
benefits) and so poses little biosafety risk.

6.7.7.4 Coronaviruses
Currently, no countermeasures specific to infections by the coronavirus are used to treat illnesses caused

by this pathogen or prevent the ongoing spread of an outbreak caused by this pathogen. For this reason,
this phenotype has no influence on risk.

6.7.8 Effect of Evasion of Natural/Residual Immunity on Consequences of a Global Outbreak
6.7.8.1 Seasonal Influenza

As mentioned above, the baseline sensitivity analysis does not investigate the sensitivity to innate/residual
immunity in the population, which can be significant for seasonal influenza strains, because population
immunity is already accounted for in the effective Ro. In Figure 6.57 below, we investigate how changes
in innate or residual immunity affects global deaths.
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Figure 6.57. The effect of the evasion of population immunity on global deaths from an outbreak of seasonal
influenza. The result for the baseline parameter value for prior immunity is the leftmost column in each
panel. In the left-hand panel, the baseline assumption is that 40% of the population is protected against
infection with a wild type strain. The graph shows the increase in the number of deaths when a strain (with
the same Ro value) were able to overcome most of the immunity (so that only 10% of the population were
immune) or overcome all immunity. In the right-hand panel, the baseline assumption is that 10% of the
population has immunity to the wild type strain. The graph shows the increase in number of deaths when the
strain is modified to overcome all immunity.

This analysis demonstrates that the evasion of pre-existing immunity can increase global deaths by ten-
fold, if the population has a high level of residual immunity (as is likely for seasonal influenza since prior
vaccination or illness provides some protection against new strains). Similar to Ro, this parameter
influences the global outbreak by enabling the disease to spread more quickly (because each contact is
more likely to result in an infection) and eventually infect a larger number of people worldwide. Pre-
existing immunity can protect a significant proportion of the population if the strain released is similar (or
identical) to a strain of influenza that recently circulated, which is one reason why this parameter is
influential. If the population exhibited relatively low levels of prior immunity, then evasion of prior
immunity has a smaller influence on consequences.

6.7.8.2 Pandemic Influenza
As mentioned above, the baseline sensitivity analysis does not investigate the sensitivity to innate/residual

immunity in the population because population immunity is already accounted for in the effective Ro. In
Figure 6.58 below, we investigate how changes in innate or residual immunity affects global deaths.
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Figure 6.58. The effect of the evasion of population immunity on global deaths from an outbreak of pandemic
influenza. The result for the baseline parameter value for prior immunity is the leftmost column in each
panel. In the left-hand panel, the baseline assumption is that 40% of the population is protected against
infection with a wild type strain. The graph shows the increase in the number of deaths when a strain (with
the same Ro value) were able to overcome most of the immunity (so that only 10% of the population were
immune) or overcome all immunity. In the right-hand panel, the baseline assumption is that 10% of the
population has immunity to the wild type strain. The graph shows the increase in number of deaths when the
strain is modified to overcome all immunity.

This analysis demonstrates that the evasion of pre-existing immunity can greatly increase global
consequences for those pandemic strains against which the population has a significant immunity (1918
H1IN1 pdm and 2009 H1N1 pdm). In fact, this parameter can increase the expected global deaths from an
outbreak of 1918 HIN1 pdm by a factor of 1,000. Even if pre-existing immunity is minimal but non-
zero, the expected deaths caused by an outbreak that evades this immunity increases by more than 100-
fold.

6.7.8.3 Avian Influenza

Exposure to avian influenza strains is so rare in human populations that very few people have residual
immunity to this pathogen. For this reason, evasion of residual immunity has no influence on risk.

6.7.8.4 Coronaviruses

Exposure to a coronavirus is so rare in human populations that very few people have residual immunity to
this pathogen. For this reason, evasion of residual immunity has no influence on risk.
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6.8 Supporting an Estimate of Absolute Risk

This assessment was designed to evaluate the increase in risk caused by the creation of strains of
pathogens with GoF traits compared to wild type pathogens. This approach enabled the assessment to
capitalize on the strengths of the available data and minimize the importance of the weaknesses.
Sufficient biomedical and epidemiological evidence exists to develop robust models of the initiation of an
outbreak from the primary to the secondary cases and the expansion of this outbreak within a community
to eventually spark a global pandemic. In contrast, very little data exists on human reliability in life
science laboratories, which drives the probability that laboratory acquired infections occur in the first
place. Fortunately, the accidents that humans cause (or contribute to) in the laboratory are the same
regardless of the pathogen manipulated. That is, workers may overfill a centrifuge tube with the same
frequency regardless of the pathogen in the tube or will slip while working with scissors during a
necropsy with the same frequency regardless of the pathogen studied. Because the absolute rate at which
these accidents happen and cause infections is not supported by robust data, absolute estimates of the rate
of laboratory acquired infections cannot be made using the method described in this report.

However, to provide a context for the increase in risk suffered, absolute risk estimates are desired. For
this reason, the historical rate of laboratory acquired infections could be used to predict a reasonable
upper bound for the frequency with which these incidents occur. However, the research team is unaware
of any laboratory acquired infections in laboratories that study influenza or coronaviruses, and so an
absolute risk analysis will have at its foundation a weak estimate of the frequency at which laboratory
acquired infections occur. That being said, this historical rate of laboratory infections can then be
combined with calculated rates of laboratory acquired infections leading to secondary infections, local
outbreaks, and global pandemics from this assessment to produce an estimate of absolute risk.

The return frequency of laboratory acquired infections (LAISs) was estimated for several hypothetical
historical LAI counts, presuming that some historical LAls may have gone undetected or unreported. LAI
frequency was modeled using a binomial distribution, with the number of trials set to the number of
laboratory-years (i.e., the number of laboratories working with the viruses times the observation period),
and the number of “successes” equal to the number of LAIs. For influenza, 100 labs®* and an observation
period of twenty years (for a total of 2,000 lab-years) was assumed because there has been roughly 20
years since the expansion of the life science research in the mid-1990s. This time period also coincides
with a wave of construction of modern biocontainment facilities that better represent the safety conditions
of today’s laboratories than previous laboratories.

Shown are the limits of the two-sided 80% confidence interval on the expected LAI frequency, estimated
using a Clopper-Pearson interval.*®®* The maximum likelihood estimate (MLE) of the frequency with
which an LAl would occur (the return frequency) was computed as the number of laboratory years
divided by the number of LAls. Note that, for zero observed LAls, the minimum and MLE return rate
approach infinity and are not plotted.

The project team knows of no laboratory acquired infections involving any one of these laboratories.3%®
This lack of a laboratory acquired infection could be due to the fact that none have occurred in that time
frame or that some have occurred but the project team does not have access to the reports or data. Figure
6.59 shows the limits of the 90% confidence interval (90 out of 100 times, LAIs would happen, on

364 The exact number of laboratories does not significantly influence absolute risk (the per-laboratory rate decreases but the
absolute rate of an accident across all laboratories does not change).

365 Newcombe RG (1998) Two-sided confidence intervals for the single proportion: comparison of seven methods. Statistics in
medicine 17: 857-872

366 At least one parenteral exposure to H5SN1 has occurred, and this worker was isolated, but never became ill, probably because
influenza is a respiratory pathogen and cannot infect muscle.
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average, less often) and maximum likelihood estimate of the return period of laboratory acquired
infections given that zero to ten infections have occurred in the past 20 years in the approximately 100
laboratories.

Across all 100 laboratories, a laboratory acquired infection could be expected as frequently as once every
8.5 years (if no infections have occurred in the last 20 years) to as little as every 200 years (if one
infection occurred). If the assumption is made that three LAls have surreptitiously occurred, then an LAI
is expected to occur from once every three years to once every 20 years.

Expected LAl Retum Rate Versus Actual LAls for Influenza in last 2000 Lab Years

- = Minimum and Maximum LAl Return Rate, Two-Sided 80% CI
Maximum Likelihood Estimate

LAl Return Freguency {Laboratory Years)

2 . 1
10 0 1 2 3 o 5 ] 7 8 9 10

Actual Number of LAls

Figure 6.59. The predicted return period of laboratory acquired infections assuming 0-10 infections have
actually occurred in the last 20 years across 100 laboratories. The limits of the one-sided 90% confidence
interval of the maximum rate (bottom line) was used to produce an estimate of the return period that would
be greater than 90 out of 100 actual values of the frequency given the observations, whereas the maximum
likelihood estimate and limits of the one-sided 90% confidence interval of the minimum rate (top line) are
also shown.

The quantitative analysis in this report estimates that a small minority of these infections would start a
local outbreak and a minority of these outbreaks would seed a global pandemic.
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For seasonal influenza, the analysis presented above suggests that only 0.4% of LAIs with seasonal
influenza are predicted to cause a global pandemic (assuming the strain has not recently circulated, in
which case, the probability would be even less). Because most of the 100 laboratories working on the
pathogens assessed in this report are studying seasonal influenza, this analysis suggests that a global
pandemic would be caused by a laboratory accident in the US once every 2,000-50,000 years (if
essentially no LAIs have occurred in influenza laboratories in the past 20 years). If instead the assumption
is made that three LAIs have surreptitiously occurred, a global pandemic could be triggered once every
750-5,000 years. It is worthy to note that viruses were characterized much less than 750 years ago, so it
cannot be stated with any certainty that these pathogens will be studied under similar containment
conditions for long enough into the future for an accident to be likely to occur even once. Moreover, the
true consequence of a seasonal influenza outbreak caused by a laboratory accident is unclear. Although
predictions can be made about the illnesses and deaths that would be caused, it is unknown how this
outbreak would influence the evolution and spread of other influenza strains and if these laboratory-
associated infections would supplant or supplement those expected on an annual basis. This caveat aside,
the analysis predicts 100,000-4,000,000 deaths to occur from a global outbreak of a wild type seasonal
influenza strain, depending on the pathogenicity and transmissibility of the strain.

Considering the other influenza viruses in this study, a historical analysis predicts that LAls would occur
with a similar frequency assuming that no infections have occurred (the per-laboratory rate of LAIs
increases but fewer laboratories study these pathogens). This result is obviously counterfactual because
these pathogens are manipulated at a greater containment level than wild type, seasonal influenza viruses
to decrease the probability of a LAI. That being said, a conservative estimate predicts that laboratory
acquired infections occur at the same rate as for seasonal influenza viruses. The analysis presented above
suggest that only 1.5% of LAIs with pandemic influenza are predicted to lead to global outbreaks.
Combined with the predicted return frequency of LAIs given no LAIs in the last 20 years, a global
pandemic caused by research on pandemic influenza viruses is expected every 560-13,000 years.
Assuming that no LAIs have occurred with the deadliest pandemic strains is reasonable because, it would
be widely known if several laboratory accidents occurred. An accident that sparks an epidemic with a
strain as deadly as the 1918 pandemic strain but as transmissible as the 1957 strain could cause up to 80
million global deaths according to the analysis presented above. If, conversely, the accident occurred with
a strain similar to the 2009 pandemic strain, it would resemble an accident with seasonal influenza.

Wild type avian influenza strains are not transmissible enough among people to cause a significant local
outbreak and therefore no global outbreak is possible. Assuming the same return frequency of laboratory
acquired infections for avian influenza as predicted for seasonal influenza, a laboratory worker is
expected to fall ill once every three to nine years. For the most pathogenic strains, this worker has a
significant chance of dying but the outbreak is likely to extend no further than that one case.

Given that SARS-CoV has been studied for only a decade, the historical record of no laboratory accidents
once again suggests that LAIls occur more frequently in coronavirus laboratories at BSL-3 than in
laboratories that study seasonal influenza at BSL-2, which is obviously wrong. If, conservatively, the
estimate is made that LAIs with SARS-CoV occur as frequently as influenza, a LAI is expected to occur
once every 8.5 years (given the seriousness of SARS, LAIs are likely to have been reported so it is safe to
assume that no LAIs have occurred yet with this pathogen in the US). The best estimates for the
transmissibility of SARS-CoV and its susceptibility to control measures suggest that there is no chance
that this outbreak would spark a global pandemic (and SARS-CoV is more transmissible than MERS-
CoV). Most of these LAIs would lead to no further infections, however, some would lead to the infection
of a handful of other individuals.
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6.9 Using the Parametric Risk Assessment: Example Calculation

By design, the biosafety risk assessment is broad and provides data to understand how risk changes if a
wild type pathogen is manipulated in one of a variety of ways. This section provides an example
illustrating how to simply use the information contained in this report to assess the risk posed by a
particular manipulation. This example compares the risk of research on two possible modified strains to a
wild type strain of influenza (called Strain 1). The example assumes that the strain has not circulated
recently so that it itself has some real biosafety risk. This example will use parameter values typical for a
wild type seasonal influenza strain as a baseline, which is described by the following parameters:

e Transmissibility: Ro=1.3,

e Pathogenicity: Case fatality rate of 0.001,

e Antiviral sensitivity: (efficacy at preventing transmission=0.25, efficacy at preventing death=0.4),
e Vaccine protection: (efficacy of 0.5 at preventing infection), and

e Infectivity: Set to seasonal influenza (IDso less than 10pfu).

This example uses two modified strains. Strain 2 is a GoF strain of seasonal influenza that is exactly like
the wild type strain, except that it is as transmissible as a strain pandemic influenza (Ro=1.7). Strain 3 is

an attenuated strain of seasonal influenza that is exactly like the wild type strain, except that it has a case
fatality rate of 0.0001.

The modeling completed enables a complete assessment of how any combination of parameter values that
describe the pathogen and control measures influences risk, however, all possible combinations of these
values and their influence on risk cannot be shown concisely in a report. Instead, static slices through this
very complex risk space are taken and shown as two-dimensional figures in this report that explore the
effect of changing one parameter while allowing all others to vary. That is, using this report, phenotypes
must be assessed individually. The reader will note that the baseline results change regarding which trait
is being considered for the same strain (that is, which parameter is held at a particular value while all
others are allowed to vary). This phenomenon is expected because the figures show the median and 80™
percentile results for all of the parameters that COULD describe a wild type strain and a modified strain
(and the same range of values for the control measures). This parameter range will obviously change
depending on which trait is held constant.

6.9.1 Step 1: Determine if the Probability of the Pathogen Escaping the Laboratory Changes

To determine how the probability of a pathogen escaping the laboratory changes as a pathogen is
modified, refer to Section 6.4.4, specifically 6.4.4.1 for seasonal influenza. Table 6.3 shows how any trait
affects this probability. Neither of the traits considered in this example influence the probability that a
laboratory incident would lead to escape of the pathogen from the laboratory.

Recall that, although the analysis developed for this study will not permit an estimation of how frequently
laboratory accidents lead to laboratory acquired infections that spark a local outbreak, historical rates of
accidents suggest that a local outbreak would be sparked by a laboratory acquired infection about once
every 500-10,000 years.
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6.9.2 Step 2: Determine the Change in the Probability of a Resulting Outbreak Escaping Local
Control

To determine the change in the probability that an outbreak, caused by a laboratory accident, would
escape local control and seed a global pandemic, refer to Section 6.6. This section demonstrates that of
the modifications described in this example, only transmissibility is known to have a significant influence
on the probability that an outbreak would escape local control. To determine HOW changes in this trait
affect this probability, refer to Section 6.6.1 and Figure 6.29, specifically, for seasonal influenza strains.
This figure shows that, should an outbreak resulting from an accident occur, this wild type strain (Ro=1.3)
has a baseline chance of escaping local of roughly 21% (12-30% using 80% of the parameter values in the
assessment). If the highly transmissible Strain 2 (Ro=1.7) were to cause a local outbreak, the probability
that the outbreak would escape local control and seed a global pandemic increase to 44% (27-50%).
Because, as described in Section 6.2.9 and Figure 6.12, the range of results in the figures reflect
monotonic increases with the same overall shape as the median estimate, one can directly compare the
median estimate and the extremes of the range given for any set of results. For this reason, this specific
modification is estimated to increase the probability that an outbreak would escape local control by 2.1-
fold (1.6-2.3x). If the transmissibility could be increased to rival the most transmissible pandemic
influenza strains, the risk of local escape would be further increased.

Table 6.8. Summary of the Influence of Exemplar Modifications to Seasonal

Influenza on the Probability That an Outbreak, Caused by a Laboratory Accident,
Would Escape Local Control and Seed a Global Pandemic

2=highly

Strain 1=wild type

transmissible

3=attenuated

Increase in
probability of an
outbreak escaping

1, defined

2.1x (1.6-2.3X)

1, no change due to
modification

local control

6.9.3 Step 3: Determine if the Consequences of a Resulting Pandemic Changes

To determine how the consequences of a global pandemic changes, refer to Section 6.7. Within Section
6.7 refer to the section describing each modified trait of interest to understand how changes in that trait
affect this probability. This section demonstrates that both of the modifications described in this example
affect the consequences of a global pandemic.

To determine how changes in transmissibility affect consequence, refer to Section 6.7.5.1 and Figure
6.44, specifically, for seasonal influenza strains. This figure shows that, should a global pandemic occur,
this wild type strain (Ro=1.3) would lead to roughly 500,000 global deaths (150,000-4,000,000 using 80%
of the parameter values in the assessment and assuming no community mitigation occurs). If the highly
transmissible Strain 2 (Ro=1.8) were to cause a global pandemic, the deaths suffered would increase to
900,000 (250,000-10,000,000). Because, as described in Section 6.29 and Figure 6.12, the range of results
shown in the figures reflect monotonic increases with the same overall shape as the median estimate, one
can directly compare the median estimate and the high and low parts of the range given for any set of
results. For this reason, this specific modification is estimated to increase the consequences of a global
pandemic by 1.8-fold (1.6-2.5x).

To determine how modified pathogenicity affects global consequences should a global pandemic occur,
refer to Section 6.7.6 and Figure 6.48, specifically for seasonal influenza. Although this figure visually
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displays how case fatality rate affects global deaths, the change in deaths is simple to calculate as a
tenfold decrease in the case fatality rate simply leads to a tenfold decrease in global deaths.

Table 6.9. Summary of the Influence of Exemplar Modifications to Seasonal

Influenza on the Consequences of a Global Pandemic

2=highly

transmissible 3=attenuated

Strain 1=wild type

Increase in global

1, defined 1.8 (1.6-2.5x) 0.1
consequences

6.9.4 Putting it Together

Because the risk of a pandemic in this study is the product of the frequency of a laboratory incident
sparking a local outbreak, the frequency of an outbreak escaping local control and the consequences of a
global pandemic, the total change in risk can be simply understood as the product of the increases in any
of these values over the baseline.

The highly transmissible Strain 2 is as likely to escape from a laboratory, but 2.1-fold (1.6-2.3x) more
likely to cause a pandemic that would kill 1.8-fold (1.6-2.5x) more people than the wild type strain. In
total then, research on this strain poses 3.8-fold (2.6-5.8x) more risk of pandemics than research on a wild
type seasonal influenza strain. Put another way, GoF experiments that increase the transmissibility of
seasonal influenza to the level of pandemic influenza strains are 3.8-fold more risky than alternate
experiments involving wild type strains. In contrast, if the research could be conducted with an attenuated
strain instead of a wild type strain, risk would decrease by a further tenfold.
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7.1 Biosecurity Risk Assessment: Summary

The purpose of the biosecurity risk assessment is to provide NSABB with an assessment of the likelihood
that a malicious act involving a GoF influenza, SARS-CoV, or MERS-CoV virus could result in local
infections or widespread pandemic. The risk assessment involved five steps: 1) characterization of the
threat, which includes an evaluation of historical incidents and malicious actor motivation and capability
(the “offense™); 2) review of the current security policies and practices landscape that governs research
with influenza, SARS-CoV, and MERS-CoV in the United States (the “defense™); 3) identification of
plausible threats based on analysis of the “offense” and “defense”; 4) assessment of the potential for the
plausible threats to cause infections in the local community or broader; and 5) comparison of possible
pandemic consequences of plausible threats involving GoF viruses and non-GoF viruses.

No unclassified information describing the threats to research laboratories that store or study GoF
influenza, SARS-CoV, or MERS-CoV virus is available. Therefore, to identify the types of actors and
acts that may target a GoF laboratory, our approach involved examining historical incidents involving life
science laboratories and hospitals, evaluating the motivations and capabilities of malicious actors, and
determining if and how existing security measures affect the likelihood of success of a malicious act.
Plausible threats facing laboratories that study or store GoF virus(s) were extrapolated from this
assessment. Figure 7.1 presents a schematic of the biosecurity risk assessment process.

Characterization of the Threat Governance Landscape
(“Offense”) (“Defense™)

| |
'

Identification of Plausible Threats
(Offense vs. Defense)

Assessment of Infection or Pandemic
Potential of Plausible Threats

Figure 7.1. Schematic of Biosecurity Risk Assessment Process. Detailed methodology is in Appendix V,
Section 16.2 and 16.3.

7.1.1 Malicious Actors and Acts

In today’s regulatory and security environment, the main plausible threat facing high containment,
research laboratories that store or study GoF viruses, involves malicious insiders who have authorized
access to the laboratories and virus(s) contained therein. Insiders may work alone or in coordination with
an outside group. Their motivations range from emotional disturbances to ideological radicalization by
domestic and transnational terrorist organizations. The likelihood that outsiders could gain access to a
laboratory without insider assistance is low. Therefore, outsiders present a threat to the periphery of the
research complex or building only, but not a significant threat to the high containment laboratory itself.

7.1.2 Security Governance

Governance of infectious disease research is extremely complex, involving international agreements,
domestic law, guidance, and contractual requirements in addition to institutional, local, and state-specific
policies. Highly pathogenic avian influenza, the reconstructed 1918 influenza, and SARS-CoV viruses are
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all Select Agents and are therefore covered by the Select Agent Regulations. Low pathogenic avian
influenza and MERS-CoV are not Select Agents. Security systems, protocols, and practices at non-select
agent, select agent, and Tier 1 select agent levels were reviewed to evaluate the likelihood of a malicious
actor carrying out a successful act involving a laboratory that stores or studies a GoF virus. Analysis of
plausible threats accounts for current security measures at the lowest level at which GoF research is
conducted.

7.1.3 Qualitative Assessment: Plausible Threats

Based on historical incidents, the most likely malicious acts to be carried out in or on a laboratory that
studies or stores GoF virus(s) include removal of the virus from frozen stocks, experimental samples,
equipment, or research animals; deliberate contamination of personal protective equipment or laboratory
equipment; deliberate compromise of the personal protective equipment or laboratory equipment; and
mixing of infected with uninfected samples or animals outside proper containment. In addition, incidents
involving bombs or active shooters may cause loss of containment if carried out inside or near the
entrance of high containment laboratories in which GoF research is conducted. Noncompliance with
security regulations and networked control systems might increase laboratory biosecurity risks. Table 7.1
summarizes these plausible threats, including both malicious actor and act.

Table 7.1. Plausible Threats Involving High Containment Research Laboratories That Store or Study GoF

Viruses

Insider Active shooter or physical assault
Overt Bomb detonated near or inside high containment space

Outsider | Bomb detonated at building periphery

Removal of GoF virus (frozen stock or experimental sample),

Covert Act (Expose Public) Insider infected animals, or contaminated equipment

Removal of GoF virus in experimental samples
Deliberate contamination of personal protective equipment or
Covert Act (Expose Insider laboratory equipment

Laboratory Workers) Deliberate compromise of laboratory equipment or personal
protective equipment

Mixing of experimental samples or animals into lower containment

7.1.4 Conclusions

The existing regulatory infrastructure governing influenza, SARS-CoV, and MERS-CoV appears to
provide sufficient defenses, if properly implemented, against unauthorized outsiders from accessing
modified viruses. However, clarity and guidance associated with current policies could be improved to
enhance compliance with required security measures. In addition, data that could be used to inform the
need for additional security measures does not exist (or is not in the public domain).

Only a handful of GoF traits significantly increase biosecurity risk after a malicious event targets a
laboratory. For seasonal and pandemic influenza, the ability to overcome protective vaccination and
antiviral resistance modestly increases risk by increasing the potential consequences in the high income
countries. There is no significant effect on risk if the global population is considered as a whole.
Increasing the transmissibility and ability to evade residual immunity significantly exacerbates risk
because outbreaks are more likely to occur, to escape local control and will create more consequential
global outbreaks. For avian influenza, increasing transmissibility greatly increases risk because this
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modification is required to spark a global outbreak of a disease by human-to-human contact, potentially
infecting millions. Without this change, the hazard is restricted to those exposed to contaminated
materials and infected birds, limiting the outbreak to thousands of cases at most. Increasing pathogenicity
can modestly increase risk. Similarly, the wild type coronaviruses have a very small chance of sparking a
global outbreak so increasing transmissibility greatly increases risk. Increasing pathogenicity can
modestly increase risk.

When comparing the biosafety and biosecurity risks, a successful event that covertly infects the public
(theft from an influenza laboratory of an infected animal, contaminated piece of equipment or viral stock)
must occur once every 65-190 years for biosecurity event to have the same total risk as biosafety events.
Given the frequency with which these malicious acts have occurred in the past, this analysis suggests that
biosecurity considerations be given as much weight as biosafety issues.

7.2 Findings: Assessment of the Offense (Possible Threats to US Research
Laboratories)

Incidents of criminal, terrorist, and illicit governmental activities involving pathogens, US laboratories,
and/or researchers have been documented in several books, articles, official government documents, and
other open source publications. However, the potential risks of intentional or accidental release of
laboratory-generated or adapted pathogens into the community or environment from deliberate acts whose
main goal is not bioterrorism often are not included in these accounts. Similarly, the risk that cyber
breaches may result in the intentional disruption of facility operations has not been fully described in open
literature. The lack of publicly available data about the likelihood that a cybersecurity breach could
disrupt facility operations and control systems of high containment laboratories makes assessing such
threats prohibitively difficult in unclassified settings. Therefore, the potential threats to human health that
cyber breaches pose are not addressed in this report.

In our assessment of the potential biosecurity threat associated with GoF influenza, SARS-CoV, and
MERS-CoV research, a variety of malicious actors, malicious acts, and consequences, including
deliberate incidents that resulted in accidental release and cyber security breaches were evaluated.
Furthermore, the motivations and capabilities of each malicious actor type based on conventional
knowledge and historical events found in open source documents were evaluated. Finally, historical
incidents of deliberate harm or application of science for destructive purposes were considered in this
analysis.

The following section summarizes actual malicious acts against laboratories and health care facilities, or
involving attempts to acquire pathogens based on analysis of the open-source, historical literature. Figures
7.2 — 7.4 summarize all of the historical events that occurred in the United States over the past 25 years
based on open source reporting.
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Figure 7.2. Historical acts malicious actors carried out in the United States. The black circles indicate two or
more historical events, the grey circles indicate one historical event, and the cross-hatched black-grey circles
indicate one or two historical events.
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Figure 7.3. Consequences resulting from historical malicious acts carried out in the United States. The black
circles indicate two or more historical events and the grey circles indicate one historical event.
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Figure 7.4. Possible consequences resulting from acts carried out in the United States by malicious actors.
The black circles indicate two or more historical events, the grey circles indicate one historical event, the grey
hatched circles indicate group efforts that may/may not have been associated with a criminal organization,
and the blue circles indicate hopeful outcomes of planned or attempted (but failed) events. The “R” in one of
the black bubbles indicates the Rajneeshee Cult, who are the only group of domestic terrorists that
deliberately exposed members of the public.

7.2.1 Malicious Actors

The following key findings are reached regarding malicious actors, based on the research presented in the
section above:

e Analysis of past acts by malicious actors that involved a US laboratory shows that, out of a
universe of possible acts, relatively few malicious acts with the potential to lead to a breach in
containment have been carried out.

e The majority of the documented prior acts have been committed by domestic terrorist and
extremist groups, specifically by animal rights extremists. These groups have engaged in a wide
range of malicious acts, including laboratory arson, sabotage, subversion of employees, and
reckless acts such as the release of laboratory animals. Although these actions probably did not
seek the release of a pathogen from a laboratory, they nevertheless have resulted in such an
outcome on at least one occasion. In one case dating from 1989, animal rights extremists released
30 infected mice infected with cryptosporidium from a laboratory, probably without knowing that
the mice were infected.®®” However, animal rights extremists have been rigorously pursued and

37 “Diseased mice freed in arson fires, break-in,” Spartanburg Herald-Journal, April 4, 1989, A2. Retrieved at:
https://news.google.com/newspapers?nid=1876&dat=19890404&id=2kwsAAAAIBAJI&sjid=VS4EAAAAIBAI&pg=6664,1
859692&hl=en.
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arrested by FBI in recent years.3%8:39370371 The number of animal rights attacks appears to have
decreased in recent years because of increased security at research institutions®2 and increased
arrests by law enforcement.

e Many documented events occurred before new counter-terrorism and counter-extremist laws and
policies were put into place. With these new requirements in place, carrying out a malicious act
today against a high containment laboratory in the United States is challenging, which might
deter or prevent groups from repeating past attacks. This idea was highlighted in propaganda
from one animal rights extremist group, which blamed their decreased activity against
laboratories on the difficulty of penetrating “increased security.”®"

e Insiders pose a significant risk because of lone actor incidents, the unpredictability of emotionally
disturbed insiders, potential for radicalization by extremists or terrorists, or elicitation or
subversion incidents. Insiders have carried out or been involved in malicious acts involving the
diversion of a pathogen from a laboratory and the infection of someone in the general public. In
addition, noncompliance with security regulations increases the potential biosecurity risk posed
by insiders.

e Transnational terrorist groups, including state-like groups, were found to be unlikely to target US
laboratories directly through armed assaults or bombings. However, foreign terrorist
organizations, such as al Qaeda and ISIL, have issued calls for scientists, doctors, and engineers
to join their cause, which includes the use of specialized skills to inflict harm.

e Foreign intelligence entities have and continue to target biological laboratories to steal
information or laboratory materials. These efforts can be done through elicitation or subversion of
laboratory employees, insertion of an operative, or more recently, remotely through hacking into
institutional computer networks. No information in open source literature links these incidents of
theft to release of a biological agent.

e In the past, a select few foreign intelligence agencies weaponized biological agents for use in
assassinations. In addition, the Soviet Union’s KGB targeted Western research on modified
pathogen strains, possibly to bolster the Soviet offensive program.3’
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John E. Lewis, Deputy Assistant Director, Federal Bureau of Investigation, Testimony before the Senate Judiciary
Committee, Washington DC., U.S.A., May 18, 2004, https://www.fbi.gov/news/testimony/animal-rights-extremism-and-
ecoterrorism.

Moran R, “Animal activists defend tactics that led to raid — Protests target the homes of business executives,” The Inquirer,
November 22, 2004, http://articles.philly.com/2004-11-22/news/25379045_1_huntingdon-life-sciences-animal-activists-
animal-rights.

Law enforcement efforts outside of the U.S. have also targeted animal rights extremists in recent years. Mark Oliver, “30
arrested as raids target animal rights extremists,” The Guardian, May 1, 2007,
http://www.theguardian.com/uk/2007/may/01/animalwelfare.world.

Patrick Sawer, “Debbie Vincent: Former soldier turned animal rights extremist jailed for six years,” The Telegraph, April
17, 2014, http://mww.telegraph.co.uk/news/uknews/crime/10772486/Debbie-Vincent-Former-soldier-turned-animal-rights-
extremist-jailed-for-six-years.html.

The following extracts from a website maintained in support of the Animal Liberation Front, a domestic extremist animal
rights organization, supports this claim: “Numerous larger liberations took place in the early eighties before technologically
advanced security systems were placed in most larger animal laboratories” and, “Because of increased security, liberations
haven't been as frequent in the 1990's [...]” “Laboratory Animal Liberation Campaign,” Animal Liberation Front,
http://imwww.animalliberationfront.com/ALFront/lab.htm.

Ibid.

Leitenberg M., Zilinskas R., (2012) The Soviet Biological Weapons Program: A History. Cambridge, MA, Harvard
University Press
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Organized criminals have not attempted to steal pathogens from a US laboratory. However, one
case of cyber-crime suggests that theft of information on applied life science research can be
lucrative, and therefore tempting, for organized criminal groups.

Lone outsiders do not pose a significant threat to research laboratories, especially Biological
Select Agent and Toxin laboratories, because they do not have access to the facilities. By
definition, these actors are not working with an insider and would not have opportunities to gain
access to facilities in the absence of intentional or unintentional assistance®® of an insider.

Interviews confirmed the following threats of concern:

Insiders with access to information and pathogens and who become discontented or disgruntled,
radicalized, or elicited or subverted are a security concern.

Transnational terrorists who are interested in biological weapons are a security concern.

Domestic extremists, such as animal rights extremists, anti-vaccine extremists, and eco-radical
groups, who see harming researchers and institutional administrators, and/or vandalizing
institutional facilities as a useful approach to convey their messages are a security concern The
threat posed by domestic extremists appears to vary by the laboratory’s location.

Lone outsiders do not raise much concern because they are not working with an insider and have
difficulty accessing laboratories and breaching facility defenses unassisted.

Active shooters on university campuses are of significant concern even though no incidents
involving an active shooter in a high containment laboratory have been described.

7.2.2 Malicious Acts

The following key findings are reached regarding malicious acts, based on the research presented in the
section above:

Armed assaults at laboratories have not occurred previously, but with increasing incidents of
active shooter cases on university campuses, the potential for armed assault might exist.

A bombing attack against a US lab has not taken place. Because malicous actors have bombed
hospials and related facilities, this type of attack remains possible.

No exposure or release events have occurred from sabotage, despite the relative frequency of
sabotage incidents.

Reckless acts provide the greatest opportunity for an outbreak to occur, and have occurred on
several occasions in the past, as documented above.

A deliberate infection of a member of the public through a deliberate or reckless act by an insider
represented the most common pathway for loss of containment across the spectrum of malicious
actors and acts considered.

375

An example of unintentional assistance by an insider is access through an insider not complying with physical, information,
or transportation security measures.
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e Arreckless act involving the release of an infected animal outside of containment has occurred
once before, as a result of an attack by a domestic animal rights extremist group who likely did
not know the mice were infected.

e Deliberate self-infection remains a hypothetical concern. The closest event documented in open
source literature is one reported HIV self-infection case involving an outsider without lab access
who attempted suicide, probably with the help of an infected friend.3"

e Interviews confirmed cyber breach of computer networks and cyber security issues are a
significant concern particularly because they have resulted in several incidents of information
theft. Furthermore in the early 2000s, a computer worm infected the software of an Iranian
uranium enrichment plant, in addition to other industrial sites, affecting operations of Iranian
nuclear centrifuges.®”"® The Department of Defense (DOD)’s Defense Science Board Task
Force considered the potential threat of cyber-sabotage in their May 2009 assessment of DoD
laboratory security, and recommended that an in-depth study be conducted to determine the
potential cyber threat against US laboratories.®™

A summary of the findings drawn from open source literature is presented in Figure 7.5 which highlights
combinations of malicious actors, acts, and consequences of malicious acts based on historical incidents
(in green, red, and red/green circles) and identifies possible combinations based on an evaluation of
malicious actor motivation and capability (blue, blue hatched, or blue diagonal circles). This summary of
findings will be described in detail in the following sections.
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This case is described in: Seth Carus W, (1998) Bioterrorism and Biocrimes: The Illicit Use of Biological Agents Since 1900
Washington, DC, National Defense University.

Kushner D, The Real Story of Stuznet. IEEE Spectrum. Accessible at: http://spectrum.ieee.org/telecom/security/the-real-
story-of-stuxnet. Accessed on November 4, 2015.

Langner R. To Kill a Centrifuge: A Technical Analysis of What Stuxnet’s Creators Tried to Achieve. Accessible at
http:/Aww.langner.com/en/wp-content/uploads/2013/11/To-kill-a-centrifuge.pdf. Accessed on November 5, 2015.

Office of the Under Secretary of Defense For Acquisition, Technology, and Logistics, Defense Science Board, “Report of
the Defense Science Board Task Force on Department of Defense Biological Safety and Security Program,” May 2009, p.
xii, 18-19, 41, <http://www.acq.osd.mil/dsb/reports/ ADA499977 .pdf>
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Figure 7.5. Possible threats based on historical events (green, red and green-red cross-hatched circles) and
malicious actor motivations and capabilities (blue solid, cross-hatched, and patched circles). The green circles
indicate two or more historical events, the red circles indicate one historical event, and the cross-hatched
green-red circles indicate one or two historical events. The blue circles indicate possible threats based on
malicious actor motivation and capability. The patched blue circles indicate planned or failed attempts. The
cross-hatched blue circles indicate limited possibility.

7.2.3 Detailed Descriptions

Detailed descriptions of malicious acts perpetrated by various malicious actors (lone outsider, lone
insider, organized criminals, domestic terrorists and violent extremists, transnational terrorist non-state
groups, and foreign intelligence entities) are included in Appendix V to this report:

Section 16.4: Analysis of Malicious Actor Motivations and Capabilities
Section 16.5: Detailed Analysis of Historical Incidents

Section 16.6: Attacks Against Laboratories

Section 16.7: Biocrimes Committed by Individuals

Section 16.8: Terrorist and Extremist Events Tied to Biological Warfare (BW)
Section 16.9: Designated Foreign Terrorist Organizations and BW

Section 16.10: Detailed History of Known Terrorist BW Programs

Section 16.11: Other Terrorist Groups Linked in Some Fashion to BW
Section 16.12: Islamic State in Iraq and the Levant (ISIL) Group Overview

Some types of successful incidents may go undetected, and in general, incidents may be tied to sensitive
law enforcement and intelligence information. Hence, open source reporting alone is unlikely to lead to a
complete list of all relevant historical incidents. Historical patterns can be disrupted, for instance, as a
result of the widespread implementation of new security programs, by the arrest of key group members,
and by the emergence of new malicious actors. Malicious actors may decide, in line with shifts in motives
and capabilities, to change the way they operate and to select new targets. To address the potential
shortcomings of relying solely on historical data, hypothetical events are also considered in light of the
motivations and capabilities of each malicious actor type. That is, when no historical case has been
identified for a particular actor-act pairing, an argument is presented to explain why that pairing is
unrealistic or, on the contrary, for why it cannot be discounted. These cases are called hypothetical.
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7.3 Findings: Defense Assessment

An assessment of the overall risk posed by malicious actors necessitates an evaluation of the current
governance structure for biosecurity and related policies and the implementation of security measures at
research institutions. The historical and operational links between safety and security highlight the need to
include both in this evaluation. *° In addition, the agents associated with the Deliberative Process —
influenza, SARS-CoV, and MERS-CoV - are subject to different requirements. Highly pathogenic avian
influenza and SARS-CoV are select agents subject to the Biological Select Agents and Toxins
Regulations.®®! Although no GoF viruses are currently Tier 1 BSAT, a recent Notice of Proposed Rule-
Making has asked for public input on the upgrade of laboratory-generated, mammalian-transmissible H5
influenza viruses (specifically, those viruses that are contain the HA from the A/Gs/Gd/1/96 lineage and
made transmissible among mammals by respiratory droplets in the laboratory) to the Tier 1 level of
Biological Select Agents and Toxins.*¥? Low pathogenic influenza and MERS-CoV are not classified as
Biological Select Agents and Toxins. For this reason, included in this analysis are security measures,
whether from governing documents and practices on safety or security, at the non-select agent, select
agent, and Tier 1 select agent levels.

7.3.1 Overview of Security Measures

Table 7.2 below summarizes specific requirements applicable for all laboratories depending on their
biosafety level (second column), additional requirements enforced at laboratories working with Select
Agents and Toxins (third column), and additional requirements enforced at laboratories working with Tier
1 Select Agents (fourth column). The second column constitutes the base level of security, and each
column thereafter lists additional security requirements. The September 2014 institutional DURC
oversight policy applies to select agent and Tier 1 select agent laboratories and to non-select agent
laboratories conducting research with di minimus quantities of botulinum toxin.

380 Bijosafety measures mitigate risk of accidental exposure to hazardous biological agents, such as lab acquired infections and

environmental exposure. Biosecurity measures mitigate risk of intentional theft or misuse of biological samples or relevant
sensitive information. U.S. Department of Health and Human Services, Biosafety in Microbiological and Biomedical
Laboratories — Fifth Edition, December 2009, p. 105, http://www.cdc.gov/biosafety/publications/bmbl5/.

%l 42 C.F.R.873,9 C.F.R. 8121, and 7 C.F.R. §331.

32 Proposed regulation covers laboratory generated, mammalian, respiratory-transmissible influenza viruses containing the
hemagglutinin from the A/Goose/Guangdong/1/96 lineage. Federal Register Volume 80, Number 136, Pages 42079-42084
http://www.gpo.gov/fdsys/pkg/FR-2015-07-16/html/2015-17435.htm.
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Table 7.2. Security-Specific Requirements in General, Select Agent, and Tier 1 Select Agent Labs

Select Agent (in addition to

Tier 1 Select Agent (in

e Sealed (BSL-3 and up)
and break-resistant (BSL-
4) windows

* (Windows not
recommended for ABSL
vivarium; optional)

(1D badges, access
control, “normal”
working hours; optional)
(Electronic cardkey
access; optional)

Topic General General) addition to Select Agent)
® Appropriate biosafety
training ® Security training, at least .
e Dual use research of annually . Ins'ld'er threat awareness
Per§op nel concern training (for e Dual use research of concern fraining
Training research involving di training (for research assessed e Stricter personnel
minimus quantities of as DUgC) reliability reporting
botulinum toxin that is
considered to be DURC)
® |ndividual security risk
. assessment * Pre-access suitability
* DoC andfor Dos permits | Suspicious activity reporting assessment
for pathogen access by process o F | .
Personnel foreign nationals (if . te criminal back q o_:n;)a}l_ct:ontlnuous ¢
Reliability needed)! eparate criminal backgroun suitability assessmen
(Reference checks for check (optional) . (Behavioral threat
pathogen access by foreign optional)
nationals (if needed)!
e Self-closing lockable
doors (BSL-2 and up, all
animal)
Separate space from ® Three security barriers,
traffic flow, doors locked one monitored
(BSL-3 and up, all e Access control on final
animal) . ® Physical security in security barrier
e Separate building or zone, plan e Backup power for
locked doors (BSL-4, e Procedures to remove access control systems
ABS'—'4)_ potential malicious actors * Response time at or
Physical * Self—cIcIJsmg doors e Reporting potential crimes or under 15 minutes, or
Security (animal) access control issues physical barriers

® Access control management

® Inspection of suspicious
packages

® Escort visitors

adequate to hold until
responders arrive
Restricted off-hours
access even for
approved staff

® Procedures for visitors,
their property, and their
vehicles
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Table 7.2. Security-Specific Requirements in General, Select Agent, and Tier 1 Select Agent Labs

Topic

General

Select Agent (in addition to
General)

Tier 1 Select Agent (in
addition to Select Agent)

Surveillance
and Monitoring

® Access controls and
training requirements

¢ Alarmed exits (BSL-4,
ABSL-4)

® QOccupational health
monitoring (BSL-4,
ABSL-4, lower levels by
risk assessment

¢ Ventilation alarms (BSL-
3 and up, optional below
level 4)

® Facility video
surveillance (optional,
generally not monitored)

® Yearly facilities
inspection — biosafety
cabinets, HVAC

* No additional requirements

¢ Intrusion detection
systems

® Qccupational health
monitoring

Storage,
Inventory, and
Accountability

® General inventory and
material management
process for biological
stocks (optional)

® Record entry/exit in

e Record number of containers,
storage location, and chain-
of-custody information for
long-term storage

e Record animal counts,
species, location, and final
disposition

® Access records in logbooks

* More stringent reviews,
logs, and inventory
audits (optional)

case) 2

® DoC and/or DoS permits
for pathogen export (if
needed) ?

e Record transfers

® DoC and/or DoS permits for
pathogen export!

Processes . ;
logbooks (BSL-4, ABSL- | ® Access control to inventories
4) * Inventory audits after moving,
PI turnover, or theft/loss
* DoC and/or DoS permits for
pathogen export!
® Triple package agents?
o Labeling requirements | ® Shipping permits from
for air shipment? CDC/APHIS required?
o Import permit o Report receipt or
Transfer, ¢ (CDC, USDA), interstate loss/theft/delay to
Shipment, and permit (USDA\), potential CDC/APHIS within 48 . "
Chain-of- need for interstate transfer hours? No additional
Custody permits for imported o Report damage to requirements
Protocols Samp|es (CDC’ Case-by- CDC/APHIS immediately2
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Table 7.2. Security-Specific Requirements in General, Select Agent, and Tier 1 Select Agent Labs

Topic General Select Agent (in addition to Tier 1 Select Agent (in
P General) addition to Select Agent)
e External communication
capability (BSL-4, . )
ABSL-4) ® Security response time
Emergency e Annual drills to test at or below 15 minutes,
® Emergency access and e . .
Response emergency and incident or physical barriers
egress plans (BSL-4, .
Protocols response plans adequate to hold until
ABSL-4) .
responders arrive
¢ Plans for man-made or
natural disasters (Animal)

General from BMBL? unless noted. Select Agent and Tier 1 Select Agent from Select Agent regulations* unless
noted.
1US Department of Commerce, “Deemed Exports and Fundamental Research for Biological Items”;
15 CFR 734.3-8, “Scope of the Export Administration Regulations”;
15 CFR 744.4-6, “Control Policy: End-User and End-Use Base”’;
US Department of Commerce, Commerce Control List, “Category 1 — Special Materials and Related
Equipment, Chemicals, ‘Microorganisms’ and ‘Toxins’”;
22 CFR 121.1(XIV)(b) “The United States Munitions List.”
249 CFR 175.134, “Class 6, Division 6.2 — Definitions and exceptions”’;
49 CFR 173.196, “Category A infectious substances”;
49 CFR 173.199, “Category B infectious substances”;
49 CFR 172, “Subpart I- Safety and Security Plans”;
9 CFR 122, “Organisms and Vectors,”
42 CFR 71, “Foreign Quarantine”
3US Department of Health and Human Services, Biosafety in Microbiological and Biomedical Laboratories —
Fifth Edition.
442 CFR 73, US Government Publishing Office, “Select Agents and Toxins”
9 CFR 121, US Government Publishing Office, “Possession, Use, and Transfer of Select Agents and Toxins”

7.3.2 Detailed Descriptions

A detailed analysis of the requirements, implementation practices, and current gaps in security measures
is provided in Appendix V of this report:

Section 16.13: Biosafety and Biosecurity at US Research Laboratories

Section 16.14: Laws, Guidance, Policies, Practices, and International Agreements on Biosafety and
Biosecurity

Section 16.15: Restriction of Fundamental Research, Dual Use Research of Concern, and NIH
Guidelines for Recombinant DNA

Section 16.16: Analysis of Security Measures

Section 16.17: Major Challenges and Knowledge Gaps

7.4 Analysis of Offense and Defensive Measures

The biosecurity risk assessment presents a semi-quantitative evaluation about whether deliberate acts
involving GoF influenza, SARS-CoV, or MERS-CoV will result in a local outbreak or pandemic. The
assessment involves: 1) qualitative analysis of plausible threats facing institutions that conduct GoF
influenza virus, SARS-CoV, or MERS-CoV research based on systematic evaluation of historical
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incidents, malicious actor motivations and capabilities, and implemented security measures at US
research institutions and 2) quantitative analysis of the potential for the plausible threats to cause
infections in the local community or broader and of the comparison of possible pandemic consequences
of plausible threats involving GoF influenza virus, SARS-CoV, or MERS-CoV and non-GoF viruses.
Although an actual or attempted biosecurity incident could cause significant damage to research progress,
national preparedness and response efforts, the nation’s economy, or socio-political situation, the
assessment focuses on the consequences to human health (both illness and death) at the individual (i.e.,
laboratory worker, malicious actor, or emergency personnel) and population (i.e., local or global
communities) levels should a pathogen be removed from containment deliberately or accidently.

No unclassified information describing the threats to research laboratories that store or study GoF
influenza, SARS, or MERS-CoV virus is available. Therefore, to identify the types of acts that may target
a GoF laboratory, our approach involved examining historical incidents involving life science laboratories
and hospitals, evaluating the motivations and capabilities of malicious actors, and determining if and how
existing security measures affect the likelihood of success of a given malicious act. All of the data
collected on potential threats and biological security governance were used to assess the plausible threats
facing laboratories that study or store GoF virus(s).®® For the purpose of this analysis, “plausible threats”
are defined as the most probable events that could lead to a loss of containment from a biosecurity
incident. Therefore, the analysis focused on the plausible threats assessed within the current context of
laboratory security and their potential to lead to localized or widespread infections.

The malicious acts that present the greatest risk to human health are assessed sequentially, starting with
malicious actors. The most plausible actors are further evaluated by the most probable and consistent
malicious acts they may commit. Finally, the most likely immediate consequence of a probable and
consistent act that has been committed is evaluated. At each step, probable threats are evaluated within
the context of current security measures at US high containment research laboratories. The final result is
the most plausible threats based on evaluation of historical data, consistency with malicious actor
motivation and capability, and likelihood within the current security environment at high containment
research laboratories in the United States.

The potential of plausible malicious acts to cause global pandemic was assessed using the biosafety risk
assessment models. By leveraging the biosafety risk assessments to analyze biosecurity risk, the
important input parameters become the number of initial infections and response time after an incident
(including emergency response and/or public health response). Deliberate and accidental risks result in
vary similar outcomes and this approach allows for comparisons to be made between biosafety and
biosecurity risks that cause similar human health outcomes.

7.4.1 Qualitative Assessment of Plausible Threats
7.4.1.1 Malicious Actor

Analysis of malicious actor intent falls into two categories: 1) intent to target US research institutions to
acquire GoF viruses for use as weapons; and 2) intent to harm US research institutions and/or laboratory
workers, but not through the weaponization of pathogens stored or studied in research laboratories. Table
7.3 summarizes the likelihood that the malicious actors considered have the intent, capability and ability
to access laboratories with respect to each of these categories. The analysis is based on an evaluation of
historical cases and malicious actor motivations and capabilities described in Section 7.4 and Appendix V

383 Noncompliance with security regulations might increase biosecurity risk intentionally or unintentionally. However, because
no repository of tested best practices exist, some requirements may not be easily implemented at research institutions given
building design, institutional policies, and local and state laws.
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Section 16.2-16.9 and the safety and security measures included in Section 7.5 and Appendix V Section
16.10-16.11. Although this assessment is grounded in historical incidents, incorporation of malicious
actor motivations and capabilities ensured that plausible incidents that have not previously occurred
would be considered. Of greatest relevance to the discussion about actors is their definition: outsiders are
not authorized to access high containment research laboratories in which GoF research with influenza,
SARS-CoV, or MERS-CoV are conducted, while insiders are authorized to access such laboratories by
definition. The approach taken in this analysis can be applied to biosecurity risk assessments of research
involving other pathogens.

Table 7.3. Malicious Actor Intent, Capability, and Opportunity

Deliberate Acts that Use of Pathogens | Deliberate Act Resulting in Accidental

as Weapons Release of Viruses
Intent to N - Intentto | Capability -
; Capability | Ability to Carry to Carry Ability to
Acquire .
Virus to to_ Acquire | Access Out_ _ Out. _ Access
Virus Laboratory | Malicious | Malicious | Laboratory
Use
Act Act

Foreign Intelligence
Agencies

Transnational
Terrorists, non-state
actors

Domestic Terrorists
and

Extremists

Organized Criminals

Lone Outsiders Only to outside
of building

Lone Insiders

Black indicates consistency of intent, capable, or able to access high containment, research laboratories with
known malicious actor motivations and capabilities, and historical incidents.

Dark Grey indicates possible intent, capable, or able to access high containment, research laboratories with
known malicious actor motivations and capabilities, and historical incidents.

Grey indicates inconsistency of intent, capable, or able to access high containment, research laboratories with
known malicious actor motivations and capabilities, and historical incidents.

7.4.1.1.1 Deliberate Act at US Research Laboratory to Use Pathogen as Weapon

The most likely actors with intent to target US research institutions to acquire GoF influenza virus,
SARS-CoV, or MERS-CoV for use as weapons are transnational terrorists and lone insiders.

e Although foreign intelligence agencies may want to acquire viruses, their purpose for doing so is
likely for intelligence, scientific advancement in their home countries, or commercial benefit.
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Although the possibility that foreign intelligence agencies may want to acquire GoF virus to
incorporate into their offensive biological weapons cannot be ruled out, the likelihood of this
intent is low. Approximately 172 countries are party to the Biological Weapons Convention,
which bans development and stockpiling of biological weapons, and all nations are required to
abide by United National Security Council Resolution 1540, which requires countries to
implement and enforce measures preventing proliferation of biological weapons within their
borders. These international obligations decrease (but does not eliminate) the likelihood that
Nations acquiring a virus for an offensive biological weapons program.

e Translational terrorists, specifically al Qaeda, continue to express interest in acquiring pathogens
for use as weapons. In addition, al Qaeda and ISIL have recruiting efforts that target individuals
with technical skillsets to join their causes and undertake malicious acts within their means.
However, no available information suggests that these groups have recruited scientists in the US
or that other transnational terrorist groups have interest in biological weapons. For these reasons,
the intent of transnational terrorists is described as possible.

e In our analysis, individuals who self-radicalize and plan to or carry out a malicious act in the
absence of a formal affiliation with a terrorist organization are considered Lone Outsiders or Lone
Insiders. This distinction is made because the level of resources, support, and success afforded a
member of a group compared to an individual acting alone is different, all of which will be
described in the analysis of capabilities, access, and likelihood of malicious acts.

e Historically, members of domestic terrorist groups, but not animal rights extremist or eco-radical
groups, have sought to acquire bacteria from culture collections. Similarly, recent policy debates
about synthetic genomics have raised concerns that individuals, some of whom may be members
of these groups, may seek to acquire viral DNA from DNA synthesis companies to recreate
viruses. However, no available examples exist describing cases where domestic terrorist groups
have sought to steal or have successfully stolen viruses from high containment laboratories in the
United States, suggesting the intent to do so is inconsistent with their motivations. However, one
example exists describing a domestic terrorist group that used an agent against the public to sway
a local election (Rajneeshee Cult).

e QOrganized criminals and_lone outsiders are not likely to be interested in stealing virus from a high
containment laboratory based on the lack of open source examples of such incidents and our
understanding of the motivations of organized criminals.>®*

e Several historical cases involving lone insider theft and use of bacteria to harm others were
identified in open source literature during our study. These cases have involved disgruntled,
dissatisfied, disturbed, or radicalized insiders who remove a pathogen from a laboratory to infect
co-workers, spouses, or family members. Extrapolating these cases to GoF viruses, the possibility
that a lone insider, with malicious intent, may acquire virus from a research laboratory to use as a
weapon is high.

When divorcing intent from capability, the most likely malicious actors to have the capability to acquire
GoF influenza virus, SARS-CoV, or MERS-CoV from US research laboratories are foreign intelligence
entities, an insider acting alone or in concert with any category of malicious actors, and lone insiders.

384 Historical examples of lone outsiders acquiring bacteria from culture collections do exist. But, to our knowledge, culture
collections do not have GoF influenza, SARS-CoV, or MERS-CoV viruses.
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Many foreign intelligence agencies have the resources and levels of expertise to suggest they
have a high level of capability. In addition, these agencies are known to elicit information from
insiders as part of their typical tradecraft.

Transnational terrorists, domestic terrorists, and domestic extremists themselves are unlikely to
have the requisite capability to illicitly acquire a virus from a high containment laboratory in the
United States. However, documented historical cases describing insider recruitment suggest that
insider-assisted capability is likely.

Organized criminals and lone outsiders are unlikely to have the capability to steal virus from a
high containment laboratory, particularly since no open source examples exist. However despite
the lack of motivation, the possibility that organized criminal groups force insiders to assist in
acquiring virus cannot be ruled out.

Lone insiders present the highest risk when considering capability because they have the
knowledge, skills, and access necessary to acquire and/or manipulate the viruses.

When considering an actor’s ability to access a GoF influenza virus, SARS-CoV, or MERS-CoV in a
high containment research laboratory in the United States, the most likely malicious actors to have access
are foreign intelligence entities, an insider acting alone or in concert with any category of malicious
actors, and lone insiders.

Research institutions supporting animal research and high containment research have access
controls in place to protect against unauthorized access to the laboratories. These controls can
take the form of guards; electronic, biometric, or mechanical intrusion prevention/detection
systems; and/or some combination of these measures. Based on these access controls, along with
periodic monitoring of access to laboratories, the likelihood that any outsider, who is not working
with an insider, could gain access to the high containment, research laboratory to acquire GoF
virus is extremely low. That said, these security measures are only as good as the community who
observe them (i.e., noncompliance with security regulations might increase insider-assisted
biosecurity risks).

Foreign intelligence agencies are known to elicit information and materials from insiders as part
of their typical tradecraft, suggesting the possibility of gaining access to GoF viruses through
indirect means. In addition, these agencies may have personnel who are authorized entrance into
the laboratories and have direct access to GoF viruses (e.g., operative or elicited individual).
Professionals likely would not be identified by currently implemented personnel reliability
measures at research institutions or deterred by access control measures.

Acting alone, translational terrorists are not likely to have any opportunities to acquire virus in
high containment research laboratories in the United States. However, these organizations are
known to recruit individuals to their causes, suggesting that they could acquire virus with the help
of an insider (e.g., through elicitation, subversion, or recruitment). Current insider threat training
and personnel reliability measures that allow for periodic behavioral assessment, specifically
implemented for Tier 1 BSAT, and non-punitive reporting of changes in co-worker behavior (any
level of research) could alert institutional officials to possible insider radicalization. However,
colleagues may not recognize such changes or may be in denial that such changes are taking place
in a friend or colleague, limiting the effectiveness of personnel security measures.
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e Domestic terrorists, domestic extremists, organized criminals, and lone outsiders are not likely to
have access to virus stored in high containment, research laboratories in the United States.
Despite the lack of access, the possibility that domestic terrorists, domestic extremists, and
organized criminals could acquire a virus with the help of an insider cannot be ruled out.
Historical examples of domestic extremist groups gaining access to lower containment
laboratories and eliciting information about facilities or attempting to get into animal facilities
exist. However, the likelihood that such elicitation and access attempts would translate to
acquisition of GoF virus is low in light of current access controls for high containment research
laboratories, particularly BSAT laboratories, and personnel reliability measures for Tier 1 BSAT
laboratories. Increased insider vigilance and non-punitive reporting would further decrease the
likelihood of insider-assisted acquisition.

e Lone insiders are extremely likely to have opportunities to acquire virus from high containment
research laboratories because they have authorized access to these laboratories. The monthly
inventory checks on stored pathogens would not necessarily deter insiders (both lone insiders and
insiders assisting groups) from removing virus from the laboratory. In addition, the identification
of missing virus may be impossible if some virus is removed from a vial that remains in the
freezer. In addition, inventory checks would not identify removal of virus from experimental
samples.

e The possibility that an actor could steal pathogen during transportation appears to be low because
GOF viruses apparently are not shipped.® Even if a virus was shipped, specific information about
shipping dates, trucks, and vendors are not accessible to outsiders.

When evaluating intent, capability, and opportunity together, the most likely malicious actor to target a
US research laboratory to acquire a pathogen for use as a weapon is an insider, either working alone or in
coordination with a group, likely a transnational terrorist group.38®

7.4.1.1.2 Deliberate Act at US Research Laboratory Resulting in Accidental Release of Viruses

Deliberate acts directed towards institutions and people, but not conducted for explicit acquisition of virus
for use as a weapon, could target: 1) the research laboratory in which GoF research with influenza virus,
SARS-CoV, or MERS-CoV is being conducted; 2) space outside the laboratory but inside the building
which houses the laboratory; or 3) the area outside the facility in which the laboratory is housed. Such
targeting could cause accidental release of virus from the laboratory. Specific acts associated with such
targets could include armed assault, arson, bombing, vandalism and sabotage of facilities, tampering with
experiments, and theft of materials, equipment, and animals.

The most likely malicious actors with the intent to carry out such acts include domestic terrorists and
extremist groups, and lone insiders.

e The possibility that a foreign intelligence agency would carry about a deliberate act on a US
research laboratory is low, especially since an attack could be construed as an act of war. This is
particularly true for overt attacks, such as bombing, armed assault, or vandalism. However, the
possibility that a foreign intelligence agency could accidently release a GoF virus through theft of
materials or equipment cannot be ruled out.

385 gcientists use reverse genetics to make GoF viruses instead of shipping them according to the scientists who were
interviewed.

36 An insider also is the most likely actor to acquire a virus for non-weapons purposes, such as personal or monetary benefit or
assisting foreign intelligence agencies.
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e No open source information exists indicating an intent by transnational terrorists to carry out a
deliberate, malicious act on high containment research laboratories in the United States.
However, the possibility that transnational terrorists may want to bomb a building cannot be ruled
out because of the high prevalence of such tactics by several of these groups.

e No open source information exists indicating an intent by organized criminal groups to carry out
a malicious act on or in high containment research laboratories in the United States. Organized
criminals are driven by financial gain suggesting that the possibility that a criminal organization
might seek to sell laboratory equipment for profit cannot be ruled out. However, the relative
availability of common life science equipment for online purchase decreases the likelihood that
an organized criminal organization will steal from a high containment laboratory in the United
States.

e Several historical cases involve deliberate acts caused by domestic terrorists and extremists who
have vandalized buildings, tampered with experiments in lower containment laboratories,
released research animals into the wild or their own homes, or detonated bombs near buildings.
The frequency with which these groups attack research institutions for ideological purposes
indicates a high likelihood that they could carry out more such deliberate acts. However,
additional security measures put in place under various regulations make such acts much more
difficult to plan and carry out.

e Historical cases involving the use of bombs or armed assault in public areas and at hospitals by
lone outsiders exist in open source literature. However, no open source information was identified
about the targeting of US research laboratories by lone outsiders. Despite the lack of motivation,
the possibility that a lone outsider would detonate a bomb or carry out an armed assault outside or
in a research building cannot be ruled out. However, the motivation for such an attack is not clear.

e Historical examples of lone insiders tampering with experiments for personnel benefit or theft of
virus for commercial benefit suggest the presence of clear motivations for lone insiders to carry
out deliberate acts, some of which could result in accidental release of virus. Consequently, the
likelihood of such acts is high.

When considering only capability, the most likely malicious actors to carry out deliberate acts that might
result in accidental release of virus are foreign intelligence agencies, transnational terrorists, domestic
terrorists and extremists, and lone insiders.

e Foreign intelligence agencies are expected to have the resources, tools, and expertise needed to
carry out deliberate acts that could result in accidental release of GoF virus. In addition, these
agencies are known to elicit information and materials from insiders as part of their typical work.

e No open source information about transnational terrorists targeting US research laboratories
exists. However, the 2001 attacks and the violence carried out by individuals who may have been
radicalized by transnational terrorists suggests their capability to carry out armed assault, arson,
and bombing within the United States. Whether surveillance and monitoring of building
perimeters would deter or prevent a transnational terrorist or sympathizer from carrying out an
attack using these tactics is unclear.

e Domestic terrorist and extremist groups have bombed hospitals, released animals from research
laboratories, vandalized research laboratories and equipment, and tampered with experiments.
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Their proven ability to damage the building exteriors, damage low containment laboratories, steal
animals, and tamper with experiments suggests they are capable of damaging buildings in which
GoF research is being conducted. However, domestic terrorist and extremist groups are not likely
to carry out deliberate acts inside a high containment research laboratory without the assistance of
an insider with access. Increased security, including surveillance and monitoring of building
perimeters and animal facilities, and increased arrests has decreased deliberate, violent acts
involving animal rights extremists. Whether this extrapolates to other domestic terrorist or
extremist group is unclear.

No open source information exists about the capability of organized criminals to damage
biological research facilities in the United States deliberately. Despite this unknown capability,
organized criminals could use armed assault to gain access to the facility, but the exact purpose of
doing so is unclear.

Lone outsiders have detonated bombs in public areas and at certain clinics suggesting their
potential capability to damage buildings in which GoF research is being conducted. Surveillance
of building perimeters may deter lone outsiders from carrying out such acts. However, the
increasing number of active shooter incidents at US facilities and educational institutions suggests
that such actors are not deterred by surveillance and other similar measures.

Lone insiders are expected to have the knowledge and skills to deliberately compromise or
tamper with equipment and experiments. Furthermore, historical cases involving lone insiders
who tamper with co-workers” experiments are described in open source literature. These cases
and the presumed knowledge and skills of lone insiders suggest that these actors likely have the
requisite capabilities to carry out deliberate acts in a high containment research laboratory. Non-
punitive peer reporting of unusual incidents or repeated experimental findings, damaged
equipment and facilities, and behavioral changes or unusual behavior of individuals with
authorized access to high containment, research laboratories are the only measures that exist to
prevent or mitigate a deliberate act carried out by an insider with trusted access.

When analyzing an actor’s ability to access a high containment, research laboratory, the most likely
malicious actors to carry out deliberate acts that could result in accidental release of virus are foreign
intelligence agencies, transnational terrorists, domestic terrorist and extremist groups, and lone insiders.

Research institutions supporting animal research and high containment research have access
controls in place to protect laboratories. These controls can take the form of guards; electronic,
biometric, or mechanical intrusion prevention systems; and/or some combination of these
measures. Based on these access controls and periodic monitoring of access to laboratories, the
likelihood that any outsider, who is not working with an insider, would gain access to the high
containment, research laboratory to tamper with experiments involving GoF viruses or their wild
type counterparts is low.

Foreign intelligence agencies are known to elicit information from insiders as part of their typical
tradecraft, suggesting the ability to achieve indirect access to laboratory materials. In addition,
these agencies may have personnel who can gain authorized entry to the laboratories (i.e.,
insertion of an operative) for direct access to high containment laboratories. Professionals likely
would not be identified by currently implemented personnel reliability measures at research
institutions or deterred by access control measures. Foreign intelligence agencies also may have
the resources to access laboratories remotely by hacking into laboratory computer systems.
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Finally, foreign intelligence agencies may have the resources to detonate a bomb or carry out an
armed assault, but as previously stated, these acts could be construed as an act of war.

e Transnational terrorists may have access to the exterior perimeter of the building in which a
laboratory is located and potentially to the research laboratory itself, if access control measures
are insufficient. However in general, such actors would not have access to the high containment
laboratory itself unless assisted by an insider. Current personnel reliability measures that allow
for periodic behavioral assessment, specifically implemented for Tier 1 BSAT, and non-punitive
reporting of changes in co-worker behavior (any level of research) could alert institutional
officials to possible radicalization of an insider. That said, colleagues may not recognize such
changes or may be in denial that such changes are taking place in a friend or colleague.

e Historically, domestic terrorist and extremist groups, such as animal rights extremists, have
recruited, elicited information from, and subverted insiders to gain access to animal facilities. In
addition, other groups have elicited information about clinics as they prepared to bomb buildings
based on historical examples. Domestic terrorist and extremist groups are likely to access the
perimeters of buildings and low containment research laboratories, but not likely to access high
containment research laboratories without the assistance of an insider.

e The likelihood that criminal organizations and lone outsiders would have access to high
containment, research laboratories is low. However, the possibility that an insider could assist a
criminal organization in carrying out a deliberate act in a high containment laboratory cannot be
ruled out, though the exact purpose behind such an act is not clear.

e Lone insiders are extremely likely to have opportunities to tamper with experiments, release
animals, compromise equipment, detonate bombs, and carry out armed assault in high
containment, research laboratories because they have authorized access to these laboratories.

7.4.1.1.3 Malicious Actor Conclusion

When evaluating the intent, capability, and the ability to access laboratories in which GoF research with
influenza virus, SARS-CoV, or MERS-CoV, the most likely malicious actors to target a US research
laboratory to carry out a deliberate act to the building perimeter are domestic terrorists and extremists,
transnational terrorists, lone outsiders, and lone insiders. Although no open source information indicates
whether these malicious actors are motivated to damage buildings in which GoF viruses are stored or
studied, historical examples of attacks involving other types of buildings do exist.

When looking at all three components together for deliberate acts carried out inside a high containment
research laboratory in which GoF research with influenza virus, SARS-CoV, or MERS-CoV is
conducted, the most likely malicious actor is an insider, working alone or in coordination with a group,
particularly domestic terrorist or extremist groups.

7.4.1.2 Malicious Acts and Likelihood of Escape of GoF Virus

The likelihood of success of malicious acts and resulting virus escape are based on the degree of access to
a high containment research laboratory. These laboratories (i.e., biosafety levels 3 and 4) have a variety of
security measures in place to prevent unauthorized access by individuals who are not approved to work
and/or do not demonstrate competency and proficiency in working safely and competently in the
laboratory. In addition, researchers working with BSAT are subject to review by the Security Risk
Assessment (Appendix V Section 16.11.2) and those working with Tier 1 BSAT must undergo periodic
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screening assessments. Based on these physical and personnel security measures, the analysis of
malicious acts is divided into: 1) acts that can be carried out by only insiders and 2) acts that outsiders can
be carried out without insider assistance. The analysis draws upon historical cases to evaluate the
likelihood that malicious acts would be undertaken successfully and to focus on those acts that likely
could cause a breach leading to escape of a GoF influenza virus, SARS-CoV, or MERS-CoV. Table 7.4
summarizes the likelihood of an outsider or insider to successfully carry out a particular malicious act and
the likelihood that such an act could lead to GoF virus escape.

Table. 7.4. Malicious Acts Undertaken and Likelihood of Success

Escape

Bomb Depends of siz_e,
type, and location of
a bomb blast

I

.
Unlikely by itself

|

|

|

|

Armed Assault

Arson

Physical Entry

Cyber Breach
Infect Co-
Theft of Virus Workers
Infect Public

Theft of Animals

Theft of Materials, Equipment, or
Information

Sabotage

Elicitation of Information N/A

Subversion of Employees N/A

ubversi ploy Unlikely by itself
| i f i N/A

nsertion of Operative Uil 5 i
Reckless Act

Depends on the act

Deliberate Self-Infection

Black indicates consistency of intent, capable, or able to access high containment, research laboratories with
known malicious actor motivations and capabilities, and historical incidents.

Dark Grey indicates possible intent, capable, or able to access high containment, research laboratories with
known malicious actor motivations and capabilities, and historical incidents.

Grey indicates inconsistency of intent, capable, or able to access high containment, research laboratories with
known malicious actor motivations and capabilities, and historical incidents.
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Armed Assault

The increase in active shooter incidents in the US suggests that an armed assault in a high containment
research laboratory may be possible at some level. Outsiders could carry out an armed assault outside the
building in which GoF research is conducted. Insiders possibly could carry out an armed assault inside a
research building and high containment research laboratory.

Current personnel security measures requiring periodic assessment of personnel and non-punitive
reporting of behavioral changes in personnel could provide an opportunity for institutional officials to
identify potential insider threats before acts are conducted. These measures are required for Tier 1 BSAT
laboratories. In addition, institutions conduct emergency response exercises and many universities have
threat assessment teams to evaluate the threats on campus and identify prevention strategies. Physical
security measures, including physical barriers, access controls, and surveillance measures, work to
prevent armed outsiders from gaining access to high containment, research laboratories. However, no
physical security measures are in place that would prevent authorized insiders from taking guns into high
containment research laboratories.

An armed assault leading to escape of a GoF virus is unlikely even if the assault is carried out
successfully. Exposure to GoF virus through an open wound is unlikely to cause infection. However,
active shooters inside a laboratory might lead to viral escape through accidental aerosolization of virus in
experimental samples (i.e., exposing the shooter to aerosolized GoF virus or contaminating street clothing
with fomites). If emergency personnel also enter the laboratory, they may be exposed to aerosolized virus
or fomites if not wearing proper protection.

Bomb or Arson

Several historical cases exist of malicious actors detonating bombs in public areas, outside buildings, or at
clinics or setting fires to research buildings. Although outsiders could detonate bombs outside of
buildings or areas accessible to the public, they do not have access to high containment research
laboratories unless assisted by an insider. Insiders potentially could detonate bombs inside research
buildings or high containment research laboratories.

As with armed assault, current Tier 1 personnel security measures could provide opportunities to prevent
insiders from successfully detonating a bomb or setting a fire in a research laboratory and building.
Institutions conduct emergency response exercises and universities have threat assessment teams to
evaluate the threats on campus and identify prevention strategies. Although physical security measures
help prevent outsiders from gaining access to high containment research laboratories, these measures
would not prevent authorized insiders from detonating bombs or setting fires in high containment research
laboratories.

The size, type, and location of a bomb blast may lead to escape of GoF virus from experimental samples.
If the size of the blast is sufficiently large to rattle the building infrastructure (to a similar degree as an
earthquake), GoF virus might aerosolize from spilled experimental samples leading to possible loss of
containment. Similarly, a blast that occurs at the entrance or inside of a high containment, research
laboratory might result in aerosolization of GoF virus and compromise the negative pressure of the
laboratory. However, arson is unlikely to lead to escape of a GoF virus even if carried out successfully
because institutions have established procedures and response measures for fires and viruses are sensitive
to high temperatures.
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7.4.1.2.1 Physical Entry

By definition, insiders have authorized access to high containment research laboratories. Consequently,
this type of act does not apply to insiders. Outsiders are unlikely to gain physical access to high
containment, research laboratories without assistance from an insider.

Physical security measures employed at high containment research laboratories and animal facilities,
including physical barriers, access controls, and surveillance measures, help prevent outsiders from
gaining access to the laboratory itself.

Physical entry alone does not lead to escape of GoF virus from containment.

Cyber Breach

Over the past decade, a growing number of malicious actors, from nation-states to individuals, have
hacked into computer systems in the pharmaceutical, health care, insurance, national security, and
commercial organizations. Furthermore in 2010, a computer worm that infected the software of an Iranian
uranium enrichment plant, in addition to other industrial sites, affected operations of Iranian nuclear
centrifuges,®®"*% suggesting this attack approach should not be ruled out.

Outsiders or insiders with the requisite expertise could hack into the computer systems of research
institutions. Other than firewalls, anti-virus software, and standard cyber security measures, no specific
measure is required to protect information and infrastructure systems from cyber breaches. The exception
is Biological Select Agents and Toxins laboratories, which are required to have information security in
place to prevent cyber breaches,389:390,391,392,393,3%4

The likelihood that a cyber breach would lead to escape of GoF virus is moderate. However, breaches in
infrastructure systems, such electronic controls for air-handling, could lead to escape pf a GoF virus from
containment. That said, air-gapped systems (i.e., those systems that are not connected to the internet) are
much less likely to lead to escape of GoF virus. Based on our interviews, systems that control laboratory
operations, air filtration, and decontamination are not connected to the open internet, but this does not
necessarily mean that the systems are immune to attack.

Theft of GoF Influenza Virus, SARS-CoV, or MERS-CoV

Theft of GoF virus could occur in two ways: 1) by stealing it from a high containment, research
laboratory and 2) theft or diversion during transportation. Outsiders acting without the assistance of an
insider likely are not able to steal GoF virus from high containment laboratories because of the various
access control measures in place to prevent unauthorized access into these laboratories. The likelihood of
an outsider stealing GoF virus during transportation is low primarily because knowing the transfer date,

37 Kushner D, The Real Story of Stuznet. IEEE Spectrum. Accessible at: http://spectrum.ieee.org/telecom/security/the-real-
story-of-stuxnet. Accessed on November 4, 2015.

388 |angner R. To Kill a Centrifuge: A Technical Analysis of What Stuxnet’s Creators Tried to Achieve. Accessible at
http://www.langner.com/en/wp-content/uploads/2013/11/To-kill-a-centrifuge.pdf. Accessed on November 5, 2015.

39 42 C.F.R. 8§73.11(c)(1).

3% 42 C.F.R. §73.11(c)(9).

¥1 9 C.F.R.§121.11(c)(1).

32 9 C.F.R.§121.11(c)(9).

3 7 C.F.R.§33111(c)(1).

34 7 C.F.R. §331.11(c)(9).
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exact truck carrying the virus, and transportation line used would be extremely difficult without assistance
by a knowledgeable insider.

The likelihood of an insider successfully stealing a GoF virus from a laboratory is high because, by
definition, such an individual has authorized access to high containment research laboratories.
Furthermore, insiders have used pathogens against co-workers, family members, and members of the
public in the past. Current personnel security measures requiring periodic assessment and non-punitive
reporting mechanisms could identify behavioral changes in personnel before an act is committed.
Inventory measures could help identify discrepancies in stored GoF virus. However, theft of virus could
occur in-between the regular inventory reviews, could be missed if virus is removed from vials, or could
be via theft of experimental, infectious samples.

Theft of GoF virus leads to escape of virus from containment by definition, but such an act does not
presume that the stolen virus could be used as a weapon. A significant amount of processing, including
growth of the virus from a frozen stock, may have to be carried out to make the virus usable and/or
disseminable. However, theft of experimental samples that contain GoF viruses might be used as is.

Theft of Animals

Several historical examples exist of domestic animal rights extremists removing animals from low
containment research laboratories to take home as pets or release into the wild. However, no examples
exist for high containment research laboratories or animal housing facilities, likely because of increased
security and access controls of both facilities. The physical security and perimeter surveillance measures
of facilities where research animals are present have increased to counter deliberate acts carried out by
animal rights extremists. Current personnel security measures involving periodic assessment (as in Tier 1
BSAT) and non-punitive reporting mechanisms might identify insiders who have been elicited, recruited,
or subverted by outsiders or decided to carry out a malicious act on his/her own. Vigilance by other
laboratory workers could decrease the likelihood that animals go missing.

Theft of infected animals would likely lead to escape of GoF virus.

Theft of Materials, Equipment, and Information

Despite numerous historical cases involving deliberate acts carried out by domestic terrorists and
extremists, none have involved high containment research laboratories. The historical cases evaluated
involved assistance from insiders to provide information, enable access into laboratories, or carry out
actual deliberate acts, such as theft of animals or vandalism of equipment. Physical barriers and access
control measures prevent outsiders from gaining access to high containment research laboratories.
Therefore, outsiders acting without insider-assistance are unlikely able to steal laboratory materials,
equipment, and information contained in high containment research laboratories. Because insiders are
authorized to access high containment research laboratories, the likelihood that they could steal materials,
information, or equipment is high.

Current personnel security measures involving periodic assessment (as in Tier 1 BSAT) and non-punitive
reporting mechanisms might identify insiders who have been elicited, recruited, or subverted by outsiders
or decided to carry out a malicious act on his/her own. Vigilance by other laboratory workers could
decrease the likelihood that equipment, materials, or information (e.g., laboratory notebooks or inventory
logs) go missing.

Theft of contaminated equipment or materials might lead to escape of GoF virus. Theft of information
would not lead to escape of GoF virus.
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Sabotage

The likelihood that outsiders will tamper with equipment or experiments in high containment is low if not
assisted by an insider. The likelihood that an outsider will tamper with the laboratory itself (including the
HEPA filtration system and waste management system) is low unless such an individual has assistance
from a knowledgeable insider. An insider with access to experiments and equipment could tamper with
them. However, not all insiders have access to laboratory operating systems, reducing the likelihood of
such acts.

Current physical barriers and access controls help prevent outsiders from gaining access to high
containment, research laboratories, and their primary operating systems. Personnel security measures help
identify insiders who might carry out acts of sabotage within the laboratory, against a facility, or in the
laboratory operating system. However, these measures would not necessarily enable detection of insiders
in a non-BSAT high containment research laboratory.

Sabotage of experiments, equipment, or laboratory operating systems might lead to escape of GoF virus.
For example, tampering with laboratory materials could lead to ineffective decontamination of samples,
which, if undetected, could result in accidental exposure of laboratory workers who don’t realize the viral
samples are still infectious. Other examples include removal of HEPA filters from the air flow system,
which would prevent proper filtration of the laboratory air, or tampering with a centrifuge rotor, which
could result in an imbalance during spins causing the contents to rupture and exposing laboratory workers
to the infectious samples.

Reckless Act

Reckless acts include mixing of infected animals with uninfected animals to deliberately tamper with
experiments. Several historical cases involving animal rights extremists suggest that these acts can be
carried out in low containment research laboratories. However, the increase in physical barriers, access
control measures, surveillance of animal facilities, and arrests have deterred such groups from carrying
out these acts.

These types of reckless acts are highly implausible for GoF virus research, because infected and
uninfected experimental animals are kept in high containment research laboratories, which often are in
different locations than facilities housing uninfected animals that are not part of ongoing research.
Consequently, the likelihood that an outsider could carry out such acts is low unless assisted by an
insider. The likelihood that insiders who have been elicited, recruited, or sabotaged by an outside group
could remove animals from high containment, research facilities is high. However, because animals
involved in active experiments are separated physically from animals not involved in experiments
suggests that mixing of infected and uninfected animals in lower containment is not as likely, though not
impossible.

Physical barriers, access control measures, and surveillance of animal facilities and BSAT facilities help
prevent outsiders from entering high containment, research laboratories unassisted. Current personnel
reliability measures, including periodic assessment and non-punitive reporting mechanisms, help
institutional officials to detect changes in behavior in personnel. However, these personnel security
measures are required only for Tier 1 BSAT laboratories; some non-Tier 1 BSAT laboratories implement
these measures on their own or as part of their institution’s Tier 1 BSAT program, if applicable.

Reckless acts, such as removal of experimental animals, could lead to escape of a GoF virus via the
infected animal. Mixing of infected and uninfected animals could lead to escape of a GoF viruses if the
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uninfected animals are in low containment and in contact with people. Deliberate infection of oneself, co-
worker, friend, or family member leads to escape of a GoF virus.

Deliberate Self-Infection

Two historical cases of deliberate self-infection exist; however, these cases do not involve self-infection
with a virus taken from a research laboratory. Acts involving deliberate self-infection require an actor to
obtain the GoF virus either from a high containment research laboratory. Outsiders acting without the
assistance of an insider are not likely to obtain a GoF virus from high containment laboratories because of
the various physical barriers and access controls in place at such laboratories. The likelihood of an
outsider obtaining GoF virus during transportation is low primarily because knowing the transfer date,
exact truck carrying the virus, and transportation line used is impossible without assistance by a
knowledgeable insider.

The likelihood of an insider obtaining a GoF pathogen from the laboratory for use in self-infection is high
because (s)he has authorized access to high containment research laboratories. Current personnel security
measures requiring periodic assessment and non-punitive reporting mechanisms could identify behavioral
changes in personnel before an act is committed. The benefit of inventory measures for acquisition of
virus for self-infection is unclear. The insider likely would use experimental samples, which are not part
of current long-term storage measures.

Deliberate self-infection of insiders would lead to escape of GoF virus from containment.
7.4.1.2.2 Malicious Act Conclusion

The most likely malicious acts that could lead to escape of a GoF virus from high containment research
laboratories are: theft of GoF virus or contaminated equipment; tampering with experiments or laboratory
operating systems; removal of infected animals; and deliberate infection of oneself, friend, family
member, or co-worker. All of these acts involve insiders, who are either acting alone or in coordination
with a group, such as domestic terrorist and extremist group. Whether theft of GoF virus leads to
exposure and infection by laboratory workers or members of the public depends on the virus’ form (either
from frozen vials or experimental samples) and the skills and resources of the malicious actor to
effectively grow and deliver the virus.

A possible malicious act that is less likely to lead to escape of a GoF virus is a bomb. The size and
location of a bomb determines whether its detonation could lead to escape of GoF virus in experimental
samples. Outsiders and insiders could detonate a bomb, though in different locations (i.e., outside the
building or near a high containment, research laboratory).

7.4.1.3 Type of Breach Leading to GoF Virus Escape

The likelihood of virus escape and human infection caused by malicious acts are summarized in Table
7.5.
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Table 7.5. Type of Breach Leading to Virus Escape

Malicious Act GoF Virus
Escape

Release of Infected Animals | Theft of Animals
from and within Sabotage
Laboratories Reckless Act
Release of Infected Animals | Theft of Animals

= in the Environment Reckless Act

[<5]

= Cross-Contamination of Sabotage

S Laboratory Animals Reckless Act

c

38 Armed Assault

S Exposure of Laboratory Bomb

A Workers

o Sabotage

- (Could Include Emergency y
Personnel accessing the Reckless Act
Laboratory) Deliberate Self-

Infection

Removal of GoF Virus from Theft of GoF Virus
the Laboratory

g Infection of Wild or Theft of GoF Virus

3 =§ Domestic Animals Theft of Animals

©

36 Infection of Laboratory Theft of GoF VVirus

20 Workers

© O

E % Theft of GoF Virus

g = Infection of the Public Theft of Materials

@

Theft of Equipment

Black indicates consistency of intent, capable, or able to access high containment, research laboratories with

known malicious actor motivations and capabilities, and historical incidents.

Dark Grey indicates possible intent, capable, or able to access high containment, research laboratories with

known malicious actor motivations and capabilities, and historical incidents.

Grey indicates inconsistency of intent, capable, or able to access high containment, research laboratories with

known malicious actor motivations and capabilities, and historical incidents.

Human
Infection

Release of Infected Animals From and Within Laboratories.

The design of and security measures associated with high containment research laboratories help prevent
unassisted escape of animals from the laboratory. However, if an insider intentionally releases laboratory
animals outside of high containment research laboratories, the likelihood that animals will escape the
building varies based on the number of released animals, the method of release, their ease of capture by
researchers, and the design features of the facility, all of which either limits or permits animal escape.
Furthermore, the number of people that the animal might encounter as it wanders around in the building
affects the level of exposure these individuals have to GoF virus from infected animals. Because of this
variability, the likelihood of GoF virus escape and human infection resulting from theft of infected
animals from and within laboratories is moderate and depends on a variety of factors.
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Release of Infected Animals in the Environment

Theft of animals would result deliberate release of infected animals into the environment, whether in the
wild or someone’s home (as a pet), and hence, would be considered as a GoF virus escape. Furthermore,
the close proximity of the infected animal to the actor who releases the animal suggests that at least one
human (the malicious actor) would be exposed to the GoF virus and could be infected.

Cross-Contamination of Laboratory Animals

Sabotage of experiments, including the deliberate mixing of infected and uninfected animals within high
containment research laboratories, neither increases the likelihood of GoF virus escape, nor increases the
likelihood of human infection. However, the deliberate mixing of infected and uninfected animals in
lower containment research environments (i.e., sabotage) might expose researchers not protected against
H5 influenza, SARS-CoV, or MERS-CoV to GoF virus and cause GoF virus escape if the virus gets on
street clothing. The likelihood that this exposure could result in human infection depends on the level of
exposure researchers have with the infected animals before the contamination is detected.

Exposure of Laboratory Workers.

Malicious acts involving deliberate or accidental exposure of laboratory workers could result in GoF virus
escape if the exposed individual(s) gets infected with the GoF virus. Human infection may occur with
virus from experimental samples, thawed virus, or fomites. If equipment or other materials are
deliberately contaminated or tampered with and laboratory workers are not protected well (i.e., through
use of the appropriate personal protective equipment), they may get infected with GoF virus in
experimental samples. Consequently, the likelihood of human infection is moderate.

Removal of GoF Virus from the Laboratory.

By definition, theft of GoF virus from the laboratory results in viral escape. However, the degree to which
GoF virus removal causes human infections depends on the form of the virus (i.e., either frozen virus or
virus in experimental samples) and/or the skills, expertise, and resources of the malicious actor to grow or
manipulate frozen viruses. Consequently, the likelihood of human infection is moderate.

Infection of Wild or Domestic Animals Following Deliberate Outdoor Release of GoF Virus.

By definition, release of stolen GoF virus from experimental samples, stocks grown from stolen virus, or
stolen infected animals into the wild or households results in viral escape. The likelihood that a malicious
insider would be able to make a sophisticated dispersal device and not be detected is low, suggesting that
rudimentary dispersal devices may be the most likely route of release of virus. Furthermore, the
likelihood that infected animals (domestic or wild) could cause immediate infection in humans is low
because of the low level of interaction between wild animals and humans or domestic animals in urban
settings. However, the zoonotic nature of the viruses (i.e., their ability to infect animals and at least some
humans) does not automatically rule out the possibility of human infection ever.

Infection of Laboratory Workers or the Public following Deliberate Outdoor Release of GoF Virus

Exposure of laboratory workers or members of the public using stolen GoF virus from experimental
samples or stocks grown from stolen virus results in GoF virus escape and human infection.
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7.4.1.3.1 Type of Breach Conclusion

The most likely types of breach leading to human infection following a malicious act are release of
infected animals, infection of laboratory workers following deliberate release of GoF virus, and infection
of the public following deliberate release of GoF virus. However, successful release depends on form of
the virus (i.e., frozen stock or experimental sample) and the skill-level of malicious actors (to grow virus
from frozen stock). These breaches could only occur with the assistance of an insider or significant blast
that affects the integrity of the laboratory.

Given the right circumstances, human infections might occur from release of infected animals from and
within laboratories, cross-contamination of laboratory animals, exposure of laboratory workers, and
removal of GoF virus from the laboratory. The number of people exposed in each of these cases is likely
to be low, suggesting an even lower rate of infection among exposed individuals.3%

7.4.1.4 Plausible Threats of GoF Viruses

The most plausible threats facing laboratories in which GoF virus research is stored or studies are those
carried out by insiders, acting alone or in cooperation with a domestic terrorist group or extremist group.
Insiders acting alone may be disgruntled, emotionally disturbed, or radicalized. Those cooperating with a
group may be sympathetic to the group’s cause, coerced, or subverted.

Most likely, insiders will commit acts covertly. Such acts would most likely expose a small number of
people to GoF virus. If exposed individuals are familiar with the symptoms and disease progression of the
viruses, they might seek help immediately if infected. If not (i.e., the general public), infections resulting
from exposure could lead to secondary infections. In addition, insiders could use GoF virus to expose a
large number of people.

Though less plausible, insiders might commit overt acts, such as arson, bombing, or armed assault. Some
of these acts would not lead to GoF virus escape and human exposure. The assumption is that emergency
responders and public health officials will respond quickly to overt acts involve active shooters, fire, or
explosions.

Most acts involving malicious actors without insider-assistance are not plausible. However, outsiders,
including transnational terrorists, domestic extremists, domestic terrorists, and lone outsiders, could carry
out an armed assault or detonate a bomb at the building perimeter if they have access. Armed assault
would not lead to GoF viral escape and human exposure. However, a bomb of sufficient size might affect
laboratory operating systems, possibly leading to release of GoF virus from experimental samples. These
acts are overt and would elicit response from emergency responders.

Table 7.6 summarizes the results of the analysis. These results provide the basis for epidemiological
modeling of plausible security threats involving GoF virus.

3% No known virus has 100% infection rate among exposed individuals.
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Table 7.6. Plausible Threats Involving High Containment Research Laboratories That Store or Study GoF

Viruses

Insider Active shooter or physical assault
Overt Bomb detonated near or inside high containment space

Outsider Bomb detonated at building periphery

E:EOQIE(;:EAC'( Insider Removal of GoF virus (frozen stock or experimental sample), infected animals, or
Pubﬁic) contaminated equipment

Removal of GoF virus in experimental samples
Covert Act Deliberate contamination of personal protective equipment or laboratory
I(_i);)%?’zetor Insider equipment
Workers) 4 Deliberate compromise of laboratory equipment or personal protective equipment

Mixing of experimental samples or animals into lower containment

In addition to these plausible threats, theft of information about research, facilities, hours of operation,
and personnel records are likely by foreign intelligence or domestic extremist groups.

7.4.2 Semi-Quantitative Epidemiological Modeling of Security Risks
7.4.2.1.1 The Need for a Semi-Quantitative Approach

The section above identified malicious acts that could plausibly be caused by a malicious actor and lead
to a loss of containment event. The variability in the manner through which these malicious acts could be
executed and the unknown probabilities of success at each step precludes the designing of fault trees (as
was done for accidents in the Biosafety Risk Assessment) for these malicious acts. That is, no evidence-
based quantitative model can be designed to estimate the probability that a particular malicious event
would be successful the amount of virus escaping containment from a successful malicious act. Moreover,
the state of the threat information is such that even estimating the frequency with which these malicious
events would be attempted would prevent open and transparent communication of the risks. For this
reason, a semi-quantitative approach is leveraged that estimates the difference in consequences between a
malicious act targeting a laboratory with wild type strains vs one targeting a laboratory with various GoF
strains, assuming that the malicious act were successful in causing at least one initial infection. This
section culminates with an estimate of the frequency with which these malicious acts must be successful
for the biosecurity risk to approximate the biosafety risk (given the relative consequences of the two types
of events). Throughout, the consequences computed from various events in Chapter 6- Biosafety Risk are
used where appropriate.

In most cases, any GoF trait would increase risk by either increasing the chance that an outbreak, initiated
by an infection caused by a malicious event, would escape local control to seed a global outbreak, or by
increasing the consequences of a global outbreak. Two GoF traits theoretically could influence the chance
that an initial infection outside the laboratory would occur due to the malicious act: 1) enhanced growth in
culture (increasing the amount of contamination that could escape the laboratory) and 2) adaptation of
avian influenza strains to mammals so that the median infectious dose is decreased.

The first part of this section evaluates the potential for these two phenotypes to influence the probability
that an initial infection occurs. The sections that follow discuss how all other GoF phenotypes could
affect risk of an outbreak should an initial infection occur.
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7.4.2.2 Influence of GoF Traits on the Probability That an Infection Outside the Laboratory Would
Occur from a Malicious Act

The phenotypes of enhanced viral growth in culture and adaptation to mammals have the potential to
increase infection probability in loss-of-containment incidents. Of all of the pathogens assessed in this
study, this section is relevant only to influenza. Coronaviruses are already adapted to human hosts and so
this phenotype is meaningless for these pathogens. Moreover, coronaviruses already grow to high titers
and for this reason, no GoF manipulation is necessary to enhance their growth. (In any case, should a
scientist attempt to enhance their growth or decrease their infectious dose in people, the analysis herein
would suggest that little biosecurity would inhere in these manipulations.)

Figure 7.6 explores the relationship of the amount of contamination released (which is influenced by the
titer of the sample leading to the contamination) in two strains of influenza, one with a relatively high
median infectious dose (like avian influenza—top panel) and one with a very low infectious dose (of
1.5pfu—bottom panel). Increasing the amount of pathogen escaping the laboratory by an order of
magnitude increases the probability of at least one infection by roughly 10%. That is, if a strain grew to a
100-fold greater titer due to a GoF manipulation and that concentrated stock caused contamination that
left the laboratory in a malicious act, the act would have only a 20% increase in the chance that an
infection would occur. Unless a very little amount of contamination leaves the laboratory (less than 100
pfu), this increase in the contamination released would increase the overall chance that an infection occurs
by less than a factor of two. Moreover, the analysis shown in Figure 7.6. assumes that an enhancement of
viral growth leads to a similar increase in the contamination released. In reality, viruses that grow to a
high titer are diluted for use in most experiments (such as plaque assays or challenge experiments) so only
some cultures that could cause contamination would be at the greater concentration enabled by a GoF
experiment.
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Figure 7.6. The probability that a contamination event with wild type avian influenza (Panel A, above), or a
modified strain with a median infectious dose of 1.5pfu (Panel B, below) causes a certain number of infections
when contaminated material escapes the laboratory for a variety of viral loads. The y-axis shows probability
on a log scale with 1=100% certainty.

Comparing the panels in Figure 7.6. shows that the adaptation of avian influenza strains to mammals
(resulting in a lower median infectious dose) would increase the probability that at least one person was
infected by the contamination event by a factor of two or three. If just one pfu contaminates someone
leaving the laboratory, one person would be infected about 7% of the time if the strain had a low
infectious dose, compared to 2% if the strain were not adapted to humans. If the contamination involved
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100 pfu, the chance of at least one infection would increase from 20% to 40% if the infectious dose were
to decrease. However, strains adapted to humans are likely to be minimally infectious to birds and
therefore malicious acts that involve the contamination of wild life (such as the release of infected birds)
would be a lower total risk if this manipulation occurred. If the avian influenza strain were not also
manipulated to be transmissible among humans, a malicious act resulting in the escape of contamination
would sicken at most five people (Figure 7.6). In contrast, a strain that is not adapted to humans could
cause an outbreak in avian species (if an infected animal were released, for example), which would lead
to much more severe human health consequences (up to 1,000 illnesses and 100 deaths) than the direct
infection of laboratory workers or the public by contamination. Recall that the biosafety risk assessment
estimated that adaptation of an avian strain to humans (without increasing transmissibility) would
decrease risk by a few fold because accidents that lead to an avian outbreak are much more likely than
those that infect a person and avian outbreaks could lead to the deaths of many people, not just a single
person infected in a laboratory. For this reason, because biosecurity events could lead to the infection of
people or wildlife, we presume that adaptation to humans neither significantly increases nor decreases
biosecurity risk.

Events that involve the release of contamination from the laboratory could also result in the infection of
birds, although that chance is remote. Specifically, even assuming that 1E8 pfu of avian influenza escapes
the lab on a single person’s hand, the fomite model predicts that no infections would occur in chickens,
ducks, or turkeys in 300,000 simulations. This result is not surprising because of the short half-life of
influenza on the skin (on the order of minutes) and the rarity of laboratory workers physically handling
poultry outside of a laboratory. No GoF phenotype would make the infection of birds from such a
contamination event more likely or more extensive should it occur because wild type strains of avian
influenza are already highly contagious and highly pathogenic in birds. The human health consequences
from such an outbreak are estimated to involve 100 deaths and 1,000 illnesses.

7.4.2.3 Aligning the Malicious Acts to Biosafety Scenarios to Calculate Risk of Wild Type Agents

The probability that a malicious incident results in an outbreak that escapes local control depends heavily
on who is initially infected (a laboratory worker or a member of the public), if the infection is related to
an overt or covert incident and, to a lesser degree, how many people were initially infected. Events that
initially target laboratory workers are of lesser risk than those that target the public because laboratory
workers are more likely to be vaccinated against the strains in their laboratory, to self-monitor for initial
signs of illness (like a fever), and to be isolated should an unusual illness manifest. If the event is overt
and poses a high risk of causing an infection, the laboratory worker (or any person responding to an event
in a laboratory) could be given antivirals prophylactically and also would be more closely monitored for
the initial signs of illness (and could even be preemptively isolated).

Simply put, because of these four critical parameters, all malicious acts can be grouped into four
categories to consider the risk of a global outbreak of a human transmissible disease: overt infections of
laboratory workers, overt infections of members of the public, covert infections of laboratory workers,
and covert infections of members of the public (Figure 7.7). For diseases that can spread amongst wildlife
but not people (specifically, wild type avian influenza), a fifth group, malicious acts specifically infecting
wildlife, is considered.

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 205



Actor type

Sabotage/

Contamination

_ Theft of
Bombing materiel
Theft of
animals

Not
CoVs

Covert Covert
infection infection
of of
“public” worker(s)

Figure 7.7. Alignment of the various malicious acts with five categories of events considered in the biosafety
risk assessment. Because coronavirus strains that are modified to infect other animals pose a limited risk to
people, we do not consider theft of animals is likely to cause an outbreak of human-transmissible disease.

Risky biosecurity
scenario

Equivalent biosafety
scenario

7.4.2.4 Probability That a Malicious Event Would Lead to a Global Outbreak

From the Biosafety Risk Assessment in Chapter 6, we can determine the probability that an outbreak,
caused by a malicious event, would lead to a global outbreak (Table 7.7). The table shows the probability
that at least one secondary case would be caused and the probability that the outbreak would escape local
control if laboratorians were infected or if members of the public were infected. Clearly, these
probabilities are greatly influenced by how many people were infected by the initial event. Table 7.7
shows how these probabilities change if just one person were initially infected or several people were
initially infected by the event. We assume that only five people in a laboratory could be simultaneously
infected by an event due to the relatively small numbers of people working in a containment suite at any
given time.
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Table 7.7. Probability That the Initial Cases Lead to Secondary Infections, and the Probability That the Outbreak Escapes Local Control for Each

Type of Event

Event Type Seasonal Influenza Pandemic Influenza Avian Influenza Coronaviruses

Risk Type # of Prob. of Prob. Prob. of Prob. Prob. of Prob. Prob. of Prob.
Initial secondary escapes secondary escapes secondary escapes secondary escapes

Cases spread local spread local spread local spread local

control control control control

:ﬂc‘;e“'o” of wild N/A N/A N/A N/A 100% 100% N/A N/A
Covert infection 1 55% 20% 60% 20% 0% 0% 35% 0%
of public 10 100% 90% 100% 95% 0% 0% 100% 0%
Covert infection 1 15% 20% 20% 20% 0% 0% 2% 0%
of worker(s) 5 85% 90% 85% 95% 0% 0% 32% 0%
Overt infection 1 30% 20% 40% 20% 0% 0% 25% 0%
of public 10 100% 90% 100% 90% 0% 0% 100% 0%
Overt infection 1 1% 20% 1% 20% 0% 0% 1% 0%
of workers 5 3% 90% 3% 90% 0% 0% 5% 0%

Events involving wild type viruses highlighted in yellow have a relatively low probability of causing a pandemic and therefore offer an opportunity for GoF
manipulations to increase risk.
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As can be seen from the table, events that lead to at least one infection in members of the public are five-
to 30-fold more likely to initiate a local outbreak than those that infect laboratory workers. Events that
covertly infect laboratory workers are 10- to 20-fold more likely to initiate a local outbreak than those that
overtly infect laboratory workers. This analysis permits a relative ranking of the risk (assuming the
probabilities of the relative chance of success and the frequency of the malicious acts are unknowable),
which is shown in Table 7.8.

Table 7.8. Relative Risk of the Plausible Malicious Acts Given an Unknown Frequency of Occurrence and

Probability of Success

Risk Category Primary Infection Overt vs Covert Event

Highest Public or Wildlife Covert Theft of animals

Highest Public Covert Theft of equipment, theft of virus
Moderately High Public or Wildlife Overt Bombing

Moderately Low Laboratorians Covert déf;:rztzitr;itlilezf itnc:j?rheeclryfection of co-
Lowest Laboratorians Overt Shooting

Events that lead to an infection of wildlife are relatively low risk because those cannot seed a global pandemic of a
human transmissible disease.

The potential for GoF phenotypes to increase the probability that a global outbreak occurs following an
infection initiated by a biosecurity event is taken directly from the Biosafety Risk Assessment (Chapter 6
and summarized in the Stop Light Chart shown in Figure 7.8). This figure shows that transmissibility is
the trait that can most affect the probability that the outbreak would escape local control, and this
statement holds true for all pathogens evaluated. For seasonal and pandemic influenza, the ability to
evade residual immunity or an increase in transmissibility to that of newly emergent pandemic influenza
strains would increase the probability of a global outbreak. The relatively low risk that an infected
laboratorian would infect another person is due to robust health monitoring and isolation protocols. GoF
traits do not reduce the ability of these measures to mitigate an incident. If the strain were more
pathogenic, perhaps the public fear elicited would improve social distancing measures and decrease the
probability that an outbreak is contained, but this possibility cannot be directly evaluated. The ability to
overcome protective vaccination and antiviral resistance independently modestly increases the chance that
an infected laboratory worker would cause a secondary infection, so this trait has minimal influence on
risk. Lastly, no explicit plans exist for the extensive use of antivirals in an outbreak associated with a
laboratory, so the role of antivirals in a nascent outbreak could not be determined.
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Figure 7.8. A chart showing the relative increase in the probability that a global outbreak would occur for a
variety of pathogens with GoF traits compared to the same strains with wild type traits. Darker grey denotes
increasing risk. Green indicates that the phenotype does not increase risk for that pathogen.

Since wild type avian strains are not transmissible among people, the hazard ends with those initially
infected by the event unless wild birds are infected (causing a global avian outbreak) or the strain is
modified to transmit among humans. If the strain were modified to be as transmissible in humans as
seasonal or pandemic influenza, the risk of a global outbreak would be significant. For this reason, GoF
studies that increase the transmissibility of avian strains in humans significantly increase the probability
that a global outbreak would occur. No other GoF traits affect the probability that an outbreak seeds a
global pandemic for avian influenza.

Similarly, the coronaviruses are insufficiently transmissible to have a significant chance of seeding a
global pandemic. Strains with enhanced transmissibility increase the chance that an outbreak occurs and
that this outbreak sparks a global pandemic.

7.4.2.5 The Influence of GoF on the Consequences of a Global Pandemic
Should a global outbreak be sparked by a malicious act targeting a laboratory, the consequences would be

similar to a global outbreak sparked by an accident in a laboratory and the influence of GoF traits on risk
would be identical to those explored in Chapter 6. Figure 7.9 summarizes those findings.
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Figure 7.9. A chart showing the relative increase in the probability that a global outbreak would occur for a
variety of pathogens with GoF traits compared to the same strains with wild type traits. Darker grey denotes
increasing risk. Green indicates that the phenotype does not increase risk for that pathogen.

For seasonal and pandemic influenza, antiviral resistance and the ability to overcome protective
vaccination would not significantly increase deaths from an outbreak globally, but would increase deaths
by a few fold in North America due to the availability of these countermeasures in the US. Note,
however, that to effectively evade the protection afforded by a vaccine raised in response to a particular
outbreak, the strain must be modified to overcome vaccination regardless of its antigenic profile, which is
not a subject of active GoF research. Increasing the transmissibility (or, similarly, imbuing the ability to
evade residual immunity) of seasonal or pandemic influenza can increase global deaths. Given the
relatively low case fatality rate of seasonal influenza, significant increases in pathogenicity (10x or more)
are possible and these would proportionally increase the death toll.

A wild type avian influenza strain can infect people only via contact with infected birds, resulting in a few
thousand cases at best. Given that many strains are minimally pathogenic, increasing the pathogenicity in
people could increase these deaths by a few fold. In contrast a strain modified to be transmissible in
people could cause a global outbreak, infecting millions and therefore significantly increasing risk.
Increasing pathogenicity could increase global deaths by a few fold.

The wild type versions of the coronaviruses are insufficiently transmissible to have a significant
probability of causing a global outbreak, or, if they do, the consequences are relatively small. Increasing
transmissibility of these strains
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7.4.2.6 Overall Influence of GoF on Risk of Biosecurity Events

In summary, only a handful of GoF traits significantly increase biosecurity risk after a malicious event
targets a laboratory. For seasonal and pandemic influenza, the ability to overcome protective vaccination
and antiviral resistance modestly increases risk by increasing the potential consequences in North
America. No significant effect on risk exists if the global population is considered as a whole. Increasing
the transmissibility and ability to evade residual immunity significantly increases risk because outbreaks
are more likely to occur, escape local control, and create more consequential global outbreaks.

For avian influenza, increasing transmissibility greatly increases risk because this modification is required
to spark a global outbreak of a disease by human-to-human contact, potentially infecting millions.
Without this change, the hazard is restricted to those exposed to contaminated materials and infected
birds, limiting the outbreak to thousands of cases at most. Increasing pathogenicity can modestly increase
risk.

Similarly, the wild type coronaviruses have a very small chance of sparking a global outbreak so
increasing transmissibility greatly increases risk. Increasing pathogenicity can modestly increase risk.

7.4.2.7 Comparison of Risk of Biosecurity Events Versus Biosafety Events

To understand the biosecurity risk of acts targeting a GoF laboratory relative to the risk of accidents with
the same pathogens, this section provides data on the approximate frequency that various malicious acts
must successfully result in an infection to match the risk of an accident involving the same pathogen. To
accomplish this, estimates of the probability that a laboratory acquired infection sparks a global pandemic
from the Biosafety Risk Assessment in Chapter 6 are combined with historical rates of laboratory
acquired infections. Figure 7.10. shows the return frequency of a laboratory acquired infection in any one
of the approximately 100 laboratories that study influenza or the coronaviruses in the US given that no
laboratory infections have occurred in the last 20 years (or assuming that a few have occurred that we
have not identified).
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Figure 7.10. The predicted return period of laboratory acquired infections (LAIs) assuming 0-10 infections
have actually occurred in the last 20 years across 100 laboratories. The 90™ percentile of the maximum rate
(bottom line) was used to produce an estimate of the return period that would greater than 90 out of 100
estimates of the frequency, whereas the maximum likelihood estimate and 90" percentile of the minimum rate
(top line) is also shown.

A laboratory acquired infection is expected to occur every three to 200 years across all laboratories in the
US. For simplicity, all these infections are assumed to be in laboratories that study seasonal influenza,
since these vastly outnumber the laboratories that study other pathogens, and this work can be done at
BSL-2, which allows more laboratory acquired infections to occur compared to BSL-3. (Highly
pathogenic avian influenza, SARS-CoV, and MERS-CoV are studied in BSL-3 laboratories suggesting
that the calculated number represents the upper bound of laboratory acquired infections for these agents.)

As described in the Biosafety Risk Assessment (Chapter 6), only about 0.5% of these laboratory
infections are predicted to cause global pandemics due to public health response measures, stochastic
factors, health monitoring, and isolation protocols. For this reason, a global pandemic due to a laboratory
accident is expected to occur every 750-50,000 years.
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Given that the highest risk biosecurity events (theft of animals, materials, or stocks by an insider) are also
among the most plausible and that these events lead to covert infections of the public, the chance that a
biosecurity event that infects one person leads to a global pandemic is much greater than the chance of an
accidental laboratory acquired infection (since these may be overt and nearly always infect laboratory
workers). If an infection occurs, biosecurity events have an 11% chance of starting a global pandemic
(55% chance of initiating an outbreak and a 20% chance that this outbreak escapes local control).

For a biosecurity event to have the same total risk as biosafety events, a successful event that covertly
infects the public (theft from an influenza laboratory of an infected animal, contaminated piece of
equipment, or viral stock) must occur once every 80-5,500 years (11% of 750-50,000). Given the
frequency with which thefts have been perpetrated by insiders in laboratories, this analysis suggests that
biosecurity considerations be given as much weight as biosafety issues.
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8.1 Summary

In this section, we analyze the risk that a malicious actor might misuse the information in publications
describing GoF research. This analysis is based on the open-source literature covering desirable
characteristics of biological agents and the scientific literature on GoF studies and non-GoF studies with
significant dual-utility. We employed the NSABB definition of GoF research to delineate the dual-use
phenotypes considered.3%

We assessed the potential biosecurity information risk that could be generated by GoF information
compared to what could be achieved through dual-use studies that do not rely on GoF research. We then
assessed whether the unique dual-use information resulting from GoF studies had already been published.
We find that little information risk remains from GoF research (see Figure 8.1). Although the
development of a highly-contagious, highly virulent strain of influenza presents significant biosecurity
information risk, the methods to produce these strains have already been published and so no information
risk remains. Moreover, the specific changes in the genome that led to these traits have also been
characterized and published, so an actor could reproduce the dual-use strains using reverse genetics.
Although several potentially dual-use studies have already been published, translating animal studies of
transmissibility to empirically predict an exact Ro in @ human outbreak is currently impossible; therefore,
we cannot determine if the studies already published could be used to create strains of influenza that
could cause a global pandemic (Ro of greater than one). If not, further studies on this topic could create an
information risk.

Similarly, information on how to develop strains of influenza viruses that grow well in culture/eggs or
evade medical countermeasures or diagnostics has some dual-utility, but the methods to create these
strains also have already been published.

3% Framework for Conducting Risk and Benefit Assessment of Gain-of-Function Research: Recommendations of the National
Advisory Board for Biosecurity. May 2015,
http://osp.od.nih.gov/sites/default/files/resourcessNSABB_Framework_for_Risk_and_Benefit_Assessments_of GOF_Resea
rch-APPROVED.pdf
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Dual-Use GoF Phenotype Seasonal/Pandemic Influenza Coronaviruses

Enhanced transmissibility in

mammals
Published methods require skills in
molecular biology or were in poor
Enhanced pathogenicity in animal models of pathogenicity.
mammals No publications exist on creation

of influenza strains that lead to
chronic illness.

Enhanced transmissibility while
maintaining pathogenicity

Overcoming natural or induced Via the creation of antigenically
immunity distinct strains only

N/A

The evasion of diagnostics that target
Evading diagnostics the genomic sequence of the virus
may pose an information risk.

Antiviral resistance N/A

Enhanced production in cell
culture or eggs

Figure 8.1. Summary of the information risk posed by GoF research in influenza (middle set of columns) and
the coronaviruses (right set of columns). Information that has a significant dual-use (from Figure 8.2) AND is
not yet published (Figure 8.3) is shaded darkly because it poses a remaining information risk. Information
that is not actually dual-use OR has already been published is left white because it poses no remaining
information risk. Information shaded gray may have some remaining information risk under some
circumstances. N/A denotes traits that are not applicable to the coronaviruses.

N/A

Significant information risk would be realized by the publication of methods to create a highly
transmissible SARS- or MERS-coronavirus that maintains its pathogenicity. Notably, without an animal
model of transmissibility for these pathogens, this information risk is unlikely to be realized in the near
future. A modest information risk inheres in methods to manipulate the genomic targets of a diagnostic
assay for coronavirus infections without compromising the other desirable traits of the pathogen.

A modest information risk would be realized if researchers published methods to produce strains of
influenza viruses that can produce more prolonged or chronic illness. Although this manipulation is a
possible enhancement of pathogenicity that can fall under the definition of GoF research, there is little
scientific rationale to undertake these experiments. Hence, the possibility that this information risk will be
realized is low. Another modest information risk inheres in the publication of methods to produce strains
of influenza virus that are able to overcome protective vaccination even if the vaccine matches the
serotype of the pathogen. Similar work has been published for other pathogens, but these pathogens have
larger and more plastic genomes than the influenza viruses so it is not known if similar manipulations
could be successfully carried out in the influenza viruses.

State actors (and the sub-state groups they sponsor) are currently the only groups with the resources,
expertise, motivation, and time to leverage this dual-use information. These states could protect their own
populace from a global pandemic by secretly stockpiling vaccines that are protective against their
modified strain. For this reason, states would be more likely to produce modified influenza viruses than
coronaviruses (because no vaccines exist for this type of agent) and would probably be uninterested in
developing strains able to overcome any vaccine (as this strain would vitiate their comparative
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advantage). Sub-national malicious actors may obtain the capability to replicate some of the less complex
GoF studies, but have so far not demonstrated any capacity to work with viral agents and little capacity
for waging biological warfare in general. Highly skilled individuals trained in biology would be capable
of replicating GoF studies, but are currently constrained greatly by a lack of material resources and time

Finally, no information risks unique to GoF research were identified. Similar techniques to those used in
GoF experiments could be leveraged for other pathogens to create a highly transmissible strain of an
already deadly virus (like the Hendra and Nipah viruses) or to create a deadly strain of an already highly
transmissible pathogen that has been modified to overcome protective vaccination (polio-, mumps-, or
measles-virus). Perhaps most worryingly, reverse genetics techniques could be used to synthesize
smallpox virus if an actor has significant molecular biology skill, and this strain could be modified to
overcome protective vaccination. Non-GoF pathogens could be used to produce effective, novel
incapacitating agents by the modification of a highly contagious virus (polio-, mumps- or measles-virus)
to overcome protective vaccination.

8.2 Purpose and Approach

The purpose of this task is to identify those GoF studies on influenza, SARS, and MERS viruses that, if
published, would provide useful information to a malicious actor seeking to create a biological weapon.
This analysis assumes that the body of dual-use information already in the public domain is significant
and so seeks to identify studies that would contribute to the ability of a malicious actor beyond what has
already been published. Since an adversary is presumably interested in causing harm in any way possible,
this analysis considers GoF studies on influenza, SARS-CoV, and MERS-CoV in light of what can
already be achieved with unmodified strains of these pathogens and non-GoF pathogens. Indeed, the
capability to cause harm with agents other than influenza virus, SARS-CoV, and MERS-CoV is
significant. Hence, this comparative assessment must be conducted to understand the advantage an
adversary gains by leveraging the information gleaned from GoF studies, specifically. Lastly, to provide
insight into the possibility that novel, dual-use information would be exploited if it were published, this
study examines the capability and motivation of malicious actors to weaponize pathogens.

8.3 Methods

8.3.1 Use of Sources

This biosecurity information risk assessment involves the analysis of the biosecurity risk posed by the
future publication of GoF research results beyond the existing dual-use information already in the public
domain. This analysis uses scientific data to identify potential new capabilities afforded by GoF research
to those who seek to cause harm. Biomedical literature describes the infectiousness, pathogenicity, and
countermeasure resistance of wild type pathogens, and potential modifications to pathogens to enhance
any of these traits. Information from intelligence/law enforcement data was used to provide the general
context necessary to understand the capabilities of malicious actors to exploit this research but could not
be directly reported at an unclassified level. Beyond this contextual level of discussion, we relied on
open-source information on offensive biological weapons programs undertaken by states and non-state
actors to source our analysis of malicious actor intent and capability.

8.3.2 Methodology for Baselining the Biological Threat

We first conducted an analysis of the biomedical literature and open-source descriptions of state-
sponsored offensive weapons programs to determine what a malicious actor using unmodified agents

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 217



could achieve. We then examined how GoF pathogens could provide additional capabilities to an
adversary. In this analysis, we considered the ability of various pathogens to incapacitate and kill as the
possible desired outcomes of a biological attack. Attacks targeting animals for the purpose of causing
economic harm or harm to animal health were outside the scope of the assessment. We also considered
the “footprint” of the attack, meaning the area and time over which the attack would incapacitate or kill
(under the assumption that a larger area or time of effect was desirable). Contagiousness of GoF
pathogens is considered in this context. Given this baseline, our analysis identifies the type of information
created via GoF studies that would prove useful to adversaries seeking to build additional biological
weapon capabilities.

One quantitative method was used to baseline the threat. To quantitatively assess the dual-utility of the
phenotype of enhanced growth, we compared how the number of victims infected from an intentional
release scaled with the total amount of pathogen aerosolized, which itself is a function of how much
pathogen can be produced. To perform this assessment, we used the Hazard Prediction and Analysis
Capability (4.0) as described in the Risk Assessment of Accidents and Natural Disasters section above.
We modeled only New York City as the target (due to its population density) across 12 different weather
conditions for each release amount to show the maximum extent of a large attack.

8.3.3 Methodology for Baselining the State of the Science

Given that very little can be done about the dual utility of studies already published, we characterized the
state of the science regarding the enhancement of all traits described in the NSABB framework. We
analyzed the body of literature that encompasses all GoF studies identified by the project team for the
benefit assessment and/or risk assessment (see bibliography). Specifically, we sought to understand to
what degree the methods for the creation of modified strains of influenza viruses and coronaviruses with
the following phenotypes already exist in the public domain:

e Enhanced production of pathogens in vitro or in ovo (high titer),

e Enhanced mortality,

e Enhanced morbidity,

e Enhanced transmission in mammals,

e Evasion of natural or induced immunity, and

e Evasion of medical countermeasures, including vaccines, antivirals and diagnostics.

This task culminated with the identification of GoF research that would provide uniquely valuable
information to a malicious actor for misuse beyond the body of dual-use research that already exists.
Also, we identified whether dual-use information already in the literature requires a particularly
challenging technical approach in order to ascertain if a biosecurity information risk could be suffered via
the publication of an easier experimental route to the same product. Similarly, instances in which the
researchers published the specific genetic changes leading to the desired traits are noted because a
malicious actor could simply recreate the useful strains using reverse genetics instead of repeating the
methods. This section highlights which of the phenotypes described under the funding pause have yet to
be achieved in the published literature, representing a remaining, possible information risk.

8.3.4 Evaluation of the Capability and Intent of Malicious Actors to Leverage Dual Use Information

We used open-source information to characterize the technical skill, sophistication, and resources
required to replicate those GoF experiments that provide information uniquely useful and of interest to a
malicious actor. We relied on historical precedent, as documented in open source information, in
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considering whether certain malicious actors might have intent to leverage uniquely dual use information
yet to be published.

8.4 Baselining the Biological Threat

When considering the information produced by GoF experiments, we considered how the results achieved
intersect with the goals of those wishing to misuse the information. As in other sections of this report, we
used the NSABB definition of GoF research for this analysis.**” Specifically, we consider various strains
of seasonal, pandemic, and avian influenza and the MERS and SARS coronaviruses. The phenotypes we
consider are:

e Enhanced production of pathogens in vitro or in ovo (high titer),

e Enhanced mortality,

e Enhanced morbidity,

e Enhanced transmission in mammals,

e Evasion of natural or induced immunity, and

e Evasion of medical countermeasures, including vaccines, antivirals and diagnostics.

From the perspective of an adversary seeking to create a biological weapon (called a “weaponeer”) these
phenotypes can be described by three agent/weapon characteristics. Mortality covers the GoF phenotype
of enhanced mortality and the ability of a pathogen to evade medical countermeasures and natural or
induced immunity, as its ability to do so increases the overall case fatality rate. Incapacitation covers the
GoF phenotype of enhanced morbidity, but also the phenotypes describing the evasion of medical
countermeasures and natural or induced immunity, as these abilities increase the attack rate or the severity
or duration of illness. Footprint—the ability of a weapon to cover an area, extend a pathogen’s effects
over time, or to reach a set number of victims—encompasses several GoF phenotypes. A strain with
enhanced production characteristics can be used to increase the effective payload of a weapon (i.e., the
same production run can produce more pathogen), potentially infecting more victims and covering a
larger area when the agent is released using a weapon. A highly contagious GoF strain increases the
footprint of an attack by increasing the number of victims harmed after the primary aerosol, which, in
turn, increases the geographic and temporal extent of the effects. Similarly, a strain that evades medical
countermeasures increases the number of victims potentially harmed by the primary aerosol. For
contagious strains, the evasion of medical countermeasures also increases the attack rate and geographic
and temporal extent of a resulting outbreak compared to an outbreak that can be effectively controlled by
medical countermeasures.

To understand how GoF research could provide information that increases the ability of a weaponeer to
produce a weapon that is highly lethal, highly incapacitating, or has a large footprint, we compare these
GoF outcomes with what is possible without GoF research. We first consider the phenotypes separately
and then consider under which circumstances the combination of traits leads to a particularly useful strain.

397 Framework for Conducting Risk and Benefit Assessment of Gain-of-Function Research: Recommendations of the National
Advisory Board for Biosecurity. May 2015,
http://osp.od.nih.gov/sites/default/files/resourcessNSABB_Framework_for_Risk_and_Benefit_Assessments_of GOF_Resea
rch-APPROVED.pdf.
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8.4.1 Mortality from Diseases Caused by Non-GoF Pathogens

Without any information from GoF research, a weaponeer can choose from several agents that cause
diseases with extremely high mortality rates, which can be identified simply by scrutinizing the Select
Agent list.>%

8.4.1.1 The Bacterial Agents

Several diseases caused by bacterial agents have an extremely high case fatality rate. Inhalational anthrax
has an untreated case fatality rate of 90% and a treated case fatality rate of approximately 50% if
aggressive treatment is provided.>*® Melioidosis has a case fatality rate in western countries of about 15%,
although many of the victims have significant co-morbidities.*®*“** Pneumonic plague is almost uniformly
fatal if untreated.“> Although the untreated case fatality rate of the typhoidal form of tularemia is about
30%, animal studies suggest that high doses that may be experienced in the context of a biological attack
significantly increase the lethality of this agent.403404

Because all of these agents are bacteria that can replicate outside of a host cell, a weaponeer would likely
find isolating, growing, and weaponizing these agents easier than the influenza viruses and
coronaviruses.*®® Also, since many of the bacterial Select Agents featured in the offensive weapons
programs of several states, information on their efficient weaponization already could be available or
obtained by state actors. 06407408

From a weaponeer’s perspective, the disadvantage of using bacterial agents is that the diseases they cause
can be prevented or effectively treated with antibiotics. However, simple molecular or microbiological
methods (such as selection in vitro or in vivo) can be used to induce significant resistance in these bacteria
to a panel of therapeutically useful antibiotics. Moreover, the methods to eliminate the fitness defect
associated with newly acquired antibiotic resistance (or indeed any newly acquired phenotype) also
involve relatively simple microbiological manipulations. In short, when compared to methods related to

3% US Government Publishing Office, “Title 42: Public Health, §73.3 HHS Select agents and toxins,”
http://www.ecfr.gov/cgi-bin/text-
idx?SID=a2b0afcad59ea49b88e4bfIe9h20a26c&mc=true&node=pt42.1.73&rgn=div5#se42.1.73_13.

399 Jon-Erik C. Holty et al., “Systematic review: a century of inhalational anthrax cases from 1900 to 2005,” Annals of Internal
Medicine 144 no. 4 (February 2006): p. 270-280, http://annals.org/article.aspx?articleid=720551.

400 Saidani N, et al., “Melioidosis as a travel-associated infection: Case report and review of the literature,” Travel Medicine
and Infectious Disease (4 September 2015) http://www.sciencedirect.com/science/article/pii/S1477893915001428.

401 Nasner-Posso K, et al., “Human melioidosis reported by ProMED,” International Journal of Infectious Diseases 35 (June
2015): p.103-104, <http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4508390/

402 Kiersten J. Kugeler et al., “Epidemiology of Human Plague in the United States, 1900-2012,” Emerging Infectious Diseases
21, no. 1 (January 2015): p. 16-22, http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4285253/.

403 Joseph R. Egan, Ian M. Hall, Steve Leach, “Modeling Inhalational Tularemia: Deliberate Release and Public Health
Response,” Biosecurity and Bioterrorism: Biodefense Strategy, Practice, and Science 9, no. 4 (2011): p.334-335,
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3223019/pdf/bsp.2011.0004.pdf.

404 Glynn A, et al., (2015) “Comparison of experimental respiratory tularemia in three nonhuman primate species,”
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This argument was made in general form in: Jonathan B. Tucker, “Bioterrorism: Threats and Responses,” Biological

Weapons: Limiting the Threat, ed. Joshua Lederberg (Cambridge: The MIT Press, 2001), p. 286.

406 |eitenberg M, Zilinskas R, (2012) The Soviet Biological Weapons Program: A History Cambridge: Harvard University
Press

407 United Nations Monitoring, Verification and Inspection Commission (UNMOVIC), “Compendium: Chapter V, the
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GoF, a weaponeer can much more easily obtain a highly lethal strain of bacteria via simple methods of
manipulation.

8.4.1.2 The Viral Agents

Several viral agents on the Select Agent list are associated with a high case fatality rate. The Hendra and
Nipah viruses have a case fatality rate of roughly 50%, with no effective treatment. 40419411412 Marburg
virus, a hemorrhagic fever virus (HFV) on the Select Agent list that was weaponized by the Soviet Union,
had a 22% case fatality rate in Europe during its initial outbreak and rates above 80% in subsequent
outbreaks in the developing world. **4* Hemorrhagic fever case fatality rates are worsened by the
difficulty of applying proper clinical care management and the lack of non-experimental treatments with
demonstrated efficacy.*** Since Marburg HFV featured in the offensive biological weapons program of
the Soviet Union, a malicious state-level actor may be able to access the methods to magnify and
weaponize this agent.**® Although not a select agent, rabies virus causes a nearly uniformly lethal
infection if not prevented by vaccination soon after exposure. Finally, while currently circulating strains
of H5N1 avian influenza are associated with a fatality rate of 60%, this rate may be inflated due to
potentially unreported cases of mild illness in this outbreak.
417418 SARS and MERS outbreaks are associated with a Several bacterial and viral agents give the
case fatality rate greater than 10% as well, albeit mostly in weaponeer a choice of pathogens that are
the elderly (see Section 4).41° In short, a weaponeer can use | highly lethal without relying on

a variety of wild type viruses if high mortality is desired information from GoF experiments.
without resorting to the exploitation of more sophisticated
GoF methods.

8.4.1.3 Toxins

Several toxins are listed on the Select Agent list.*?® These toxins are highly deadly and lack effective
treatments for victims who have received a sufficiently large dose. Extracting or otherwise producing
enough toxin from biological organisms to inflict a mass casualty requires industrial-like production

capacity. That being said, several state actors and one sub-state actor have invested in the capacity to

409 Broder C, et al., “A treatment for and vaccine against the deadly Hendra and Nipah viruses,”

410 Centers for Disease Control (CDC), “Hendra Virus Disease (HeV): Treatment,”

http://www.cdc.gov/vhf/hendra/treatment/index.html.
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412 Robin McConchie, “Hendra trials for humans about treatment not prevention,” ABC Rural, April 1, 2015,
http://imwww.abc.net.au/news/2015-04-01/human-hendra-drug-treatment-not-
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produce toxins in quantities useable in weapons.*?1422 Therefore, for adversaries willing to invest in
industrial scale production of toxins, GoF information provides little value for achieving a highly lethal
agent because toxins are already very deadly.

8.4.2 Incapacitation from Diseases Caused by Non-GoF Pathogens

Some biological weapons are not designed to kill, but rather to incapacitate the soldiers or industrial
workers of an enemy. In fact, incapacitating agents were featured heavily in the now defunct US offensive
biological weapons program.*? Due to their high case fatality rate, MERS and SARS coronaviruses
cannot be considered incapacitating agents and are not discussed further in this section. The effectiveness
of an incapacitating agent can be described by three characteristics: the infectious dose, the severity of the
symptoms, and the duration of incapacitation.

Wild type strains of the incapacitating agents weaponized in the former US offensive biological weapons
program, such as Coxiella burnetii, have a number of characteristics that make them suited for this
purpose. The median infectious dose in humans of C. burnetii is less than ten microbes, which is
comparable to the most infectious strains of influenza and the coronaviruses and provides little
opportunity for improvement utilizing information from GoF studies.*** The symptoms of the acute
disease caused by infection with C. brunetii, called Q fever, are similar in severity and type to influenza,
including a high fever (up to 105°F), pain, headache, malaise, vomiting, and diarrhea.*?® These symptoms
persist longer than the symptoms of influenza, with fever typically lasting longer than ten days (fever in
influenza lasts typically half as long—see Supplemental Information on the disease course of
influenza).*?® Moreover, some victims develop a chronic form of Q fever with long-lasting and recurrent
disabling symptoms.“?” Antibiotics can be used to effectively treat the illness, but, as described above,
antibiotic resistance can be imbued into this agent using methods much less technically challenging than
those necessary to undertake GoF studies. Moreover, because C. burnetii was weaponized in the former
US weapons program, the information needed to grow and weaponize this agent could be leveraged by an
adversary. 4842 |n short, GoF studies with the influenza viruses are unlikely to lead to the development of
a pathogen that is more effective as an incapacitating agent than C. burnetii because this agent is highly
infectious and produces a severe, relatively

long-lasting illness. The only caveat is that GoF studies with the influenza viruses are unlikely to
influenza infections have a relatively fast lead to the development of a pathogen that is better as an
symptom onset time compared to C. burnetii incapacitating agent than C. burnetii, unless rapid

symptom onset times are desired by a malicious actor

infections (an average of two days for o
( g y above all other characteristics.

influenza infections, versus two to three
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weeks for acute symptom onset for C. burnetii infections), and a malicious actor that strongly values rapid
effects over other weapons characteristics may favor influenza. In this case, wild type influenza viruses
may be considered nearly ideal. **°

8.4.3 Footprint of Attacks of Non-GoF Pathogens

As described above, the footprint of an attack is defined as the number of victims affected, the physical
area affected, or the duration of the disruption directly caused by the attack. In Section 8.4.3.1 below, we
explore how GoF phenotypes could affect the footprint of a weapon. In this section, we explore how wild
type pathogens and existing technology can create large footprint attacks.

The biological agent that most notoriously embodies attributes desirable for large footprint attacks is B.
anthracis, which led to its inclusion in several state offensive weapons programs.*3143243 The spores
formed by B. anthracis are extremely resistant to environmental forces and can survive for a long time
suspended in an aerosol.*** This pathogen is able to create large footprint attacks, which is demonstrated
by the use of the related organism, B. thuringiensis, in pest control programs involving the treatment of
square miles of territory with spores dispensed from a single vehicle.*® If dispersed by sophisticated
maritime, ground-based, or aerial platforms, B. anthracis could cover thousands of square miles and reach
millions of people with a single attack (as demonstrated by a series of pre-1969 US tests using simulants,
such as Operation Large Area Coverage).***43" Although the biological properties of non-contagious
agents can facilitate their use in a weapon that can attack large areas, the ability of a non-contagious agent
to reach these large areas is highly dependent on the dispersal system, which require sophisticated
engineering skills to develop.*® Conversely, contagious agents could expose (and possibly infect) large
numbers of people over a wide area through the ongoing outbreak and the movement of infected people
without the need for a sophisticated dispersal device.

Insofar as an attack is desired to cause
disruption for a long period of time, B. Existing non-contagious agents are very good at causing

anthracis is also a good candidate because its | MasS casualties or contaminating a large area for a long
spores can persist in buildings or in the soil period of time if dispersed from a very sophisticated device.
for years. For instance, two and a half Contagious agents could have similar consequences with

. very simplistic dispersal methods.
months were required to perform
decontamination operations at the Landover

430 Centers for Disease Control and Prevention, “Clinical Signs and Symptoms of Influenza: Influenza Prevention & Control

Recommendations,” <http://www.cdc.gov/flu/professionals/acip/clinical.ntm>;
Centers for Disease Control and Prevention, “Q Fever: Symptoms, Diagnosis, and Treatment.”

431 United Nations Monitoring, Verification and Inspection Commission (UNMOVIC), “Compendium: Chapter V, the
Biological Weapons Programme”.

432 |eitenberg M, Zilinskas R, (2012) The Soviet Biological Weapons Program: A History Cambridge: Harvard University

Press

The Secretary of Defense, “Memorandum For the President, National Security Decision Memoranda 35 and 44,”

Jonathan B. Tucker, “Bioterrorism: Threats and Responses,” p. 286.

435 Sheila Van Cuyk et al., “Persistence of Bacillus thuringiensis subsp. kurstaki in Urban Environments following Spraying,”
Applied and Environmental Microbiology 77 (2011): p. 7954-7961,
http://www.ncbi.nIm.nih.gov/pmc/articles/PMC3208992/.
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mail facility in the aftermath of the 2001 anthrax attacks.**® Gruinard Island, the site of testing of anthrax
weapons in the former UK offensive weapons program, was dangerously contaminated for decades after
testing ceased.**® The entire topsoil of the island had to be decontaminated before the site was considered
safe for human occupation.*** Although the biological properties of B. anthracis enable a weaponeer to
deny access to a particular location for a long time after an attack, a population may simply avoid the
contaminated area and remain safe. In contrast, a contagious agent prolongs the effect of an attack
because the population itself carries the hazard, and, therefore, risk can be minimized only by reducing
human contact.

8.4.3.1 Contagiousness as a Desirable Characteristic to Increase the Footprint of an Attack

From the analysis above, the acquisition of a contagious agent would enable a weaponeer to expand the
footprint of their attack in terms of casualties, area, and time. Moreover, the fact that an outbreak can
spread, sickening or killing victims beyond those infected by the initial attack, removes the requirement to
produce a sophisticated dispersal device to cause a mass casualty attack. For this reason, contagious
agents may be desirable by malicious actors who have significant skill in virology but no skill in
machining/engineering to make a munition.

However, contagious agents have drawbacks—primarily that their affect is difficult to predict or control.
Some state and sub-state groups may not desire an agent that could infect their soldiers or supportive
populations, or could cause mass fatalities. For instance, the United States’ now defunct offensive
biological weapons program considered a potential agent’s ability for human-to-human transmissibility as
a negative characteristic.**244 This feature may be especially problematic if their supporters live
primarily in low-income countries because global outbreaks there may be more severe than in high-
income countries where the public health infrastructure is more robust. However, unlike the United
States, the Soviet Union’s program sought out highly contagious pathogens for at least some of the lethal
pathogens in its arsenal.*** At the state actor level, weaponeers may covertly stockpile a vaccine to
mitigate friendly losses to their contagious agent.

If a contagious, lethal agent is desired by a weaponeer, they could choose to work with a wild type agent
other than the influenza viruses or coronaviruses. Of the non-GoF Select Agents, smallpox virus, Yersinia
pestis, and the filoviruses (Ebola and Marburg viruses) are the only viruses that have a high case fatality
rate and are significantly contagious. Y. pestis causes pneumonic plague if inhaled by a victim. This
pathogen is often described as being highly transmissible, with a historical Ry at or above that for
influenza strains.*4>446447 However, these historical studies draw upon past outbreaks in areas that do not

439 Dorothy A. Canter et al., “Remediation of Bacillus anthracis Contamination in the US Department of Justice Mail Facility,”

Biosecurity and Bioterrorism: Biodefense Strategy, Practice, and Science 3, no. 2 (June 2005): p. 119-127,
http://online.liebertpub.com/doi/abs/10.1089/bsp.2005.3.119.

440 “Britain’s ‘Anthrax Island’,” BBC News, July 25, 2001, http://news.bbc.co.uk/2/hi/uk_news/scotland/1457035.stm.

41 Ibid.

442 US Department of the Army, “US Army Activity in the US Biological Warfare Programs, Volume 1,” February 24, 1977,
Unclassified, p. 50-51, http://nsarchive.gwu.edu/NSAEBB/NSAEBB58/RNCBW_USABWP.pdf.

443 | eitenberg M, Zilinskas R, (2012) The Soviet Biological Weapons Program: A History Cambridge: Harvard University
Press

44 1bid.

45 Gani R, Leach S, (2004) “Epidemiologic determinants for modeling pneumonic plague outbreaks,” Emerging Infectious
Diseases 10, no. 4 p.608-614, http://www.ncbi.nIm.nih.gov/pmc/articles/PMC3323083/

446 Nishiura H, et al., (2006) “Transmission potential of primary pneumonic plague: time inhomogeneous evaluation based on
historical documents of the transmission network,” Journal of Epidemiology and Community Health 60, no.7 p.640-645,
http:/Aww.ncbi.nlm.nih.gov/pmc/articles/PMC2566243/

447 Coburn BJ, Wagner BG, Blower S, (2009) “Modeling influenza epidemics and pandemics: insights into the future of swine
flu (HIN1),” BMC Medicine http://www.biomedcentral.com/content/pdf/1741-7015-7-30.pdf
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mirror the modern US.##449 Indeed, most of the secondary cases of pneumonic plague described occurred
in household members of the ill, who also were the primary caregivers at a time when hospitalization of
the critically ill was still rare. Estimates of the Ro of pneumonic plague in the modern United States
suggest that an outbreak would extinguish rather rapidly.**° Similarly, outbreaks of Ebola virus disease in
Africa were associated with an Ry that approached that of influenza or SARS.#14°2453 However, much of
the transmission was in makeshift healthcare facilities suggesting that the R, in the US would be much
smaller.®*4%5 Smallpox virus is held in just a few, highly secure locations throughout the world and,
therefore, may be difficult for an adversary to acquire. That being said, an adversary able to leverage the
information produced by GoF experiments may well be able to use non-GoF approaches to synthesize
smallpox virus de novo using well described rescue systems for other orthopoxviruses.® Similarly,
although there is no environmental reservoir of SARS-CoV, the significant transmissibility and lethality
of the wild type strain may motivate a weaponeer to use reverse genetics to synthesize it or attempt to
acquire it from a laboratory.

If a contagious, incapacitating agent is desirable, not many options to acquire such an agent are available.
Wild type pandemic or seasonal influenza viruses are obviously highly contagious and incapacitating,
however, residual immunity from past outbreaks may hamper the spread of these illnesses.*74%¢ An
adversary could choose a wild type strain that has not circulated in several decades to reduce the effect of
residual immunity in the population. Alternatively, modified strains of many pathogens, including mumps
virus and measles virus, which are
already highly contagious, could be A contagious pathogen may be desirable by a scientifically trained
made to overcome protective adversary with minimal engineering skill or by a state. Smallpox
immunity using techniques similar to virus and SARS-CoV are the only wild type pathogen that is
those used in GoF experiments. deadly and as transmissible (or more) than influenza virus. Wild

However, these experiments would be typg mfluenza viruses are contagious, espgmally ifa de_cades old
g . . . . strain is used to minimize the effect of residual immunity, and
associated with their own information

. highly incapacitating.
risk and, therefore, are not explored gnly tncap g
further here.
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8.4.3.2 Enhanced Growth as a Desirable Characteristic to Increase the Footprint of an Attack

Because pathogens are self-replicating, to increase the footprint of an attack, an adversary could simply
grow more of the agent. This goal could be accomplished by increasing the volume of culture used or by
increasing the viral titer in the culture. This rationale supports the consideration of enhanced growth of a
pathogen in culture or eggs as a dual-use phenotype because an adversary can produce more pathogen
with the same amount of resources if the pathogen can grow to a high titer. We therefore evaluated how
producing more pathogen for a biological attack, in terms of the amount of pathogen released, relates to
the footprint of the attack, particularly in terms of number of victims infected (data is provided in the
FOUO addendum). The results show that, for small amounts of pathogen effectively released, the number
of initial infections scales well with the amount of pathogen produced (that is, tenfold more pathogen
released leads to tenfold more initial infections). For larger amounts of pathogen, the increase in
casualties begins to taper off as the amount of pathogen released increases. Specifically, for every tenfold
increase in pathogen released, the number of initial infections produced increases by only two- to three-
fold or less. Our results show that increasing the growth of a wild type strain will have a limited effect on
the amount of casualties produced even for actors who do not have access to industrial scale production
facilities. In short, even relatively poorly growing pathogenic strains of influenza virus grow well enough
such that producing more pathogen produces limiting returns for use in an attack.

Moreover, if a malicious actor wants to infect as many people as possible, spending the effort to modify a
strain to become high growth is probably not worth the risk that its transmissibility would be decreased.
By their nature, transmissible agents would increase the footprint of the attack, potentially by several
orders of magnitude if an ongoing and global outbreak can be sparked. An attack that initially infects
several thousand people will quickly grow out of local control (as demonstrated in the Risk Assessment
of Accidents and Natural Disasters), and therefore, the number of casualties produced by the attack will
depend on the pathogenicity and transmissibility of the

pathogen in the context of a global epidemic and not the initial Experiments that enhance the growth
number infected. In Chapter 5, it is demonstrated that very few in culture of the GoF pathogens are
covert infections of the public are required to seed nearly of minimal information risk because
guarantee that an outbreak would escape local control for the producing more agent results in few
influenza viruses (ten or fewer), so the initial number of people | additional casualties.

exposed could be very small indeed.

8.4.3.3 Countermeasure Resistance and Evasion of Existing Immunity as Desirable Characteristics to
Increase the Footprint of an Attack

The GoF phenotype of evasion to medical countermeasures includes the ability to evade the protection
afforded by vaccines, antivirals, and diagnostics. The evasion of diagnostics is not particularly relevant to
GoF diseases released intentionally. SARS and MERS diagnostics are used in the US only for people
already thought to be infected with the disease based on their clinical symptoms.** Since no specific
treatments for these diseases currently exists, these diagnostics would simply be used to direct public

459 Centers for Disease Control and Prevention, (2014) “Middle East Respiratory Syndrome (CDC) - CDC Laboratory Testing
for Middle East Respiratory Syndrome Coronavirus (MERS-CoV),” http://www.cdc.gov/coronavirus/mers/lab/lab-
testing.html.
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health measures.*6%461462 Gjyen the importance of quarantine and isolation in the control of coronavirus
outbreaks, diagnostics could be used to direct public health resources to prevent the outbreak escaping
local control.*63

Because pandemic and seasonal influenza viruses are highly contagious, the evasion of diagnostics would
have little consequence to the eventual extent of an outbreak, but may complicate the efficient use of
antivirals by confounding the identification of patients who are infected with influenza. For strains of
avian influenza modified to be contagious between humans, the evasion of a diagnostic would have just
as few benefits to a malicious actor as it would for the use of a coronavirus.

In an intentional attack with influenza virus, evasion of immunity induced by vaccination is of little
relevance because we presume the attack would be a surprise and the US would not have prepared
sufficient stocks of a protective vaccine ahead of time. For this reason, several months would pass before
the vaccine would be ready for deployment, at which time the disease would have spread globally (or, if
poorly contagious, extinguished by itself). However, the vaccine could still be used to limit the casualties
and temporal duration of the outbreak (see Figure 9.5 in Chapter 9 to see how the timing of the
deployment of a vaccine affects global casualties). However, a virus that can overcome protective
immunity induced by any vaccine would increase both the casualties of an attack and its duration.
Because no approved vaccines for the coronaviruses currently exist, malicious actors have no need to
make a strain of these viruses able overcome protective vaccination.

An actor wishing to leverage a recently circulating strain of influenza may desire to modify their strain to
avoid protective immunity. Residual immunity in the population can significantly reduce the chance that
an outbreak would escape local control and the consequences of an outbreak (Figures 6.35 and 6.57 in
Chapter 6). However, avoidance of residual immunity can be obtained either through GoF methods or by
the selection of a wild type strain that has not circulated recently. Infections by the SARS and MERS
coronaviruses are sufficiently rare that an adversary has no need to create a strain that can evade residual
immunity from a past infection.

Antiviral resistance of influenza viruses would be useful to an adversary to increase the casualties caused
by an outbreak in the United States and to increase the chance that a local outbreak escapes local control
(as shown in Figures 6.53 for seasonal influenza and 6.55 for pandemic influenza in Chapter 6). Given
that the majority of the world does not have access to the amount of antivirals that the United States does,
antiviral resistance has little influence on global consequences.

460 During the 2003 SARS-CoV epidemic, Ribavirin was used; however, it “did not appear to have a significant effect,” and a

study of patients treated with Ribavirin indicated “that ribavirin provided no benefit in the resolution of symptoms or
survival.” In: Els Keyaerts, Leen Vijgen, Marc Van Ranst, “Current Status of Antiviral Severe Acute Respiratory Syndrome
Coronavirus Research,” Coronaviruses: Molecular and Cellular Biology, ed. VVolker Thiel (Norfolk: Caister Academic
Press, 2007), p. 328.
461 Centers for Disease Control and Prevention, (2015) “Middle East Respiratory Syndrome (MERS)”
http://www.cdc.gov/coronavirus/mers/about/prevention.html.
462 World Health Organization, (2013) “Severe Acute Respiratory Syndrome (SARS)”.
http://Aww.who.int/immunization/topics/sars/en/
See in particular figure 2 in: Simon Cauchemez et al., “Middle East respiratory syndrome coronavirus: quantification of the
extent of the epidemic, surveillance biases, and transmissibility,” Lancet Infectious Diseases 14, no. 1 (January 2014): p. 50-
56.
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8.4.4 Gain of Function Strains Compared to Naturally Occurring Strains

8.4.4.1 A Non-Unique Information Risk Inheres in Experiments Describing the Creation of Highly
Transmissible, Highly Deadly Strains of Pathogens

When compared to strains of pathogens created via the use of GoF research information, we find that
naturally occurring strains generally are not both highly pathogenic and highly transmissible (with the
exception of wild type SARS-CoV). Although SARS-CoV has an R value greater than one, the fact that
the virus is transmissible only after symptoms present, the disease is largely spread within the medical
system, and the long incubation period of the disease makes outbreaks of SARS-CoV relatively easy to
control (as described in Chapter 4, past outbreaks have witnessed a two-fold drop in the R value of a
SARS outbreak after control measures are implemented). Only smallpox virus, which exists only in a few
laboratories, has a case fatality rate greater than 10% and is transmissible enough to cause a pandemic (an
R value significantly greater than one in the context of a robust public health response). Because stocks of
smallpox virus are tightly controlled, an adversary might turn to GoF studies to acquire a pathogen that is
both highly pathogenic and highly transmissible. We note that no GoF study to date has conclusively
produced strains with the combination of the desired phenotypes because of weaknesses of animal models
in predicting pathogenesis in humans. Moreover, whether enhancement of a phenotype, like
transmissibility, would be sufficient to achieve the traits desirable by a weaponeer for an attack on a
human population remains unclear. That is, an experiment may show an increase in the transmissibility of
a pathogen among ferrets, but this observation cannot be translated into a specific Ro value in a human
population (or if the increase is sufficient to obtain the desired weapon characteristics). With these
limitations in mind, the following GoF results would be of concern:

e Seasonal/pandemic influenza virus that retains its transmissibility but is modified to have a case
fatality rate greater than 10%,

e Avian influenza viruses that are modified to be as transmissible as seasonal influenza but retain
their high fatality rate, and

e SARS/MERS-like CoV that is made more transmissible.

Scientific communications that detail the creation of strains with these traits would be of concern because
they would provide a route to the acquisition of a pathogen as useful to a weaponeer as smallpox virus.
Importantly, we have no data that speaks to the possibility that these phenotypes are achievable in the
laboratory. Perhaps, due to the epidemiology of influenza and the coronaviruses, high mortality (in excess
of that associated with the 1918 pandemic strain) and transmissibility are conflicting phenotypes because
the very ill do not contact many others during the contagious phase of the illness outside of a hospital.%%*
Moreover, these phenotypes will not emerge by chance in the laboratory. Any experiment that selects for
one phenotype is likely to allow other phenotypes to drift. That is, experiments that focus on enhancing
transmissibility alone are likely to arrive at viruses that are optimized for transmissibility. In those same
experiments, the viruses obtained can drift to less pathogenic forms because selection for this trait is not
maintained. In fact, this phenomenon was observed in the Fouchier experiment with H5N1, albeit not in
the Sutton 2014 experiment with H7N1. 4654% |n contrast, experiments that do not involve selection but

464 Interview comment by Dr. Ian Lipkin in: Donald G. McNeil Jr., “How a Mild Virus Might Turn Vicious,” The New York
Times, June 8, 2009, http://www.nytimes.com/2009/06/09/health/09flu.htmI?_r=0.

45 See Table 1 in: Sander Herft et al., “Airborne Transmission of Influenza A/H5N1 Virus Between Ferrets,” Science 336 no.
6088 (June 2012): p.1534-1541.

466 “The present findings show that adaptation of the H7N1 isolate does not appear to substantially decrease the virulence of the
virus.” In: Troy C. Sutton et al., “Airborne Transmission of Highly Pathogenic H7N1 Influenza Virus in Ferrets,” Journal of
Virology (2014): p. 6623-6635, http://www.ncbi.nIm.nih.gov/pmc/articles/PMC4054360/.
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the systematic manipulation of the components of the virus, could lead to strains that have a variety of
phenotypes that are enhanced compared to a parental strain. For example, influenza reassortment studies
that choose one or two genomic segments from a highly transmissible influenza strain and switch them
for the cognate segments from a highly pathogenic strain can result in a strain where both phenotypes are
enhanced compared to the parents.*®’

Although some GoF studies could produce information of use to an adversary wishing to obtain highly
transmissible, pathogenic agents, these studies are not the only means of acquiring this type of agent.
Given that the sequence of smallpox virus is public, a technically sophisticated actor could use methods
similar to those employed in GoF laboratories to synthesize all (or the unique parts) of the smallpox
genome and use it to rescue live virus.*® To support this effort, rescue systems are published already for
the orthopoxviruses.*®

Moreover, researchers could use pathogens not listed in the GoF framework, but manipulate the same
traits considered in the framework to obtain highly transmissible and lethal strains of pathogens.
Examples include:

e Strains of filoviruses or henipaviruses that retain their pathogenicity but are modified to be much
more transmissible, and

e Strains of highly transmissible agents (like polio virus or measles virus—neither one of which is a
select agent) that have been modified to become more deadly and/or overcome protective
vaccination.

Finally, note that the reconstructed wild type strain of the 1957 influenza virus is predicted to be highly
transmissible and significantly pathogenic, and methods to recreate this virus through reverse genetics are
routine in influenza laboratories (as described in the Supplemental Information, 1918 influenza is less
transmissible in the modern population due to the circulation of antigenically similar HIN1 strains).
Similarly, the wild type strain of SARS-CoV is highly transmissible and significantly pathogenic as well
(as described in Chapter 6, further enhancing the transmissibility of SARS-CoV increases the chance that
a global outbreak would occur because of the susceptibility of outbreaks caused by the wild type virus to
control measures). Therefore, GoF studies may be of use only if an adversary wishes to obtain a strain
that is more pathogenic than that the 1957 pandemic influenza strain or more transmissible than SARS-
CoV.

8.4.4.2 A Non-Unique Information Risk Inheres in the Experiments Describing the Creation of Highly
Transmissible Strains of Influenza Virus with Specific Enhancements in Morbidity

Wild type influenza strains are well-suited for use as incapacitating agents because they have a small
mean infectious dose and cause a debilitating illness with a short incubation time. However, unlike other
pathogens researched in offensive weapons programs, influenza does not cause a particularly long lasting
or chronic illness. For this reason, a strain of influenza that produces a much more protracted course of
illness or chronic illness would provide an advantage over naturally occurring strains because no naturally
occurring strain with this combination of phenotypes is known to exist.

47 Ying Zhang et al., “H5N1 Hybrid Viruses Bearing 2009/HLN1 Virus Genes Transmit in Guinea Pigs by Respiratory
Droplets,” Science 340, no. 6139 (June 2013): p. 1459-1463, http://www.sciencemag.org/content/340/6139/1459.

468 Institute of Medicine (US), Committee on the Assessment of Future Scientific Needs for Variola Virus, “Live Variola Virus:
Considerations for Continuing Research,” p. 13, 132.

469 An example of a publication of a rescue system for the orthopoxviruses is given in the FOUO appendix.
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As above, GoF research is not a unique pathway to obtain this type of dual-use information. For example,
an adversary could produce strains of mumps, polio, or measles that can overcome protective vaccination,
to obtain an agent with significant morbidity and even greater contagiousness than is currently possible
with influenza virus. Moreover, the experimental means to produce viral strains that can overcome
vaccination is well established. As such, this method of obtaining a highly-contagious, incapacitating
agent requires relatively little “research”. In contrast, the mechanisms underlying the nature of
pathogenicity of influenza, and what leads to a protracted illness, are still unknown. Moreover, no
research has pointed to any mechanism for chronic influenza infection and the creation of such a strain
would require a long-term research effort.

8.4.4.3 Evasion of Medical Countermeasures is a Possible Future Information Risk

Evasion of medical countermeasures is a phenotype with minimal information risk today. Because no
medical countermeasures for the coronaviruses are in use today, there is no need to produce a strain of
these pathogens that can evade notional countermeasures. For the influenza viruses, vaccines, antivirals
and diagnostics are all in use. Because an influenza virus used in an attack would only serendipitously
match the seasonal vaccine produced and stockpiled by any nation, several months would pass between
the time an attack occurs and the time that a vaccine is even relevant to control the outbreak. After that
point, a vaccine has some utility for preventing mortality and morbidity and curtailing the outbreak (by
increasing the number of contacts needed to spread the disease). But, as shown in our Biosafety Risk
Assessment (Chapter 6) the evasion of vaccine-induced immunity at best provides a modest increase in
total mortality.

Similarly, when considering the mortality caused in a global outbreak, at best, antivirals reduce the death
rate of influenza by a few fold. However, in the US, because of our significant supplies of antivirals,
deaths can be greatly reduced by their effective administration. Conversely, then, an antiviral resistant
strain could increase the deaths from an attack with influenza virus in the US.

Diagnostics are currently used to direct the use of antivirals, which either are not plentiful enough
globally to influence consequences significantly or are so plentiful as to not be limiting in the US.
Diagnostics are also used to identify that an outbreak with a novel virus is occurring in the first place.

If an adversary wishes to use a wild type influenza strain in an attack, residual immunity from previous
outbreaks may limit the footprint of the attack. However, an adversary could simply use a wild type
influenza virus of a serotype that has not circulated recently to avoid this shortcoming. Once again,
published sequence information, combined with well-established protocols for the rescue of influenza
viruses, could be used to obtain these strains.

However, as vaccine technology advances, research on the evasion of medical countermeasures COULD
become an information risk. For example, once a universal influenza vaccine is developed, the evasion of
immunity induced by this vaccine may be critical for an adversary to cause an outbreak using influenza
virus as a weapon. Studies in other pathogens have described the development of strains able to overcome
protective vaccination due to the expression of exogenous genes (and not via escaping immune
recognition). Similarly, once systems are in place to develop a vaccine against a newly identified serotype
of influenza virus in a few weeks instead of a few months, evasion of induced immunity becomes more
useful to an adversary. Likewise, if antivirals become more widely available globally, research on the
evasion of that antiviral would pose an information risk. Clearly, as highly effective medical
countermeasures for the coronaviruses are developed, studies on their evasion would pose an information
risk. That being said, since these medical countermeasures do not yet exist, designing an experiment to
evade them is not currently possible. None of these technologies are likely to be deployed in the next five
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years. However, once information is published, it is permanently available and retains its utility far into
the future. For this reason, the information risk relevant to the evasion of medical countermeasures should
be continually re-evaluated.

8.4.4.4 Enhanced Growth in Culture Affords Little Information Risk

As described in Section 8.4.3.2, strains with enhanced growth in vitro or in ovo can be used to produce
more agent to disperse from a weapon using the same amount of resources. However, even poorly
growing pathogenic strains can be grown in enough quantity with commonplace equipment to obviate the
growth of more to produce more casualties. In contrast, the use of contagious agents, by their nature,
increases the footprint (in terms of area affected and illnesses) by many orders of magnitude. For this
reason, publications on changes in this phenotype present very little information risk simply because the
GoF pathogens are contagious.

8.4.4.5 Summary of Possible Comparative Information Risk Arising from GoF Studies

Figure 8.2, below, provides an overview of the potential information risk of GoF research.

Dual-Use GoF Phenotype Seasonal/Pandemic Avian Influenza Coronaviruses
Influenza

Enhanced transmissibility in mammals

Enhanced pathogenicity in mammals

Enhanced transmissibility while
maintaining pathogenicity

Overcoming natural or induced
immunity

Evading diagnostics

Antiviral resistance

Enhanced production in cell culture or
eggs
Figure 8.2. Possible information risk arising from dual-use information relevant to GoF research. White
denotes that no significant information risk exists. Dark shading denotes a significant information risk, albeit
a risk that is not unique to GoF research. No information risks unique to GoF research were found.

8.5 Overview of the State of the Science of Dual Use GoF Information

In this section, we discuss how the existing body of GoF research already describes methods to obtain
strains of influenza- and coronaviruses with GoF traits, regardless of their true utility to a weaponeer. We
synthesize these two pieces of information to arrive at our final conclusions. That is, this section describes
the GoF information risk already realized through the previous publication of dual use information. To
maintain this discussion at the full-and-open level we have not cited the specific papers at issue and have
instead provided these in an appendix at the For Official Use Only level. Here, we simply characterize the
state of the science and describe the seminal publications.

We first describe the state of the science for research on influenza and later describe the state of the
science for the coronaviruses. We discuss each GoF phenotype in turn. Most scientific publications
investigate morbidity and mortality simultaneously, characterizing disease outcomes such as weight loss
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or fever alongside death of the animals. For this reason, we discuss morbidity and mortality jointly as the
characteristic of pathogenicity.

8.5.1 State of the Science of GoF Experiments in Influenza Viruses
8.5.1.1 Enhanced Transmissibility in Mammals

Some research groups focus on understanding the factors that cause some H1NL1 strains (such as the 2009
pandemic strain or 1918 pandemic strain) to be highly transmissible while other HIN1 strains (such as
avian strains and the Puerto Rico 8 strain) to not transmit in mammals. These groups use a variety of
methods to develop transmissible strains of HLN1 viruses, including:

e Simple reassortment, and
e |dentification of mutations unique to transmissible strains followed by the use of reverse genetics
to introduce these changes in a non-transmissible strain.

These experiments, while demonstrating the ability to increase the transmissibility of influenza viruses,
are of limited dual utility because one of the parental strains already has the traits desired by a weaponeer
(transmissibility and pathogenicity). These experiments were executed to determine what factors are
sufficient to cause a poorly pathogenic virus into a highly pathogenic virus. An adversary gains no
advantage using one of these modified strains compared to the parental, pathogenic strain.

In contrast, in experiments dealing with avian-origin viruses, the parental strains are either highly lethal
OR highly transmissible in mammals and the manipulations described are required to obtain a strain that
is lethal AND transmissible in mammals. Several papers describe methods to manipulate highly
pathogenic strains of avian influenza from the H5, H7 or H9 subtype to arrive at a strain that is
transmissible by droplets in mammals (typically ferrets or guinea pigs). These studies use a variety of
methods including:

e Simple serial passaging in ferrets,

e Directed, sequential reassortment of an avian strain with a pandemic strain,

e Directed reassortment followed by serial passaging,

e Targeted mutagenesis followed by serial passaging, and

e Mutagenesis of HA, followed by selection based on its binding properties and the creation of a
chimeric virus.

Some of these experiments require only minimal skill in virology. The serial passaging experiment could
be repeated by an actor with limited skills in molecular biology to obtain a strain of avian influenza that is
transmissible in mammals. For actors with significant skill in molecular biology, these transmissible,
avian-origin influenza viruses could be synthesized using reverse genetics (a common practice in GoF
laboratories) because all investigators have published enough information on the specific molecular
changes observed in the avian-origin strains that are transmissible in mammals. Specifically, in the case
where serial passaging was used, the mutations acquired by the strains of interest were published. In the
case of the reassortment study, the gene segments that contributed to the transmissible strains from both
parental strain were published. For this reason, to leverage the information in these studies, an actor need
not repeat the experiments exactly, but simply reconstruct the viruses that the authors identified.

The abundance of literature describing the creation of avian-origin strains that are transmissible in
mammals indicates that the GoF information risk for enhanced transmissibility of influenza viruses is
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already realized. Further publication on this topic would likely not exacerbate this risk because existing
published methods are relatively simple to replicate.

Any study, such as ours, that examines the existing literature on transmissibility of influenza viruses to
determine the dual-utility of the resulting information suffers from a critical shortcoming. The published
studies use too few animals in transmissibility experiments to understand exactly how transmissible these
newly developed strains are. That is, none of these studies compared the transmissibility of these strains
in a sufficient number of animals so that levels of transmissibility (compared to wild type seasonal or
pandemic influenza strains) could be determined. Moreover, ferrets in isolators do not interact with each
other the same way that people in a city do. For this reason, it is impossible to use laboratory experiments
to conclusively determine if the increase in transmissibility observed translates to a dangerous Ry value,
which is determined retrospectively by scrutinizing human epidemiological data. This distinction is
important because risk of an outbreak escaping local control and the risk of a resulting outbreak both
increase significantly as an influenza virus approaches a transmissibility comparable to that of a seasonal
influenza strain (see Chapter 6). Possibly all of these viruses may be somewhat transmissible, but in a
human population their Ro may be much less than one, which is the value required to cause a global
epidemic.

Experiments to compare the transmissibility of wild type strains of seasonal and pandemic strains to
modified strains would help determine if information risk inheres in further publications of strains that
have been modified to become transmissible. If
these modified strains are in fact transmissible, but | Several groups have published simple methods
much less so than seasonal or pandemic strains, to increase the transmissibility in mammals of
then a remaining information risk would exist in pathogenic strains that were previously
further experiments that could identify a strain that transmissible only in avians—therefore this type
. L. . . of information risk is already realized

is as transmissible as seasonal or pandemic strains.

8.5.1.2 Enhanced Pathogenicity

Several papers describe virulence factors necessary for the maintenance of pathogenicity in highly
pathogenic strains of influenza, such as the avian influenza and 1918 pandemic influenza viruses.
Typically, these researchers identify mutations unique to the highly pathogenic strains and introduce these
mutations into a less-pathogenic strain using reverse genetics. In a few experiments, researchers used
pathogenic strains that were isolated from patients with severe illness, attempting to determine what
characteristics made the strains infecting these patients even more pathogenic than the parental strain.
Other researchers use reassortment between highly pathogenic and non-pathogenic strains to obtain a
chimeric virus to identify the components of the pathogenic strain minimally necessary to confer
pathogenicity into the non-pathogenic background. These experiments, while demonstrating the ability to
increase the pathogenicity of influenza viruses, are of limited dual utility because one of the parental
strains already has the traits desired by a weaponeer (transmissibility and pathogenicity). If an adversary
has the pathogenic, transmissible strain, they gain no advantage from these manipulations.

In contrast, other experiments result in strains that are MORE pathogenic than any parental strain used. A
variety of methods are used to enhance the pathogenicity of influenza viruses, including:

e Random reassortment of seasonal and pandemic H1N1 strains,

e Directed, serial reassortment of an avian-origin strain with a pandemic strain,
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e Site directed mutagenesis of residues associated with increased virulence in other strains to
increase the virulence of an avian strain, and

e Serial passaging in mice.

Although the serial passaging studies require minimal skill in molecular biology, they are also of
marginal dual-utility due to the limitations of the mouse model system of predicting pathogenicity of a
strain in humans (or ferrets).*”® That said, these experiments indicate that an adversary seeking to develop
a more pathogenic virus could serially passage their strains in ferrets (or humans) to obtain a virus that is
more pathogenic. However, sometimes these serial passaging experiments lead to less pathogenic strains.

For actors with significant skill in molecular biology, strains with enhanced pathogenicity could be
synthesized using reverse genetics (a common practice in GoF laboratories) because all investigators have
published the specific molecular changes observed in the strains with enhanced pathogenicity. For this
reason, to leverage the information in these studies, an actor need not repeat the experiments exactly, but
simply reconstruct the viruses that they have identified.

The abundance of literature describing the Several groups have published methods that require skills

creation of lnfluenz_a .‘"“.‘5 s_trams with in molecular biology to increase the pathogenicity of
enhanced pathogenicity indicates that the influenza virus strains—therefore this type of information
GoF information risk for this trait is already | risk is already realized. But a small remaining risk exists
realized. However, leveraging this from the publication of simple methods to the same result.
information requires skill in molecular Another modest risk inheres in the publication of methods
biology (specifically, reverse genetics), the to modify influenza viruses to cause chronic illness.
appropriate facilities and equipment. The
publication of simple selection methods supporting the conclusion that virulence could be increased in
relevant animal models via this simple method poses a remaining information risk. In contrast, we found
no publications describing the creation of an influenza virus strain that can produce prolonged or chronic
illness, which is important in the context of malicious actors seeking to produce an incapacitating agent.

8.5.1.3 Enhanced Transmissibility While Maintaining/Enhancing Pathogenicity

Experiments in this category are of particular concern because they could enable a hostile actor to obtain
a strain that has a combination of pathogenicity and transmissibility that surpasses all wild type, human
pathogens except for smallpox virus. Several papers describe methods to manipulate highly pathogenic
strains of avian influenza from the H5 or H7 subtype to arrive at a strain that is transmissible in mammals
(typically ferrets). Many of these studies also test the resulting strains for pathogenicity. The studies of
interest here use a variety of methods including:

e Simple serial passaging in ferrets, and
e Directed, sequential reassortment of an avian-origin strain with a pandemic strain.

In the serial passaging experiment, the researchers claim that no loss of pathogenicity is observed
compared to the highly pathogenic parental strain after ten passages in ferrets. However, too few animals
were used to assess pathogenicity to detect some loss of pathogenicity. In the reassortment study, the
authors show that two of the four transmissible strains they identified are more pathogenic than either

470 For example, Natalia A. Ilyushina et al., “Adaptation of Pandemic HIN1 Influenza Viruses in Mice,” Journal of Virology 84
no. 17 (September 2010): 8607-8616.
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parental strain (although they tested this phenotype in mice). Although the authors make this claim, their
experimental design may not have been sufficient to detect true differences in pathogenicity from the
parental strain relevant to humans.

The serial passaging experiment could be repeated by an actor with limited skills in molecular biology to
obtain a strain of avian influenza that is newly transmissible in mammals and highly pathogenic (albeit
this actor would need animals and the facilities to contain them). Moreover, all investigators characterized
the resulting strains and published enough information (in the initial or follow-on papers) so that the
strain of the desired characteristics could be directly produced by reverse genetic methods. Specifically, in
the case where serial passaging was used, the mutations acquired by the strains of interest were published.
In the case of the reassortment study, the gene segments that contributed to the transmissible strains from
both parental strains were published.

For this reason, the GoF information risk

for enhanced transmissibility while Two groups have published simple methods to increase
maintaining pathogenicity of influenza the transmissibility in mammals of pathogenic strains of
viruses is already realized. Further influenza that were previously transmissible only in
publication on this topic would likely not avians while maintaining (or enhancing) pathogenicity.
exacerbate this risk because existing Therefore, this type of information risk is already realized.

published methods are relatively simple to
replicate. Actors skilled in reverse genetics could instead recreate the strains with the desired traits that
these groups characterized.

As discussed in the enhanced transmissibility section above, our retrospective study of the literature
cannot conclusively determine the dual utility of these publications. Further studies with more relevant
model animals would provide useful information about whether the resulting strains are likely to be both
more pathogenic and highly transmissible in humans. Also, our study (and any animal study) is unlikely
to conclusively determine if a transmissible strain would be similarly transmissible to seasonal influenza
in human populations.

8.5.1.4 Overcoming Natural or Induced Immunity

As discussed above, the evasion of immunity is a desirable trait for a malicious actor if they wish to use a
strain of influenza that recently circulated (and, therefore, need to overcome the significant residual
immunity that exists in the population). For this reason, the information risk related to the ability of a
modified strain to overcome natural or induced immunity inheres in the methods to foster an antigenic
change in any desired virus strain. Therefore, methods published using attenuated strains are still relevant
to this information risk. All of the published papers reviewed in this study focus on elucidating the
mechanisms by which new strains with different antigenic profiles evolve. The methods involved include:

e |dentification of unique changes between a parental strain and an antigenically distinct strain,
followed by the introduction of these unique changes into the parental strain by reverse genetics,

e Serial passaging in cells in the presence of neutralizing antibodies, and
e Serial passaging in immunized animals.

The serial passaging experiments could be repeated by an actor with limited skills in molecular biology to
obtain an antigenically distinct strain of influenza. Although one of the studies resulted in antigenically
distinct strains that are as pathogenic (or even more so, in mice) than the parental stains, other studies that
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use large numbers of passages create significantly attenuated strains and still others do not characterize
the pathogenicity of their strains (however, fitness was assessed and maintained). Some studies using
reverse genetics produce strains that are antigenically distinct and pathogenic. No matter which method
was used, all investigators in the reviewed studies characterized the resulting strains and published
enough information (in the initial or follow-on papers) so that the strain with the desired characteristics
(distinct antigenicity and pathogenicity) could be directly produced by reverse genetic methods by a
malicious actor with significant skill in molecular biology.

For this reason, the GoF information risk for creating strains of influenza that are antigenically distinct
from their parental strain is already realized. Further publication on this topic would likely not exacerbate
this risk because existing published methods are relatively simple to replicate.

No papers were found that describe the
development of influenza strains able to
overcome protective immunity without creating
an antigenically distinct virus. Methods have

Several groups have published simple methods to create
antigenically distinct strains of influenza virus.
Therefore this type of information risk is already
realized. To our knowledge, no one has published

been published describing the use of other methods to create strains of influenza virus able to
pathogens (viruses and bacterla)_ expressing overcome the protection afforded by vaccination in
exogenous factors to create strains that enable general, which poses a remaining information risk.

the pathogen to kill infected hosts despite being
effectively immunized with a vaccine matched
to the serotype of the pathogen. However, these pathogens have larger and more plastic genomes than the
influenza viruses and therefore, the development of such a strain of influenza would be a major research
undertaking. Moreover, the benefits of this type of research would be highly suspect. Regardless of the
reasons not to perform this research, the publication of methods to produce strains of influenza able to
overcome immunity regardless of its serotype would pose an information risk.

8.5.1.5 Evasion of Diagnostics

Current generation influenza diagnostics function either via the recognition of epitopes in the virus (or
antibodies to these antigens generated by a patient) or via recognition of unique sequences in the genome
of the virus. Diagnostics that function by leveraging antibodies could be evaded in much the same way
that host immunity can be evaded, so this possibility will not be discussed further.

No papers reviewed in this study discussed the production of strains of influenza that can evade diagnosis
by the alteration of its genetic makeup (except for changes in the genome that lead to changes in
antigens). Actors with skills in molecular biology (and knowledge of the genetic targets of the assays)
could create strains of viruses with a series of silent mutations (mutations that alter the genomic material
but do not change the encoded proteins) to
confound recognition. However, codon usage Several groups have published simple methods to create
in viruses is sometimes tightly linked to antigenically distinct strains of influenza virus which can
fitness (or other desired traits), and therefore, evade diagnostics that use the antigenic properties of the
a malicious actor must test their new strainsto | Virus. Therefore, this type of information risk has already
ensure that all desired phenotypes were not heen realized. No methods have been published
lost. In any case, the publication of methods g_escrlblr}g the mOdIfICE_ﬂtIOﬂ of mfluenza strains to evade
that demonstrate how to evade diagnostics via iagnostic methods reliant on unique genomic

. 7. signatures. Therefore, this type of information risk
the alteration of the genome pose a remaining remains.
information risk.4"

471 Wong E, et al. (2010) “Codon usage bias and the evolution of influenza A viruses,” BMC Evolutionary Biology 10, 253
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8.5.1.6 Antiviral Resistance

Because the creation of antimicrobial resistant strains is part of the drug-development process and part of
risk assessment process for determining when the effectiveness of antimicrobials may expire, several
publications on the creation of influenza strains resistant to antivirals could be found. The methods used
involved:

e Identification of unique changes between a parental strain and a drug resistant strain, followed by
the introduction of these unique changes into the parental strain by reverse genetics,

e Serial passaging in cells in the presence of low concentrations of the antiviral, and
e Infection of animals treated with sub-optimal concentrations of the antiviral.

Serial passaging and in vivo experiments could be repeated by an actor with limited skills in molecular
biology to obtain an antiviral-resistant strain of influenza. In vivo methods also simultaneously select for
fitness (and in some cases, pathogenicity), suggesting that the resulting strains might still be useful in a
weapon. Studies using reverse genetics produce strains with several mutations, some of which lead to
antiviral resistance and others compensate for the defects in pathogenicity or fitness caused by the
primary mutation. These investigators characterized the resulting strains and published enough
information so that the strain with the desired characteristics (antiviral resistance and pathogenicity) could
be directly produced by reverse genetic methods by a malicious actor with significant skill in molecular
biology.

For this reason, the GoF information risk for creating Several groups have published simple
strains of influenza that are antiviral resistant is already methods to create antiviral resistant
realized. Further pUb“CﬁtiOﬂ on this tOpiC would |Ik9|y strains of influenza. Therefore this type of
not exacerbate this risk because existing published information risk is already realized.
methods are relatively simple to replicate.

8.5.1.7 Increased Production in Cell Culture or Eggs

The vast majority of studies identified in which the production of viruses in cell culture or eggs was
enhanced involved the introduction of some components of pathogenic strains into attenuated strains.
These studies were designed to create attenuated strains with the immunoreactive antigens of the
pathogenic strains suitable for use as vaccines. Several studies discuss the generation of strains with
enhanced growth properties by reassorting pathogenic influenza viruses with attenuated strains adapted
for growth in eggs or culture.*’? However, these strains were chosen because they simply express the HA
and NA antigens in a virus suitable for vaccination.

Others have adapted attenuated strains to achieve a 100-fold increase in titer after growth in cell culture
by serial passaging, but this method is likely to allow pathogenicity and transmissibility to drift.*”® Others

472 Zhang W et al. (2011) “Increase in viral yield in eggs and MDCK cells of reassortant HSN1 vaccine candidate viruses
caused by insertion of 38 amino acids into the NA stalk,” Vaccine 29, vol 45: 8032-41.

473 For example: Murakami S., Horimoto T,, Ito M,, Takano R,, Katsura H,, Shimojima M,, Kawaoka Y., “Enhanced growth of
influenza vaccine seed viruses in vero cells mediated by broadening the optimal pH range for virus membrane fusion,”
Journal of Virology 86 (2012): 1405-1410.
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have used random mutagenesis of the HA gene to identify high growth mutants, but these mutants are
likely to be poorly pathogenic.*™

In contrast to these studies, other researchers have serendipitously found that some pathogenic strains
demonstrate increased growth in cells or eggs using a variety of methods, including:

e Serial passaging in animals, and
e Identification of unique changes between a parental strain and a highly pathogenic strain,
followed by the introduction of these unique changes into the parental strain by reverse genetics

The researchers leveraging reverse genetics introduced changes found in a highly pathogenic strain into a
less pathogenic background to determine if these changes were sufficient to increase pathogenicity. They
serendipitously, but perhaps not surprisingly, found that the growth of these pathogenic virus strains in
culture or in vivo was enhanced. Since a malicious actor would likely desire this combination of
phenotypes, this type of study generates biosecurity information risk. However, beyond using reverse
genetics to synthesize these strains, these pathogenic, high-titer strains could be directly acquired from
clinical samples.

Actors unable to acquire the specific
highly pathogenic strains studied and
who lack skills in molecular biology

Several groups have published approaches of developing highly
pathogenic strains of influenza that grow to a higher titer than
their parental strains. Repeating these experiments requires

skill could instead repeat one of the skills in molecular biology. Those without molecular biology
serial passaging studies publ_lshed. skills could repeat a serial passaging experiment, but they must
However, both of these studies used take measures to retain pathogenicity of the final strain. For

mice as their model system to identify these reasons, little information risk remains for this trait.
strains that were more pathogenic and
grew to a higher titer in cell culture or in eggs. Because of the weakness of the mouse animal model,
passaging in mice may not lead to strains that are pathogenic in people. Presumably, passaging the virus
in another animal model would retain the virulence of the strain (as shown in the passaging experiments
above) and may result in higher growth variants.

8.5.2 State of the Science of GoF Experiments in the Coronaviruses
8.5.2.1 Enhanced Transmissibility in Mammals

No model system currently exists for the study of transmissibility of SARS- or MERS-CoV and,
therefore, no studies have described methods to increase the transmissibility of these viruses. Therefore a
significant information risk remains for any studies that describe the development of an animal model of
transmission. However, these studies are necessary to understand the evolution of the viruses, their life
cycle, their associated pathology, and pathways for developing vaccines and drugs.

474 Ye . et al. (2015) “Error-prone pcr-based mutagenesis strategy for rapidly generating high-yield influenza vaccine
candidates,” Virology 482: 234-243.
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8.5.2.2 Enhanced Pathogenicity

SARS- and MERS-CoV do not normally infect mice, so the virus must be manipulated to infect this host
to study pathogenicity. In fact, mouse-adapted SARS-CoV cannot effectively bind to or infect human
cells. For this reason, although several groups described strains of coronaviruses that have enhanced
pathogenicity compared to the parental, mouse-adapted coronavirus strains, these viruses are presumably
acting in mice more like the wild type SARS- and MERS-CoV do in humans. These experiments are
performed to learn how SARS- and MERS-CoV became pathogenic to humans and not to determine how
they could become more pathogenic in the future.
If new experimental systems were developed, an
information risk would l?e possible. That being pathogens became dangerous to humans but

said, even if thesg experiments were to be probably not how they can become more
conducted, very little room for the enhancement of | gangerous. If new experimental systems were
pathogenicity is possible due to the high case- developed, an information risk would be possible.
fatality rate and severity of the symptoms of the
diseases these pathogens cause.

Model animal systems for the study of SARS- or
MERS-CoV can give us information on how these

8.5.2.3 Enhanced Transmissibility While Maintaining/Enhancing Pathogenicity

Currently, no model system for the study of transmissibility of SARS- or MERS-CoV exists and,
therefore, no studies have described methods to increase the transmissibility of these viruses. Therefore a
significant information risk remains.

8.5.2.4 Evading Diagnostics

Current generation coronavirus diagnostics function either via the recognition of epitopes in the virus (or
antibodies generated against these antigens by a patient) or via recognition of unique sequences in the
genome of the virus. Diagnostics that function by leveraging antibodies could be evaded in much the
same way that host immunity can be evaded. We found two papers that describe the selection of a SARS-
CoV that can escape binding by antibodies. In these papers, researchers serially passaged the virus in cells
in the presence of antibodies derived from infected patients. In one study, the researchers studied how
pathogenic the escape mutants were and found that some retained their pathogenicity.

No papers reviewed described the production of strains of coronaviruses that can evade diagnosis by the
alteration of its genetic makeup (except for changes in the genome that lead to changes in antigens).
Actors with skills in molecular biology (and knowledge of the targets of the assays) could create strains of
viruses with a series of silent mutations (mutations that alter the genomic material but do not change the
encoded proteins) to confound recognition.
However, codon usage in viruses is

We found two groups that have published simple methods

sometimes tightly linked to fitness (or other to create antigenically distinct strains of SARS-CoV which
desired traits).*”> For this reason, a malicious | can evade diagnostics that use the antigenic properties of
actor must test their new strains to ensure the virus. Therefore, this type of information risk has

that the desired phenotypes were not lost. already been realized. No methods have been published

The publication of methods that demonstrate describing the modification of coronavirus strains to evade

how to evade diagnostics via the alteration of | diagnostic methods that target genomic sequence.

information risk.

475 Gu W. et al. (2004) “Analysis of synonymous codon usage in SARS Coronavirus and other viruses in the Nidovirales,”

Virus Research 101, vol 2: 155-161.
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8.5.2.5 Overcoming Countermeasures and Immunity

As no approved vaccines or antivirals exist for prevention or treatment of infections caused by the
coronaviruses, experiments of this type are not possible so they pose no information risk. Moreover,
methods to evade antibody-based countermeasures and small molecule countermeasures are well
established for other pathogens, including influenza. If such countermeasures were developed in the
future, an adversary is likely able to leverage any of these methods to develop strains of the coronaviruses
that are resistant to the countermeasures.

Moreover, infections by the SARS and MERS coronaviruses are sufficiently rare so that an adversary has
no need to create a strain that can evade residual immunity from past infections.

8.5.2.6 Increased Production in Cell Culture or Eggs

We found no papers describing the enhancement of viral growth in culture or eggs. However, SARS- and
MERS-CoV grow to a relatively high titer in culture, suggesting enhancement of this trait is unnecessary.

8.5.3 Overview of the State of the Science of GoF Experiments

Figure 8.3, below summarizes the analysis of the literature already published relevant to GoF research.
We found that much of the dual-use information that could arise from GoF experiments has already been
published for the influenza viruses. For this reason, much of the information risk for this pathogen has
already been realized. The remaining information risk inheres in the creation of simpler experimental
approaches to the development of strains with enhanced pathogenicity or enhanced growth, and any
method that leads to the creation of strains that can avoid protection by any vaccine or the evasion of
diagnostics via alteration of its genome. In contrast, the lack of model animal systems for the study of
transmission or enhanced pathogenicity of the coronaviruses leaves a significant information risk if these
systems were developed. That is, future experiments that describe how to make a strain of the
coronaviruses more contagious (or more deadly) have a significant information risk. Although medical
countermeasures for the coronaviruses do not yet exist, if they were developed a malicious actor could
easily leverage simple experimental procedures published for other pathogens to create strains that
overcome the countermeasures.
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Dual-Use GoF Phenotype

Influenza

Enhanced transmissibility in
mammals

Enhanced pathogenicity in
mammals

Published methods require skills in
molecular biology. No publications
exist on creation of influenza
strains that lead to chronic illness.

Enhanced transmissibility while
maintaining pathogenicity

Overcoming natural or induced
immunity

Via the creation of antigenically
distinct strains only

Coronaviruses

N/A

Evading diagnostics

Evasion of immunological
diagnostics only

Evasion of immunological
diagnostics only

Antiviral resistance

N/A

Enhanced production in cell culture
or eggs

Published methods require skills in
molecular biology.

N/A

Figure 8.3. Status of the publication of potentially dual-use information relevant to GoF research. White
denotes that no significant information risk is left either because the relevant information has already been
published or the resulting trait is not dual-use. Dark shading denotes a lack of publications on the topic so a
significant information risk may remain. Grey denotes that some information risk may be remaining.

8.6 Evaluation of the Capability and Intent of Malicious Actors to Leverage Dual Use
Information

Given the analysis above, non-unique information risk resides in the ability to create strains of highly-
transmissible, antiviral resistant pathogens that have a high case fatality rate and are not limited by
residual immunity brought about by the natural circulation of similar strains. That being said, this risk is
already realized because the methods to produce these strains is already published. For malicious actors
interested in developing a uniquely capable incapacitating agent, research on the development of
influenza strains that produce chronic or long-lasting illness would be of interest.

We acknowledge that GoF research is just one means through which a malicious actor may obtain such a
pathogen. By leveraging GoF information, sophisticated actors could use reverse genetics to create a
strain that was previously described by other researchers with all desired characteristics. Actors with
limited skills in molecular biology could use the selection experiments described in the literature to attain
strains that may have all the desired traits, but extensive testing would be necessary to identify a strain
with all such characteristics. This section describes the actors with the capability and motivation to seek
to leverage this information.

State actors, who in the past have sought deadly strains and incapacitating strains of pathogens for use in
offensive weapons programs, clearly often have the ability to acquire the equipment and expertise to use
reverse genetics to create any strain of influenza or coronavirus described in the literature. Moreover,
states likely would have the ability to design and produce a cache of vaccines (in the case of modified
influenza viruses) that could protect their own population from the contagion that may spread from their
intended target (and to protect their workers during the development and weaponization process). For this
reason, if states were to leverage GoF information for malicious use, they would likely target information
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on the influenza viruses (instead of the coronaviruses) and would be uninterested in strains that can avoid
any type of vaccine protection. That being said, secrecy inside a state program may hamper the
coordination of the offensive and defensive components of a biological weapons program. For example,
those working on countermeasures in the Soviet biological weapons program lacked the clearance to
know about the offensive side.*’®4"" Moreover, the stockpiling of vaccines specific to a strain of
influenza virus that has no risk of a natural outbreak could undesirably broadcast information about a
state’s offensive program.

Other malicious actors, from individuals to terrorist groups, have so far shown very little ability to acquire
or grow biological agents. The few terrorist groups that have attempted to do so have relied on bacterial
agents, not viral agents. The publically available literature suggests that no sub-state group has so far
demonstrated the scientific sophistication and the resources necessary to leverage GoF information for
malicious purposes.

In theory, a lone outsider (or small group of outsiders) with scientific training may have the ability to
perform the manipulations necessary to obtain modified pathogens via relatively simple methods.
Alternatively, if unconstrained by time and resources these technically trained actors may be able to use
reverse genetics to obtain any desired strain. Industry standards for customer and sequence screening, in
part supported by US government guidance, may prevent actors from acquiring synthesized pathogens via
genetic material synthesized by industry. However, some gene synthesis (domestically and
internationally) companies do not voluntarily follow the industry standards or US government guidance.

Lone scientific actors working in GoF laboratories (i.e., insiders) can simply directly acquire the desired
strains as described in Chapter 7, above. Given the access controls implemented in containment
laboratory, there is little opportunity for an insider to carry out a clandestine development and testing
program inside the laboratory they legitimately have access to. Therefore, insiders are not considered a
driver of information risk because they have access to strains and unpublished data.

A malicious actor developing an engineered strain would Of the potential malicious actors, only
presumably ne_e d the resources _to test the newly . state actors have the resources, téchnical
developed strain to ensure that it has all the traits desired. sophistication and motivation to leverage

Animal testing facilities are expensive and difficult to dual-use information arising from GoF
covertly obtain, establish and operate without running the | studies. These states could protect their
risk of self-infection and/or exposing the public. Sub- own population by secretly stockpiling an
state groups, however, are likely to be satisfied with effective vaccine against their modified
more rudimentary animal testing than those conducted by | agent, suggesting they may prefer to
scientists seeking to publish in a peer-reviewed target influenza viruses over the

coronaviruses.

publication.*’®

If somehow a scientific actor can create a facility that is sufficiently remote to develop the strains and
perform the needed testing without being noticed (by intelligence gathering or by causing an outbreak),
they could produce a highly contagious, highly lethal strain of virus. These properties avoid an often
noted shortcoming of small groups wishing to produce an effective biological weapon: that they lack
either the scientific expertise to create a useful biological agent or the engineering expertise to create a
useful biological munition (both of which are normally needed to create a weapon capable of inflicting

476 Leitenberg M, Zilinskas R, (2012) The Soviet Biological Weapons Program: A History Cambridge: Harvard University
Press.

477 Quagrham-Gormleym S (2014) Barriers to Bioweapons Ithaca: Cornell University Press.

478 Danzig R, et. al. (2012) “Aum Shinrikyo: Insights into how terrorists develop biological and chemical weapons, second
edition,” Center for a New American Security
http://www.cnas.org/files/documents/publications/fCNAS_AumsShinrikyo_SecondEdition_English.pdf.
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mass casualties). Infections caused by rudimentary devices (like a spray bottle) may be enough to seed a
global pandemic causing mass casualties. However, as noted in Chapter 7, above, we know of no lone
actor who has ever desired to cause a global pandemic (albeit, a small group, R.1.S.E, did). Moreover,
terrorist organizations and individuals appear to act more on the emotional and societal motivations
towards radicalization and violence, suggesting a greater focus on the immediate, rather than long-term,
response or outcome of an act.”® Of course, historical examples do exist of individuals and terrorist
groups that invested significant resources and time in planning of an attack (see Section 7). Whether the
calculus of long-term illness or mass casualty through infection is attractive to sub-state actors is not
known from publicly available literature.

One final caveat: the unsophisticated actor today could leverage advancing technologies to gain a
significant body of skills and knowledge. Software is being developed to automate the research process,
with the possible outcomes of increasing reproducibility and decreasing human involvement in the
experimental process.*®° Finally, several online blogs, websites, video journals, and analytic technologies
increasingly are being used to identify experimental protocols, troubleshoot experimental problems, and
design experimental reagents such as DNA primers for polymerase chain reaction experiments.*
Together, these changes may increase democratization of life sciences experiments and lower the level of
skill and advanced scientific knowledge needed to conduct experimental procedures.*

479 De Angelis T (2009) “Understanding Terrorism,” American Psychological Association.
http://www.apa.org/monitor/2009/11/terrorism.aspx. Accessed on October 27, 2015.

480 For example, see Amyris Genome Compiler. Accessible at http://www.genomecompiler.com/amyris-dna-construction-on-
genome-
compiler/?utm_source=refferal_website&utm_medium=press_release&utm_term=5_8_2015&utm_content=website&utm_c
ampaign=amyris_alpha_program. Accessed on September 12, 2015.

481 For example, see JOVE. Accessible at http://www.jove.com/. Accessed on September 12, 2015.

482 For additional discussion, J Revill and C Jefferson. Tacit knowledge and the biological weapons regime. Sci Pub Policy.
2013; KMVogel. Phantom Menace or Looming Danger? A New Framework for Assessing Bioweapons Threats. 2013. The
Johns Hopkins University Press. (Baltimore, Maryland),
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9.1 Overview of Results

The Benefit Assessment evaluated the potential benefits of GoF experimental approaches involving
coronaviruses (CoVs) and influenza viruses to scientific knowledge and public health. Public health
benefits included benefits to biosurveillance, to the development of medical countermeasures (MCMs),
and to decision-making in public health policy. In each case, the ability of GoF approaches to address
gaps in scientific knowledge or shortcomings in public health was compared to the ability of alternative
approaches to address those same gaps, which enabled identification of the unique benefits of GoF
research. Two types of alt-GoF approaches were considered: alternative experimental approaches that can
provide the same or similar information and alternative scientific or technical innovations that can address
the same public health gaps through completely different mechanisms. Of note, unlike the risk
assessment, the benefit assessment was limited to the evaluation of GoF approaches that have been
described in the scientific literature.

Within the field of CoV research, GoF approaches in the following phenotypic categories were identified:
enhanced pathogen production, altered host range, enhanced virulence, and evasion of therapeutics in
development. Within the field of influenza research, GoF approaches in the following phenotypic
categories were identified: enhanced virus production, mammalian adaptation and enhanced
transmissibility, enhanced virulence, evasion of vaccines or therapeutics, and evasion of existing natural
or induced adaptive immunity. The following figure summarizes the results of the benefit assessment.

GoF Phenotype Coronaviruses Seasonal Influenza | Animal Pathogenic
Viruses Influenza Reassortant

Viruses Influenza

Viruses*

Adaptation to mammals

Enhanced transmissibility N/A _

Enhanced pathogenicity

Evasion of vaccines in N/A
development

Evasion of existing natural N/A N/A N/A
or induced adaptive
immunity

Evasion of therapeutics

Enhanced virus production

Reassortment (multiple GoF | N/A
phenotypes possible)

*Pathogenic reassortants influenza viruses include reassortants comprised of gene segments from seasonal and
pandemic or seasonal and animal influenza viruses.

Figure 9.1 Summary of the benefits of GoF research by phenotype. White indicates that the phenotypic
change cannot be achieved or is not relevant (given the current state of model systems, the current state of
MCMs, or the biological characteristics of the virus). Dark grey indicates that the current phenotypic change
may be achievable but has not been undertaken in the scientific literature. Light grey indicates that the
approach provides unique benefits to scientific knowledge and/or public health. Medium grey indicates that
the benefits of GoF approaches and alternative approaches are overlapping; that is, that alt-GoF approaches
can address the same scientific knowledge or public health gaps that GoF approaches can address. Note that
medium grey does not indicate that GoF and alt-GoF approaches are equally capable of addressing those
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gaps, simply that a more nuanced evaluation is needed to understand the relative value of GoF and alt-GoF
approaches.

The brief section that follows provides an overview of the GoF benefits identified in each phenotypic
category.

9.1.1 Coronaviruses

GoF approaches that alter host range and enhance virulence uniquely enable the development of animal
model systems that recapitulate human disease pathogenesis, which are critical for the study of CoV
pathogenesis and for establishing the safety and efficacy of candidate vaccines and therapeutics. This
manipulation to a new host typically attenuates virulence in the original host (in the case of SARS and
MERS-CoV, humans). GoF approaches that enhance virulence are also uniquely capable of
demonstrating that live attenuated vaccines (LAVSs) do not recover virulence upon growth in vivo, an
important aspect of safety testing of candidate LAVSs. Of note, this particular approach simply increases
the human health risk of the attenuated strain to approach that of wild type strains. GoF approaches that
enhance virulence represent the most efficient and effective strategy for discovering novel virulence
factors, which may be good targets for new therapeutics. However, several alternative strategies for the
development of new therapeutics are being actively pursued and have also shown promise. GoF
approaches that lead to evasion of therapeutics in development are critical for the development and
regulatory approval of new therapeutics. Because these therapeutics are not yet widely available, no
increase in human health risk is posed by resistant strains. GoF approaches that alter host range and
enhance virulence provide unique benefits to study cross-species adaptation and pathogenicity, but
alternative approaches may also be used.

9.1.2 Influenza Viruses

Across all GoF phenotypes, GoF approaches provide unique benefits to the study of the mechanistic basis
of the phenotype under study as well as the evolutionary mechanisms driving acquisition of that trait,
though alternative approaches may also be used. Alternative approaches have stringent limitations for the
study of mechanisms underlying mammalian transmissibility of animal influenza viruses, as animal flu
viruses that efficiently transmit in humans do not exist in nature.

GoF approaches that enhance virus production are uniquely critical for their current ability to produce
sufficient and timely influenza vaccines for seasonal flu epidemics and flu pandemics; they represent the
only strategy for improving existing vaccine production capabilities in the near-term. Of note, these
particular approaches attenuate an otherwise pathogenic strain while enhancing its growth properties.

GoF approaches that enhance the infectivity, transmissibility, and virulence of animal flu viruses inform
pandemic risk assessments of circulating influenza viruses, which guide downstream decision-making
about investments in pre-pandemic vaccine development and other pandemic preparedness initiatives.
Specifically, GoF approaches are uniquely critical for strengthening the predictive value of molecular
markers for mammalian adaptation, transmissibility, and virulence, which can be used to infer phenotype
from sequence for the risk assessment. In general, molecular marker data moderately contribute to the
overall risk associated with a particular virus. However, molecular marker data play an important role in
rapid risk assessments when novel flu viruses first emerge in human populations due to the early
availability of viral sequence data. These risk assessments facilitate more rapid initiation of response
activities such as pre-pandemic vaccine development. Of note, realization of these benefits is subject to
significant advancements in the state of knowledge about mechanisms underlying mammalian adaptation,
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transmissibility, and virulence, as well as expansion of sequencing capabilities across public health
laboratories involved in influenza surveillance.

GoF approaches that enhance the infectivity and virulence of influenza viruses are also used to develop
animal models that support the study of disease pathogenesis and medical countermeasure (MCM)
development. GoF approaches that lead to evasion of therapeutics in development are critical for the
development and regulatory approval of new therapeutics. Of note, the acquisition of resistance to novel
classes of therapeutics is not expected to confer cross-resistance to existing antivirals (i.e., adamantanes
or neuraminidase inhibitors). Thus, when these experiments involve drug candidates within new classes
of therapeutics, which are not yet widely available, no increase in human health risk is posed by resistant
strains. However, similar approaches using licensed therapeutics inform therapeutic recommendations for
seasonal influenza infections and pandemic preparedness initiatives for high-risk animal influenza
viruses, but phenotypic approaches for antiviral sensitivity testing are also used for these purposes. GoF
approaches that lead to evasion of vaccines are uniquely capable of determining whether viruses can
acquire mutations to escape neutralization of candidate broad-spectrum or universal influenza vaccines, a
critical aspect of testing the potential field efficacy of vaccines in development. Most of these
experiments involve next-generation influenza vaccine candidates targeting epitopes other than the
globular head domain of the hemagglutinin (HA) protein, the target of current influenza vaccines. Given
that the globular head domain of HA is the immunodominant protein of influenza viruses and that these
next-generation vaccines are not yet widely available, strains that can overcome the protection afforded
by these vaccines are expected to pose a minimal increase in human health risk relative to wild type
strains. GoF approaches that lead to evasion of existing natural or induced immunity have potential to
improve the efficacy of seasonal influenza vaccines, but this benefit is subject to advancements in the
state of knowledge about the mechanistic basis of antigenic drift as well as expansion of sequencing
capabilities across public health laboratories involved in global influenza surveillance. Finally, GoF
studies involving reassortment, which may lead to one or more phenotypic changes, are uniquely capable
of providing information that can be used to prioritize community-level interventions aiming to prevent
opportunities for co-infections that could lead to the generation of reassortant viruses with phenotypic
properties of concern.

9.1.3 Summary

Chapter 9 provides a relatively brief description of all of the benefits of GoF research that were identified
in this study. Chapter 15 provides a fully referenced and in-depth discussion of these findings and
includes a summary table for each GoF benefit, which describes the relative strengths and limitations of
GoF and alt-GoF approaches that can achieve that benefit. As the relative ability of a given GoF (or alt-
GoF) approach to address a particular scientific knowledge or public health gap often hinges on nuanced
differences between the benefits and limitations of different approaches, readers who seek an in-depth
understanding of the benefits of GoF research are directed to chapter 15.

The following table summarizes the set of benefits identified for each GoF phenotype and directs readers
to the relevant sections and summary tables that accompany each benefit.
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Table 9.1. List of Potential Benefits of GoF Research Involving Coronaviruses

Benefit Potential Benefit Unique Sections Crosswalk | Time Horizon for | Time Horizon - Notes
Category Benefit?* Table(s) Benefit
Realization
Enhanced virus production
. Develop in vitro model .
Scientific systems for studying bat Partial 935.1.1; 15.3 Immediate N/A
Knowledge 15.1.4.1
CoVs
Altered host range (mammalian adaptation)
L Gain insight into )
Scientific mechanistic basis of cross- | Partial 9.35.1.1; 15.1 Immediate N/A
Knowledge . . 15.1.3.1
species adaptation
L Develop in vitro model )
Scientific systems for studying bat Partial 9.35.1.1; 15.3 Immediate N/A
Knowledge 15.1.4.1
CoVs
L Develop animal models for )
Scientific studying CoV Partial 9.35.1.3; 15.4 Immediate N/A
Knowledge - 15.1.4.2
pathogenesis
Vaccines and | Develop animal models for Partial 9.354.1; 15.4 Lona term Development and licensing of new
therapeutics | testing candidate MCMs 15.1.4.2 ' g MCMs is a long process
. Develop model system for . . .
?éi(r:glréisﬁigd testing broad-spectrum Partial 519531554 éz’ 15.8 Long term I\D/I%/:/Ilgegnae:l;r?nd rl:)cceer;zmg of new
P efficacy of MCMs T gp
Enhanced virulence
s Gain insight into .
Scientific mechanistic basis of CoV | Partial 93512 15.2 Immediate N/A
Knowledge . 15.1.3.2
virulence
S Develop animal models for )
Scientific studying CoV Partial 935.1.3; 154 Immediate N/A
Knowledge - 15.1.4.2
pathogenesis
Vaccines and | Develop animal models for Partial 9.3.54.1; 15.4 Lona term Development and licensing of new
therapeutics | testing candidate MCMs 15.1.4.2 ' g MCMs is a long process

Risk & Benefit Analysis of Gain of Function Research

Gryphon Scientific, LLC

250



Table 9.1. List of Potential Benefits of GoF Research Involving Coronaviruses

resistance

Benefit Potential Benefit Unique Sections Crosswalk | Time Horizon for | Time Horizon - Notes
Category Benefit?* Table(s) Benefit
Realization
Therapeutics Identify new therapeutic Partial 9.3.5.3.1; 156 Long term Developmenjt and licensing of new
targets 15.15.2 therapeutics is a long process
. Support development of 9.3.5.2; Development and licensing of new
Vaccines live attenuated vaccines ves 15.15.1.1 155 Long term vaccines is a long process
Evasion of therapeutics in development
Gain insight into . . .
Therapeutics | therapeutic’s mechanism Partial 9.35.3.2; 15.7 Long term De"e"’p”.‘e“? and licensing of new
. 15.1.5.2.2. therapeutics is a long process
of action
Facilitate regulatory 9.3.5.3.2; Development and licensing of new
Therapeutics | approval of new Yes o N/A Long term pment g
. 15.15.2.3 therapeutics is a long process
therapeutics
Inform development of
Therapeutics thgrgpgutlc strategies that Yes 9.3.5.3.3; N/A Long term Developn_]enfc and licensing of new
minimize development of 15.15.24 therapeutics is a long process

approaches.

*The “Unique Benefit” column indicates whether the benefit indicated in the previous column is unique or whether alt-GoF approaches can achieve the
same general benefit. “No” indicates that alt-GoF approaches can provide nearly identical benefits, with respect to the quality, scope, and timeliness of the
benefit; “Yes” indicates that alt-GoF approaches cannot provide the same benefit; and “Partial ” indicates that alt-GoF approaches can provide similar
benefits but may be limited in some way when compared to the GoF approach. Of note, a “Partial” entry does not indicate that the potential benefits of GoF
and alt-GoF approaches are the same but rather that a more nuanced evaluation is needed to understand the relative benefits of GoF and alt-GoF
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Table 9.2. List of Potential Benefits of GoF Research Involving Influenza Viruses

Agent (Influenza | Benefit Potential Benefit Unique Sections Crosswalk | Time Horizon Time Horizon -
Virus Strains)* Category Benefit?** Table(s) for Benefit Notes
Realization
Enhanced virus production
. Gain insight into the .
Seasonal, animal iﬂgc\};;g e mechanistic basis of high Partial 25525412 15.10 Immediate N/A
g growth of vaccine viruses o
Status quo — GoF
Enable the sufficient and 95521 approaches are
Seasonal, animal Vaccines timely production of flu Yes 1'5 2 3 - 15.9 Immediate currently a key
vaccines - aspect of flu
vaccine production
GoF insights can
Shorten future vaccine 9.55.2.2; 15.11; be applied to
Seasonal, animal | Vaccines roduction timelines Partial 9.55.2.3; 15.12; Near term vaccine production
P 15243 | 15.13 without the need
for FDA approval
Mammalian adaptation and enhanced transmissibility
Gain insight into mechanistic 15.14;
. Scientific basis of mammalian . 15.15; .
Animal Knowledge adaptation and acquisition of Partial 1533 15.16; Immediate NIA
transmissibility 15.17
::?:(?L:r;t?:g;\fr::lrigfilafviruses Information from
. . . . : GoF studi b
Animal Surveillance | by enabling sequence-based Partial 9652, 15.18 Near to long 2OF SICIES can be
- . 15.3.4 term immediately
prediction of adaptation and applied to
transmissibility surveillance and
Inform pandemic risk dovx_/n_stream _
assessment of animal flu decision-making
. . viruses and downstream . 9.6.5.3; Near to long about pandemic
Animal Policy decision-making about Partial 15.35.2 1519 term pre_pe_lr_edngss )
investments in pandemic activities, m_cludlng
preparedness activities pre-pandemic
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Table 9.2. List of Potential Benefits of GoF Research Involving Influenza Viruses

Agent (Influenza | Benefit Potential Benefit Unique Sections Crosswalk | Time Horizon Time Horizon -
Virus Strains)* Category Benefit?** Table(s) for Benefit Notes
Realization
vaccine
development.
However, this
benefit is
constrained by
scientific
. Guide selection of strains for uncertainties
Animal \P/ZIL:(C:?/r;es pre-pandemic vaccine Yes 25635532 5q | 154 :\cl)(;ar tt:rrrrnn 0 associated with the
development | T g data. The benefit of
GoF information to
surveillance is
expected to
increase over time,
as the state of the
science advances.
Enhanced virulenc
- S . 9.7.5.1; 15.20;
Seasonal, animal i‘;’gc\f;;g . E;;ig Qs;gnhgnggarciefuhligg'c Partial 15431 | 15.21; Immediate N/A
g 15432 | 15.22
sl Develop animal models for .
Seasonal, animal Scientific studying influenza Partial 9.7.5.1.3; 15.23 Immediate N/A
Knowledge - 15.4.3.3
pathogenesis
Ir_1form §urvei!lance of . ] Information from
Animal Surveillance C|rculat|r_19 animal flu viruses Partial 9.6.5.2; 15.18 Near to long GoF studies can be
by enabling sequence-based 15.3.4 term immediatel
it ; y
prediction of virulence applied to
Inform pandemic risk surveillance and
assessment of animal flu govx_/n_streamk_
. . viruses and downstream . 9.6.5.3; Near to long €CISIon-maxing
Animal Policy decision-making about Partial 15.3.5.2 1519 term about pandemic
investments in pandemic preparedness
preparedness activities activities, including
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Table 9.2. List of Potential Benefits of GoF Research Involving Influenza Viruses

Agent (Influenza
Virus Strains)*

Benefit
Category

Potential Benefit

Unique
Benefit?**

Sections

Crosswalk
Table(s)

Time Horizon
for Benefit
Realization

Time Horizon -
Notes

Animal

Policy,
Vaccines

Guide selection of strains for
pre-pandemic vaccine
development

Yes

9.6.5.3;

1535.25.1

154

Near to long
term

pre-pandemic
vaccine
development.
However, this
benefit is
constrained by
scientific
uncertainties
associated with the
data. The benefit of
GoF information to
surveillance is
expected to
increase over time,
as the state of the
science advances.

Seasonal, animal

Vaccines

Support development of live
attenuated vaccines

Yes

9.7.5.3.1;
1545.1

N/A

Long term

Development and
licensing of new
vaccines is a long
process

Animal

Vaccines

Improve safety of vaccine
production process by
identifying virulence markers
that can be removed from
vaccine viruses

Partial

9.7.5.3.2;
15.4.5.2

15.24

Intermediate
term

FDA approval may
be needed for
application of GoF
insights to vaccine
production

Seasonal, animal

Therapeutics

Identify new therapeutic
targets

Partial

9.7.5.4,
15453

15.25

Long term

Development and
licensing of new
therapeutics is a
long process
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Table 9.2. List of Potential Benefits of GoF Research Involving Influenza Viruses

Agent (Influenza | Benefit Potential Benefit Unique Sections Crosswalk | Time Horizon Time Horizon -
Virus Strains)* Category Benefit?** Table(s) for Benefit Notes
Realization
Development and
. Develop animal models testing . 9.7.5.5; licensing of new
Seasonal, animal MCMs candidate MCMs Partial 15433 15.23 Long term MCMs is a long
process
Evasion of existing natural or induced immunity
Seasonal Scientific Gain insight into mechanistic 9.8.5.1; 15.26;
pandemic*** Knowledge basis of antigenic drift Partial 15.5.3 ig% Immediate N/A
Improve antigenic surveillance Information from
Seasonal Surveillance by er)ak_)lmg sequ_ence_-based Partial 9.8.5.2; 15.29 Near to long _GoF stL_Jdles can be
prediction of antigenic 1554 term immediately
phenotype applied to
surveillance and
downstream strain
selection for
seasonal flu
vaccines, but that
benefit is
] constrained by
Increase the efficacy of scientific
Seasonal vVaccines seasonal flu vaccines by Partial 9.8.5.3.1; 15.30 Near to long uncertainties
improving strain selection 15551 term associated with the
capabilities data. The benefit of
GoF information to
surveillance is
expected to
increase over time,
as the state of the
science advances.
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Table 9.2. List of Potential Benefits of GoF Research Involving Influenza Viruses

Agent (Influenza | Benefit Potential Benefit Unique Sections Crosswalk | Time Horizon Time Horizon -
Virus Strains)* Category Benefit?** Table(s) for Benefit Notes
Realization
The development
of a universal or
Inform the development of 9.8.5.3.2" broad-spectrum
Seasonal, animal Vaccines universal or broad-spectrum Partial 1'5 5 5 2 ' 15.31 Long term vaccine represents
vaccines e a very scientifically
challenging
prospect
Evasion of VVaccines
The development
Test whether viruses can of a universal or
escape protective immunity 9.9.5: broad-spectrum
Seasonal, animal | Vaccines conferred by candidate Yes 15 3 3 N/A Long term vaccine represents
universal or broad-spectrum - a very scientifically
vaccines challenging
prospect
Evasion of therapeutics
. Scientific Gain insight into mechanistic . 9.10.5.1; 15.32; .
Seasonal, animal Knowledge basis of a%tiviral resistance Partial 15.7.3 15.33 Immediate N/A
Improve sur_veillance for . Information from
Seasonal, animal | Surveillance antiviral resistance by Partial 9.10.5.2; 15.34 Near to long GoF studies can be
enabling sequence-based 15.7.4 term immediatel
- : y
prediction of resistance applied to
Inform therapeutic _ surveillance and
Seasonal Policy recommendations for seasonal | Partial 2;32? N/A t’\el(rer?]r to long downstream policy
flu 0 decisions, but that
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Table 9.2. List of Potential Benefits of GoF Research Involving Influenza Viruses

Agent (Influenza | Benefit Potential Benefit Unique Sections Crosswalk | Time Horizon Time Horizon -
Virus Strains)* Category Benefit?** Table(s) for Benefit Notes
Realization
benefit is
constrained by
scientific
Inform pandemic risk uncer_tainties_
assessment of animal flu associated with _the
Animal Polic viruses and downstream Partial 9.10.5.3;15 N/A Near to long data. The benefit of
y decision-making about .75.2 term GoF |_nforma_t|on to
investments in pandemic surveillance is
preparedness activities expected to
increase over time,
as the state of the
science advances.
Improve safety of vaccine FDA approval may
production process by . . be needed for
Seasonal, animal Vaccines identifying resistance markers | Partial 9.10.5.4; 15.35 Intermediate application of GoF
15.7.6 term SN .
that can be removed from insights to vaccine
vaccine viruses production
Development and
Seasonal, animal | Therapeutics Inform dgvelopment of new Yes 9.1055.1; N/A Long term licensing .Of new
therapeutics 15.7.7.1 therapeutics is a
long process
Development and
. . Gain insight into therapeutic’s . 9.10.5.5.2; licensing of new
Seasonal, animal | Therapeutic mechanism of action Partial 157721 15.36 Long term therapeutics is a
long process
Development and
. . Facilitate regulatory approval 9.10.5.5.2; licensing of new
Seasonal, animal Therapeutic of new therapeutics Yes 15.7.7.2.2 N/A Long term therapeutics is a
long process
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Table 9.2. List of Potential Benefits of GoF Research Involving Influenza Viruses

Agent (Influenza | Benefit Potential Benefit Unique Sections Crosswalk | Time Horizon Time Horizon -
Virus Strains)* Category Benefit?** Table(s) for Benefit Notes
Realization
Inform development of Development and
. . therapeutic strategies that 9.10.5.5.3; licensing of new
Seasonal, animal | Therapeutic minimize development of ves 15.7.7.3 N/A Long term therapeutics is a
resistance long process
Reassortment studies
g Gain insight into mechanisms .
Seasonal, animal Scientific driving and underlying Partial 9.11.5.1; 15.37 Immediate N/A
Knowledge 15.8.3
reassortment
Surveillance for
. reassortant viruses
Inform assessment of the risks . .
. . - . 9.11.5.2; is poor and must be
Seasonal, animal Surveillance | posed by reassortant viruses Partial 15.38 Long term .
. 1584 improved for
detected through surveillance o .
realization of this
benefit.
Inform pandemic risk Surveillance for
assessment of animal flu reassortant viruses
. . viruses and downstream . 9.11.5.3.2; is poor and must be
Seasonal, animal | Policy decision-making about Partial 15.8.5.2 15.19 Long term improved for
investments in pandemic realization of this
preparedness activities benefit.
Inform prioritization of
interventions that aim to 911531
Seasonal, animal Policy prevent the emergence of Yes 1'5 8I5.1I " | NJA Near term N/A
novel reassortant viruses in T
human populations
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Table 9.2. List of Potential Benefits of GoF Research Involving Influenza Viruses

Agent (Influenza | Benefit Potential Benefit Unique Sections Crosswalk | Time Horizon Time Horizon -
Virus Strains)* Category Benefit?** Table(s) for Benefit Notes
Realization

* Animal strains include avian and swine strains that have and have not infected humans. Pandemic strains include the 1918 HIN1, 1957 H2N2, and 1968
H3N2 viruses. Seasonal strains include all seasonal isolates and 2009 H1N1 pandemic isolates (now circulating seasonally). The “Agent” column includes
all strain types that have been subjected to a Gain of Function using the listed approach. Of note, pandemic strains are not listed in the “Enhanced Virulence”
section because while these studies include the generation of reassortant strains including genes or gene segments from pandemic strains, the resulting
reassortant strains are expected to be less virulent than the wild type pandemic strains.

**The “Unique Benefit” column indicates whether the benefit indicated in the previous column is unique or whether alt-GoF approaches can achieve the
same general benefit. “No” indicates that alt-GOF approaches can provide nearly identical benefits, with respect to the quality, scope, and timeliness of the
benefit; “Yes” indicates that alt-GoF approaches cannot provide the same benefit; and “Partial ” indicates that alt-GOF approaches can provide similar
benefits but may be limited in some way when compared to the GoF approach. Of note, a “Partial” entry does not indicate that the potential benefits of GoF
and alt-GoF approaches are the same but rather that a more nuanced evaluation is needed to understand the relative benefits of GoF and alt-GoF
approaches.

*** Studies that lead to the generation of variant strains of the 1918 HIN1 pandemic virus with altered antigenicity were not identified. However, several
antigenic escape studies involving a classical swine H1N1 isolate from 1930 (A/Swine/lowa/15/30), the HA sequence of which more closely resembles the
1918 HA sequence than the sequence of any other existing isolate, were identified. Of note, this 1930 strain is not known to infect humans, although more
recent classical swine viruses can infect people.
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9.2 Methodology

9.2.1 Purpose of This Task

The purpose of the qualitative benefit assessment (BA) is to provide information regarding the potential
benefits of GoF research to scientific knowledge, public health, and medicine, including benefits to
biosurveillance, decision-making in public health policy, and the development of vaccines, therapeutics,
and diagnostics. (Throughout the report, the term “public health” is used to encompass all applied benefits
to public health and medicine.) Economic benefits were not explicitly evaluated but are noted where
relevant. Similarly to the risk assessment, the benefit assessment will be comparative; that is, the benefits
of GoF studies are evaluated relative to the benefits of alternative experimental approaches that can
provide similar information or other scientific and technical innovations that can provide similar benefits.
In addition, the BA will seek to provide information regarding barriers to the realization of the benefits
and the global distribution of the benefits, two key considerations when weighing the potential benefits
against research risks that may be global and immediate.

9.2.2 Conceptual Approach to the Identification of Potential Benefits of GoF Research

The approach to the benefit assessment is founded on the concept that the benefits of scientific research
derive from applications of new scientific information or products to unanswered scientific questions or
unmet needs in public health and medicine (collectively referred to as “gaps”). To that end, a multi-step
process was used to identify the benefits of GoF research relative to alternative approaches, as illustrated
in Figure 9.2. First, a foundation for the analysis of benefits was established by independently ()
characterizing the expected scientific information and products derived from GoF studies of potential
concern involving Pathogens with Pandemic Potential (PPPs), and (b) identifying gaps in scientific
knowledge about PPPs as well as gaps in public health and medical capabilities related to the prevention
and control of PPP outbreaks. Second, the scientific information/products derived from GoF research
were mapped (“crosswalked”) to the gaps in scientific knowledge and public health. That is, for each
scientific outcome of GoF research, the gaps in scientific knowledge and public health that the
information/product could address were identified; subsequently, the mechanism by which the
information/production could overcome shortcomings in that gap area was determined. This crosswalk
analysis was guided by the proposed benefits of GoF research, as suggested by infectious disease
researchers and “translators” involved in the application of research to public health challenges. The
outputs of the crosswalk analysis—GoF research applications and their downstream effects on the health of
human populations—represent the potential benefits of GoF research. Third, alternate experimental
approaches and/or other scientific or technical innovations that could lead to the same or similar benefits
were identified. Fourth, the barriers to the realization of GoF and alt-GoF benefits were assessed,
including factors that impede the translation of the research as well as “downstream” factors that limit its
ultimate impact on human morbidity and mortality. Comparative analysis of the benefits afforded by GoF
research versus alternative approaches, in light of the barriers to the realization of each approach, yielded
insight into the unique benefits of GoF research. Fifth (not shown in Figure 9.2), the globalization
potential of GoF benefits found to be uniquely beneficial were analyzed. Lastly, the impact of GoF
benefits to the production of influenza vaccines on the public health burden of seasonal flu epidemics and
flu pandemics was quantitatively analyzed.
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Figure 9.2. Conceptual approach and workflow for benefit assessment. “Relevant” scientific outcomes/products of alt-GoF research are those outcomes
that can address similar gaps as GoF research. “Relevant” gaps in scientific knowledge and public health are those gaps that can be addressed by GoF

research. Strategies for identifying the relevant outcomes and gaps will be described in detail below. Because the applications of new scientific

knowledge to public health are long-term and unanticipated (e.g., whether a newly discovered virulence factor is a good therapeutic target), the barriers
to realization of these long-term benefits will not be evaluated.
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9.2.3 Characterizing the Expected Scientific Information and Products Derived From GoF Studies

The scientific body of work that falls within the definition of GoF research on PPPs was analyzed, as
informed by the NSABB’s Framework for Conducting Risk and Benefit Assessments of Gain of Function
Research and the USG funding moratorium on certain types of GoF research. Specifically, this analysis
included scientific research involving seasonal influenza viruses, pandemic influenza viruses (e.g., 1918
pandemic influenza virus), swine influenza viruses, and avian influenza viruses, as well as research
involving SARS coronavirus, MERS coronavirus, and SARS/MERS-like bat coronaviruses. Within each
field of research, all experimental approaches that are reasonably anticipated to confer one or more of the
following phenotypic changes were evaluated:

e Enhanced pathogen production as a result of changes in the viral replication cycle or growth,
e Enhanced morbidity and mortality in appropriate animal models,

e Enhanced transmission in mammals, including altered host or tissue range and more efficient
transmission by contact or airborne routes,

e Evasion of existing natural or induced immunity, and
e Evasion of vaccines, therapeutics or diagnostics.

Subsequently, within each GoF phenotype and for influenza viruses and coronaviruses separately, a set of
general experiments that capture the range of GoF studies conducted in the published literature was
defined and termed the “landscape” of GoF research. Each general experiment is described by:

e Experimental goal(s) (e.g., gain insight into mechanisms of airborne transmissibility of influenza
viruses),

e Experimental approach (e.g., serial passaging of influenza virus in ferrets with selection for
airborne transmission),

e Virus strains that are used (e.g., animal-origin influenza strains), and

e Expected research output(s), including new scientific information and/or products (e.g., gain
insight into molecular mechanisms of airborne transmissibility of influenza viruses between
mammals and identify genetic determinants of airborne transmissibility in influenza viruses).

The list of expected scientific outcomes/products of GoF research of potential concern served as the
inputs of our crosswalk analysis. Specifically, scientific outcomes/products were mapped to gaps in
scientific knowledge, public health, and medicine in order to assess their potential benefits to science and
society.

9.2.4 Identifying Proposed Benefits of GoF Research to Scientific Knowledge, Public Health, and
Medicine

Specific proposed benefits of GoF research to scientific knowledge and public health (“pro” arguments)
were identified, as described by three categories of stakeholders:
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e Scientific researchers who study influenza, SARS, and MERS, including those who conduct GoF
studies of potential concern and those who employ alternative approaches,

e Other scientists from the public health, agricultural, and wildlife research communities, and
* “Translators” involved in applying GoF research to public health and medicine.

Critiques of proposed benefits (“con” arguments) were also identified. Proposed benefits (and associated
benefit critiques) were researched in all benefit areas defined in the NSABB Framework for Conducting
Risk and Benefit Assessments of Gain of Function Research (i.e., scientific knowledge, biosurveillance,
medical countermeasures, decision-making in public health policy, and economic benefits). Additional
benefits proposed by stakeholders that fell outside of the Framework areas were also explored.

The identification of proposed benefits and benefit critiques was carried out in several stages. First, a
complete list of benefits and benefit critiques publicized by GoF stakeholders was compiled, drawing on
several sources of information:

e Public meetings about GoF research, such as the October 2014 National Academies Workshop on
GoF Research and past National Academies and NSABB meetings,

e Perspectives published in scientific journals, and
e Research articles and reviews published in the scientific literature.

Second, each proposed benefit and benefit critique was researched in greater detail through interviews
with GoF stakeholders involved in conducting scientific research, including researchers studying
influenza viruses, coronaviruses, and other infectious diseases, and stakeholders involved in translating
research insights into public health practice and policy. Of note, the list of GoF stakeholders interviewed
included numerous “vocal participants” in the GoF debate who had written opinion pieces about GoF
research. (See “Using Interviews to Inform the BA,” below, for a more detailed description of the types of
stakeholders interviewed for the BA and Appendix 15.10 for a list of interviewed stakeholders.) Each
interviewee was subjected to a point-counterpoint style debate about his or her proposed benefits and
benefit critiques, enabling Gryphon to elucidate nuanced aspects of each argument.

Finally, this list of proposed benefits and benefit critiques was expanded upon through further
examination of the scientific literature, including the basic science literature involving PPPs and the
literature on infectious disease surveillance, MCM development, and public health policy. In particular,
further analysis of the basic science literature was critical to identifying specific potential benefits of GoF
studies to scientific knowledge.

Taken together, the information gleaned from interviews and other sources enabled the development of a
list of proposed benefits of GoF research to scientific knowledge and public health and associated benefit
critiques, which informed two aspects of the subsequent analyses. First, a set of public health areas that
encompass all proposed GoF benefits was defined (e.g., pandemic risk assessment using surveillance
data, development of influenza vaccines, etc.), which were subjected to a gap analysis as described below.
Second, the list of proposed benefits of GoF research guided the crosswalk of the outputs of GoF research
to gaps in scientific knowledge and public health. As described below, this crosswalk involved validation
of each proposed benefit through examination and analysis of the scientific literature (for benefits to
scientific knowledge) or through interviews with stakeholders in public health and MCM development
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who are directly involved in applying the data or agents generated through GoF research to public health
practice and policy and MCM development/production.

9.2.5 Identifying Current Practices in Medical Countermeasure Development and Production That
Rely on GoF Approaches

Following the identification of the proposed benefits of GoF research, whether and how GoF approaches
contribute to current practices in the development and production of influenza virus and coronavirus
MCMs were explicitly determined. First, FDA regulations related to the approval of MCMs were
analyzed to determine whether GoF studies facilitate or are essential for any aspects of the process,
including analysis of whether resistance studies are required for the approval of new therapeutics or
vaccines, the role of the Animal Rule in the demonstration of MCM safety and efficacy, and other
relevant regulations. Second, the role of GoF approaches in current processes for egg- and cell-based
vaccine production was reviewed through analysis of the academic literature and through interviews with
industry and government personnel with expertise in influenza vaccine production. The continued
application of GoF research to these areas represents one type of potential benefit of GoF research.

9.2.6 Identifying Gaps in Scientific Knowledge About PPPs and Gaps in Public Health and Medical
Capabilities Related to the Prevention and Control of PPP Outbreaks

This task involved the identification of gaps in scientific knowledge about PPPs and gaps in public health
and medical capabilities related to the prevention and control of PPP outbreaks that could potentially be
addressed by insights gleaned from GoF research. This analysis was undertaken for several reasons. First,
identification of alternative approaches that aim to address the same or similar gaps as GoF studies
requires a complete and nuanced understanding of the gaps and their role in the overall public health
process, as alternative approaches may benefit the same ultimate public health gap (e.g., delayed
availability of vaccines during an influenza pandemic) by addressing different shortcomings in the
process (e.g., increasing the rate of vaccine production versus developing pre-pandemic vaccines that can
be rapidly deployed during a pandemic). Second, this gap analysis enabled identification of scientific and
non-scientific barriers to the realization of the benefits.

Many gaps in public health and medicine cannot be addressed by biomedical research. Broadly speaking,
the scope of this analysis was bounded by the list of GoF benefit areas defined in the task above,
including biosurveillance, development and production of vaccines and therapeutics, and decision-making
for public health preparedness. Within each benefit area, the list of proposed benefits was further utilized
to focus on identifying and researching gaps that could be targeted by GoF research. Importantly, gaps
were evaluated independently of their relationship to GoF research. To understand critical gaps in
scientific knowledge about PPPs, the state of the science regarding how influenza viruses, SARS-CoV,
and MERS-CoV are transmitted between hosts, cause disease, overcome protective immunity, and evolve
new phenotypic characteristics was reviewed. Interviews with researchers and “translators,” as well as an
analysis of the scientific literature, provided information about gaps in public health and medicine.
Notably, this research attempted to identify not only the gaps that could be addressed by GoF studies, but
also who may use the outputs of GoF studies to address the gaps, so that these stakeholders could be
interviewed to validate the assessment of the benefits of GoF research (described below).
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9.2.7 Crosswalking GoF Research Outcomes to the Gaps in Scientific Knowledge, Public Health,
and Medicine

The next phase of the analysis determined how the research outputs of GoF studies can address gaps in
scientific knowledge, public health, and medicine. This “crosswalk” was guided by the proposed benefits
of GoF research. Each proposed benefit was validated through analysis of the scientific literature (for
benefits to scientific knowledge) or through interviews with “translators” who are directly involved in
applying the data or agents generated through GoF studies to public health and MCM
development/production. Critically, this analysis included an assessment of the relevance and validity of
all benefit critiques previously identified, including concerns about whether and when the benefits will be
realized. Throughout the benefit validation process, GoF stakeholders were re-engaged as needed to
solicit additional information necessary to validate a given benefit or benefit critique or to clarify previous
remarks.

Benefits to scientific knowledge have intrinsic value while benefits to public health apply to “upstream”
aspects of the public health process (e.g., biosurveillance), the ultimate goals of which are reducing
human morbidity and mortality caused by influenza viruses and coronaviruses. To understand all of the
steps needed to realize the public health benefits from discovery to immediate application to ultimate
impact on public health, the analyses of public health systems were leveraged. For example, genetic
markers that confer high growth to vaccine viruses, identified through GoF studies, are incorporated into
vaccine viruses used for manufacturing in order to shorten production timelines by increasing the rate of
viral antigen production. In turn, these improvements to the vaccine production process lead to faster
vaccine availability during a pandemic, which reduces morbidity and saves lives. Finally, for benefits
related to the production of influenza vaccines, the effects of improving the availability vaccines on
human morbidity and mortality during outbreaks were further evaluated using quantitative methods, as
described in the “Quantitative Analysis of GoF Benefits” section below. Collectively, the outputs of the
crosswalk analysis — GoF research applications and their downstream impacts on the health of human
populations — represent the potential benefits of GoF research. Notably, realization of some public health
benefits may depend on other scientific and non-scientific factors, the implications of which are explored
in our assessment of barriers to the benefits, described below.

9.2.8 Assessing the Barriers to the Realization of GoF and Alt-GoF Studies

One of the most challenging aspects of weighing the risks and benefits of GoF research is that there is a
temporal mismatch between the risks and the benefits of the research—the risks are assumed at the time
the research is conducted, while the benefits to public health and medicine may accrue in the future. To
enable the comparison of risks and benefits, the benefit assessment is structured to provide data about the
probability and likelihood that the potential benefits of GoF research will be realized.

To accomplish this goal, benefits to scientific knowledge and benefits to public health/medicine were
considered separately. Scientific insights have immediate intrinsic value and may also inform the
development of novel vaccines or therapeutics, surveillance strategies, and other advancements in public
health/medicine in the future. Because the nature and timing of such applications are difficult to predict
with certainty, this report acknowledges but does not attempt to elucidate or evaluate the unforeseen
applications of basic science research to public health or medicine for this analysis.

In contrast, the potential benefits of GoF research to public health/medicine involve clear applications of
scientific information gleaned through GoF studies to unmet needs in public health. However, unlike the
risks, which pose possible direct threats to humans, animals, and the environment, the benefits involve

“upstream” aspects of the public health process, and evaluating how and when the benefits will improve
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the health of human populations is complex. That is, translation of the research may depend on other
scientific, technical, and regulatory factors (e.g., the need to gain FDA approval in order to market a new
therapeutic). Additionally, gaps or inefficiencies in downstream aspects of the public health process (e.g.,
limited funding for investment in the development of pre-pandemic vaccines) may limit the ultimate
impact of the research application on human health. Collectively, these factors function as “barriers” that
reduce the likelihood and delay the timing of the realization of the benefits, although significant
uncertainties in when and whether barriers can be overcome preclude a meaningful quantitative estimate
of either parameter.

For those validated benefits to public health, the barriers that may impede or delay realization of the
benefits were identified in two stages. First, the state of the science and the limitations of the experimental
approach that could influence the nature and scope of the benefit were considered. For example, a set of
mutations that confer efficient transmissibility to one strain of zoonotic influenza, identified through a
GoF experiment, may not lead to the same phenotypic changes in a different genetic context, and the
current ability to predict the phenotypic consequences of mutations in new strains is sub-par. Together,
these sources of scientific uncertainty represent scientific barriers that compromise the utility of this
information in aiding analysis of biosurveillance data. Subsequently, scientific advancements needed to
overcome these scientific uncertainties were defined.

Second, the gap analysis of public health capabilities was leveraged to elucidate the non-scientific barriers
to the realization of each potential benefit and to determine the type of resources or advancements that are
required to overcome or circumvent each barrier. These advancements include investments in public
health infrastructure (e.g., expanding global influenza surveillance networks), investments in MCM
development infrastructure (e.g., increasing the number of cell-based and other non-traditional influenza
vaccine production facilities), regulatory approval of new MCMs or MCM production processes, and
changes in public health policies or regulations. This analysis was informed by the concerns related to
benefit realization that were identified in the literature and through interviews with stakeholders. For all
aspects of this task, scientists, public health practitioners, MCM developers, public health policy-makers,
and other GoF stakeholders previously interviewed were re-engaged as needed to clarify opinions
regarding GoF benefits and benefit critiques, challenges in biosurveillance, MCM development, public
health policy-making, and other topics.

9.2.9 Assessing if Alternate Experimental and Other Scientific Innovations Could Lead to the Same
Benefits

GoF studies comprise a subset of all research activities involving PPPs, and some alternative approaches
may pose less risk than GoF studies but yield the same or similar benefits. Two types of “alt-GoF”
approaches were considered. First, alternative experimental approaches that can address the same
scientific questions as GoF approaches were identified, for example Loss of Function versus Gain of
Function approaches for identifying determinants of pathogenicity. The second type of alt-GoF approach
considered is other scientific and technical approaches that can address the same public health gaps that
GoF can address, but using a completely different strategy. For example, GoF studies that increase the
yields of influenza vaccine viruses in eggs or cell culture may benefit influenza vaccine production by
shortening the time needed to produce the same number of vaccine doses. However, a completely
different strategy, such as the production of recombinant influenza vaccines using insect cells, may also
address issues related to the timeliness and amount of vaccine available even though this alternate
approach shares no experimental features with the GoF approach. After considering these alt-GoF
approaches, the benefit assessment can identify those types of GoF studies that may provide unique
benefits to scientific knowledge and public health, which will complement the analysis of the net risks
associated with the conduct of GoF research relative to alternative approaches.
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Alternative approaches that may yield similar information or public health impacts as GoF research were
identified by drawing on the alternative approaches suggested by infectious disease researchers and
translators during public meetings about GoF research (such as NSABB meetings and NAS symposia), in
perspectives published in scientific journals, and during interviews, as well as the scientific literature on
PPPs. Importantly, alt-GoF research spans a wide range of topics, and those alt-GoF studies that yield
information outside the scope of GoF research are not relevant for the analysis. For this reason, to focus
the analysis on those approaches that may inform the same or similar gaps as GoF research, alt-GoF
approaches were identified by starting with the set of scientific knowledge gaps that are targeted by GoF
studies and referencing the scientific literature to identify alt-GoF approaches that target those same gaps.
The analysis of alternative approaches that target similar public health gaps critically leveraged the
analysis of public health systems, in particular the understanding of how the steps from discovery to
application of GoF research participate in an overall system.

Subsequently, the potential benefits of alt-GoF approaches were identified through the same process as
for GoF studies: a crosswalk of the research outputs of alt-GoF studies or the products of alternative
scientific/technical innovations to gaps in scientific knowledge and public health that can be addressed by
GoF research. Similarly, the barriers to the realization of alt-GoF benefits were assessed through
identification of co-factors needed for the translation and downstream public health impacts of alt-GoF
approaches.

Ultimately, the goal of the benefit assessment is to identify the benefits of GoF research of concern
relative to alternative experimental approaches that may pose less risk. A list of benefits was compiled, as
well as the scientific and non-scientific co-factors required for realization of each benefit, for each GoF
research approach of potential concern. To provide a comparison, a similar list was compiled for each alt-
GoF approach evaluated. Evaluation of the unique benefits involved comparison of GoF and alt-GoF
benefits, in light of barriers to realization of each set of benefits. To identify the unique benefits of GoF
research to scientific knowledge, the benefits of GoF research and those of alternative experimental
approaches were compared. Identification of the unique benefits of GoF research to public health
involved additional comparison of the benefits of GoF research to those of alternative scientific and
technical innovations that address the same public health gap through different mechanisms. Beyond an
explicit consideration of barriers, a variety of factors were considered when comparing the benefits of
GoF research to alt-GoF research, including the ability of an approach to:

e Provide causative versus correlative (associative) data,

e Provide direct evidence of a phenomenon versus indirect evidence (e.g., showing that pathology
changes by manipulating the virus vs manipulating the host of a virus),

e Provide the ability to predict potential natural phenomena in the future versus describe the current
state of nature,

e Provide evidence in the near term versus the far term, and

e Provide needed evidence with the least effort and resources, including financial resources and
laboratory animals (efficiency).
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9.2.10 Evaluating the Globalization Potential of GoF Benefits

Whether risks and benefits are equally distributed across populations is also an important consideration in
any risk-benefit comparison. For GoF research involving PPPs, the risks— that biosafety or biosecurity
incidents associated with the conduct of GoF research involving PPPs may spark a pandemic—are global.
In contrast, whether GoF benefits are globally distributed is likely to vary by the type of benefit
considered. The extent to which these benefits can be globalized influences whether risks and benefits are
equally distributed for a particular type of GoF study. To inform NSABB’s deliberations on this issue, the
benefit assessment qualitatively assessed the globalization potential of the latter set of GoF benefits,
through analysis of historical case studies examining the globalization of similar benefits and through
review of relevant USG policies (e.g., policies related to MCM sharing, etc.).

The globalization potential of select GoF benefits, namely those that are relevant worldwide but may be
primarily realized in the US and other developed countries, were evaluated. To support this task, USG
policies, programs, and international agreements relevant to globalization of GoF benefits were analyzed,
including USG policies and international agreements regarding MCM sharing during global outbreaks
and other relevant pandemic preparedness support for the World Health Organization (WHO). Also,
historical examples of USG involvement in the globalization of GoF benefits were analyzed, considering
the context of the historical example and its relevance to a future outbreak of influenza, SARS, or MERS.
Taken together, these analyses will enable qualitative assessment of the degree to which the USG
promotes globalization of various GoF benefits, as well as the timescale over which those benefits are
expected to internationalize.

9.2.11 Quantitative Analysis of GoF Benefits

Although the ability to provide quantitative metrics for benefits would facilitate comparison of the
benefits of GoF versus alt-GoF research as well as of the risks and benefits associated with particular
types of GoF studies, given the differences in the availability and quality of data related to the realization
of the benefits, a quantitative analysis of all benefits cannot be performed. In particular, benefits related to
some aspects of MCM development, surveillance, public health policy, and scientific knowledge are
associated with multiple sources of uncertainty in how, when, and where the benefits will ultimately
improve the health of human populations, which precludes a meaningful quantitative analysis of the
magnitude of those effects. However, it is hoped that the rigorous examination of the pathways through
which those benefits lead to reductions in the burden of infectious diseases on human populations provide
a qualitative sense of the potential scale of each benefit, in light of current barriers to the realization of
that benefit.

Benefits related to the production of influenza vaccines are amenable to quantitative analysis, which
leverages models developed for the biosafety RA (specifically the nested SEIR models of global
outbreaks) to parametrically explore how changes in the control of outbreaks of PPP can mitigate
morbidity or mortality. Critically, many factors prevent the absolute assignment of a particular GoF
outcome to a quantitative benefit. For this reason, the quantitative approach herein shows how changing a
public health or medical capability that can be targeted by GoF research (such as the timeliness of the
availability of a vaccine during a pandemic) could affect the consequences of a global outbreak. These
data are accompanied by a commentary on the barriers for GoF achieving a desirable change to public
health and medical capabilities or preventing a deterioration of public health/medical capabilities so that
stakeholders can understand the probability of achieving the quantitative benefits modeled. This
guantitative component of the evaluation was accomplished using the HHS-BARDA Interactive Influenza
Model (as described in the biosafety RA described above) to parametrically analyze the effect of:
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1. The timeliness of availability of a vaccine after an seasonal or pandemic influenza outbreak, and
2. The amount of vaccine available when it becomes available.

For each of these parameters, the value of the parameter was allowed to vary from arbitrarily large
numbers to arbitrarily small numbers during simulations of outbreaks of seasonal influenza and pandemic
influenza (similar to the pandemic strain of 1918 or 2009). This enabled determination of the value at
which each of these parameters begin to affect the consequence of global influenza outbreaks. The change
in parameter value needed to significantly change the consequence of a global outbreak was compared
with the plausible benefit to the vaccine afforded by GoF and alt-GoF studies, in order to determine if
either is likely to have the significant effect on the consequences of an outbreak. Moreover, for GoF
studies that are necessary to maintain the status quo for influenza vaccines, this analysis determined how
much worse an outbreak would be if those studies were not allowed to continue.

9.2.12 Using Interviews to Inform the Benefit Assessment

As described above, interviews with GoF stakeholders critically informed many aspects of the BA,
namely:

e Identification of proposed benefits of GoF research to scientific knowledge and public health, as
well as associated benefit critiques,

e |dentification of alt-GoF approaches that may yield the same or similar as GoF approaches,

e Validation of the proposed benefits of GoF and alt-GoF research, in particular validation of
benefits to public health, and

e |dentification of scientific and non-scientific barriers that may impede the realization of GoF and
alt-GoF benefits.

To inform each of these steps, Gryphon Scientific reached out to 78 stakeholders from a variety of sectors
for interviews, 52 of who agreed to participate in an interview or site visit, resulting in an overall response
rate of 66%. The breakdown of response rates by sector is as follows: ~50% for government stakeholders,
80% for industry stakeholders, and ~70% each for non-PPP researchers and PPP researchers. Gryphon
staff visited seven influenza and coronavirus research laboratories to collect additional data for the risk
assessment through laboratory tours and interviews about biosafety and biosecurity practices (Appendix
15.10). During the site visits, Gryphon also questioned principle investigators and their senior research
staff, postdoctoral fellows, and senior graduate students about the benefits of their research to scientific
knowledge and public health. These additional discussions with senior researchers and trainees boosted
the total number of PPP researchers interviewed for the project.

For interviews focused exclusively on the benefits of GoF research, local interviews were carried out in
person, while all other interviews were conducted over the phone. In total, 86 stakeholders were
interviewed (Figure 9.3).
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m Government
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Figure 9.3. A pie graph showing the sector from which the 86 interviewees were drawn. This chart includes
senior research staff, postdoctoral fellows, and graduate students we interviewed during the site visits to labs
that conduct PPP research. “Translators” include government and industry personnel, as well as some PPP
researchers who are involved in translation activities, such as WHO strain selection meetings for the seasonal
influenza vaccine. Of note, several government personnel are also actively involved in PPP research.

Given the important role of interview data in the BA, several points concerning the breakdown of
interviewees by sector bear further discussion. First, stakeholders from multiple sectors are involved in
the conduct and application of GoF research. Specifically, in addition to PPP researchers, several
government personnel (e.g., CDC personnel) are actively involved in PPP research. Industry stakeholders
may also conduct GoF research, in particular research that enhances the production of influenza viruses in
the influenza vaccine production industry. Conversely, regarding “translation” of the benefits to public
health/medicine, in addition to government and industry personnel, several PPP researchers participate in
translation activities. In particular, PPP researchers are involved in the application of GoF research to
biosurveillance, including conducting pandemic risk assessments and participating in WHO strain
selection meetings for seasonal influenza vaccines. Second, a diversity of opinions was expressed by
stakeholders within all sectors. That is, within each sector, interviewees both espoused and critiqued
potential benefits of GoF research. Put another way, multiple “con” arguments were made by those who
conduct PPP research, and multiple “pro” arguments were suggested by non-PPP researchers, as well as
the converse.

In this context, one salient point is that a greater number of PPP researchers were interviewed than non-
PPP researchers. Although the BA would be further strengthened through additional input from
stakeholders in every sector, in particular non-PPP researchers and industry stakeholders, the number of
the interviews conducted was necessarily limited by the compressed timescale of the project. Gryphon’s
strategy for selecting the set of interviewees was to ensure that the interviews spanned all unique
arguments pertaining to GoF research benefits and benefit critiques. The interviewee list evolved over
time, in response to the information and suggestions provided by prior interviewees. Notably, PPP
researchers, given their deep and broad expertise in the fields of influenza and coronavirus research, were
generally able to speak with much greater depth and nuance about the scientific benefits and caveats
associated with both GoF and alt-GoF approaches than non-PPP researchers. As a result, the list of
benefits discussed during interviews with non-PPP researchers became “saturated” — that is, additional
interviews did not yield novel insights about potential GoF benefits — more quickly than those discussed
during interviews with PPP researchers. This phenomenon was one reason that a greater number of
interviews with PPP researchers were conducted. A second reason stems from the fact that interviews
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with translators informed the validation of proposed benefits. These interviews necessarily targeted those
who are directly involved in the applications of GoF research, which included numerous PPP researchers
(but not non-PPP researchers).

A second salient point is that the suite of PPP researchers interviewed includes researchers who use GoF
approaches, as well as researchers who primarily use alt-GoF approaches but who collaborate with GoF
researchers and are co-authors on papers containing GoF experiments. Strikingly, none of the PPP
researchers who exclusively publish papers involving alt-GoF approaches were willing to participate in
interviews. (One declined and four did not respond to Gryphon’s invitation.) Of note, given the broad
definition of GoF research provided in the NSABB Framework and used in this assessment, nearly all
PPP researchers who engage in “wet lab” research utilize GoF approaches, complicating the identification
of a large cohort of PPP researchers who exclusively conduct alt-GoF approaches. Alt-GoF researchers
who were contacted primarily employ computational, sequence-based (i.e., phylogenetic analysis), or in
vitro, virus-free approaches (e.g., biochemical approaches, structural biology approaches, etc.).
Importantly, all GoF researchers also use alt-GoF approaches, for a variety of reasons, including risk
mitigation, to complement information gleaned from GoF approaches (e.g., GOF and LoF experiments),
or when an alt-GoF approach can more effectively answer a particular scientific question than a GoF
approach. Collectively, the set of PPP researchers who were interviewed have direct experience
conducting nearly every alt-GoF approach identified in this assessment and thus could speak with
authority on the scientific knowledge benefits of both GoF and alt-GoF approaches. Because PPP
researchers who exclusively employ alt-GoF approaches declined to be interviewed, the question of
whether they have substantively different viewpoints on the benefits of alt-GoF approaches could not be
determined.

9.3 Coronaviruses: Benefits of GoF research

9.3.1 Summary

This section describes the benefits of GoF research involving coronaviruses (CoVs), which includes (1)
approaches that enhance virus production, (2) alter host range, (3) enhance virulence in appropriate
animal models, and (4) lead to evasion of therapeutics. Such GoF studies were found to generate scientific
knowledge, have direct applications to the development of vaccines and therapeutics, and may also have
economic benefits (not considered). Alt-GoF approaches that may generate similar benefits were also
identified and analyzed. At present, GoF studies involving CoVs have unique and direct benefits,
particularly to the development of vaccines and therapeutics.

9.3.1.1 GoF Approaches That Enhance Virus Production

9.3.1.1.1 Benefits to Scientific Knowledge

e GoF approaches that enhance virus production have potential to enable the development of in
vitro model systems for the study of any animal CoV in a variety of cell types, including
immortalized and primary cell lines. However, the fact that few animal CoVs identified to date
can be grown in existing cell culture systems limits the success of this approach.

9.3.1.2 GoF Approaches That Alter Host Range

9.3.1.2.1 Benefits to Scientific Knowledge

e GoOF approaches:
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Are uniquely capable of identifying novel viral genetic traits and factors that contribute to
cross-species adaptation, in any CoV strain,

Are uniquely capable of demonstrating that a particular mutation(s) is necessary and
sufficient to alter the host range of a coronavirus,

Enable the development of in vitro model systems for the study of any animal CoV in a
variety of cell types, including immortalized and primary cell lines, and

Uniquely enable the development of animal models that recapitulate human disease
pathogenesis, which can be used to study many facets of disease pathogenesis, including the
role of viral and host immune factors in host pathology and the role of tissue tropism in
pathology.

e Alternative approaches:

O

Comparative sequence analysis is uniquely capable of identifying genetic traits that are
associated with human adaptation, but this approach is limited to the study of CoVs that have
already caused human infections and is significantly constrained by the quality and
availability of genetic surveillance data for CoVs. In addition, the causality of mutations must
be confirmed through a GoF experiment.

In vitro approaches, including characterization of the capacity of wild type viruses to infect
cells derived from various host species, the use of other viruses pseudotyped with CoV Spike
proteins, and binding assays using recombinant proteins, are limited to studying the role of
the Spike protein in cross-species adaptation. In addition, results using pseudotyped viruses
or recombinant proteins may not be recapitulated in the context of the wild type virus.

Use of naturally permissive cell lines to study bat CoVs is limited to the few bat CoVs that
can productively infect and replicate within existing cell culture lines.

Use of cell lines ectopically expressing permissive receptor proteins to study bat CoVs is
limited to cell lines that can be readily transfected, and modifications to cell lines may alter
the biology of infection.

Naturally susceptible hosts of SARS and MERS cannot be used to study disease pathology
because they are asymptomatic or display different symptoms from humans.

Transgenic animals that are expressing human receptor proteins do not recapitulate human
disease pathogenesis, thus results using transgenic animals may not translate to humans.

Though human autopsy data provides direct information about human pathology, limited
autopsy data are available and mortalities are not representative of all cases, limiting the
generalizability of results.

Alternative coronaviruses such as mouse hepatitis virus (MHV) can be used to gain insight
into basic aspects of CoV biology but are sufficiently distinct from human CoVs that they are
not suitable for the study of pathogenesis.

9.3.1.2.2 Benefits to Vaccine Development

e  GoOF approaches:
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o Uniquely enable the development of animal models that recapitulate human disease
pathogenesis, which support testing of the safety and efficacy of candidate vaccines in a
robust system that can be used to demonstrate that vaccines reduce disease-associated
pathology and can reveal whether vaccines have adverse side effects, and

o Are uniquely capable of providing reliable information about the broad-spectrum potential of
CoV vaccines, through the use of chimeric bat-SARS CoVs as vaccine challenge viruses.

e Alt-GoF approaches:
o Other animal models (naturally susceptible hosts and transgenic animals) do not recapitulate
human disease pathogenesis, and thus are weak systems for demonstrating the efficacy of
vaccine candidates and cannot reveal adverse side effects.

o Few wild type bat CoVs can be cultured in existing cell lines, and bat CoVs do not naturally
infect mice, thus wild type bat CoVs have limited utility for the development of broad-
spectrum vaccines.

o Vaccine efficacy results using viruses pseudotyped with CoV Spike proteins must be
confirmed in wild type (or chimeric CoV strains) due to significant differences in the surface
presentation of Spike proteins.

9.3.1.2.3 Benefits to Therapeutic Development

e GoOF approaches:

o Uniquely enable the development of animal models that recapitulate human disease
pathogenesis, which support testing of the safety and efficacy of candidate therapeutics in a
robust system that can be used to demonstrate that therapeutics reduce disease-associated
pathology,

o Are uniquely capable of providing reliable information about the broad-spectrum potential of
CoV therapeutics, through the use of chimeric bat-SARS CoVs as vaccine challenge viruses.

e Alt-GoF approaches:
o Other animal models (naturally susceptible hosts and transgenic animals) do not recapitulate
human disease pathogenesis, and thus are weak systems for demonstrating the efficacy of
vaccine candidates and do not satisfy the FDA Animal Efficacy Rule.

9.3.1.3 GoF Approaches That Enhance Fitness or Virulence in Cell Culture or Animal Model Systems

It should be noted that serial passaging of viruses in mice both alters the host range of the virus and
enhances its virulence in mice. The value of GoF benefits derived from the use of mouse-adapted viruses,
relative to alternative approaches, was summarized in Section 9.3.1.2 (GoF approaches that alter host
range) and will not be repeated in this section.

9.3.1.3.1 Benefits to Scientific Knowledge

e  GoOF approaches:
o Represent the most efficient and effective strategy for identifying novel genetic traits and
viral factors that contribute to virulence, in any CoV strain, and
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o Are uniquely capable of demonstrating that a particular mutation(s) is necessary and
sufficient to enhance the fitness/virulence of a coronavirus.

e Alt-GoF approaches:

o Comparative sequence analysis is uniquely capable of identifying genetic traits that are
associated with enhanced virulence in humans but is limited to the study of SARS and MERS
and is significantly constrained by the quality and availability of genetic surveillance data for
CoVs. In addition, any hypotheses must be experimentally confirmed.

o Loss of Function approaches (i.e., screening gene knockout viruses in vitro) are limited to the
discovery of viral factors involved in replication and may uncover factors that indirectly
contribute to virulence. Though targeted mutagenesis can be used to confirm that a genetic
trait is necessary for virulence, this LoF approach provides limited information about how
proteins cooperate to enhance virulence, which is a complex, multi-genic trait.

9.3.1.3.2 Benefits to Vaccine Development

e GoOF approaches:
o Are uniquely capable of determining whether live attenuated vaccine viruses (LAVS) recover

virulence upon growth in cells or animals, a critical aspect of safety testing for this type of
vaccine, and

o Represent the most efficient and effective strategy for identifying novel virulence factors,
which can be deliberately attenuated to generate LAVS, a promising type of CoV vaccine
platform.

e Alt-GoF approaches:
o Alternative experimental approaches for identifying virulence determinants are less efficient
than GoF approaches and are primarily limited to the study of known virulence factors,
limiting their utility for informing LAV development.

o Other types of vaccine platforms that do not rely on GoF approaches have strengths and
limitations relative to LAVs, which may rely on GoF for their development.

9.3.1.3.3 Benefits to Therapeutic Development

e GoF approaches:

o Represent the most efficient and effective strategy for identifying novel virulence factors,
which are potential therapeutic targets.

e Alt-GoF approaches:
o Alternative experimental approaches for identifying virulence determinants are less
efficient that GoF approaches and are primarily limited to the study of known virulence
factors, limiting their utility for discovering potential new therapeutic targets.

o High-throughput screening of small molecule compounds for their ability to reduce viral
replication in vitro has generated promising therapeutic candidates, but such screens are
limited to the discovery of drugs that inhibit viral replication, only one aspect of
virulence.
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o High-throughput screening of monoclonal antibodies (mAbs) for their ability to bind
CoV Spike proteins has generated promising therapeutic candidates, but mAb-based
therapeutics have several drawbacks, including the fact that CoV Spike proteins can
readily acquire escape mutations.

9.3.1.4 GoF Approaches That Lead to Evasion of Therapeutics in Development

9.3.1.4.1 Benefits to Therapeutic Development

e  GoF approaches:
o Are uniquely capable of determining the genetic threshold for resistance of a candidate
therapeutic prior to field deployment of the therapeutic, which is a recommended
component of an Investigational New Drug application to the FDA,

o Are uniquely capable of identifying the viral target of a novel therapeutic with an
unknown mechanism of action,

o Provide insight into the mechanism of activity of a therapeutic through the identification
of mutations that are necessary and sufficient to confer resistance to the therapeutic,
which is a recommended component of an Investigational New Drug application to the
FDA, and

o Are uniquely capable of determining the therapeutic dose that is least likely to lead to the
acquisition of antiviral resistance as well as determining whether combination therapies
better prevent the emergence of resistant viruses than individual therapies, which informs
the development of therapeutic strategies that will be effective for a longer time in the
field.

e Alt-GoF approaches:
o X-ray crystallography and photoaffinity crosslinking are limited to the study of
therapeutics with known viral targets, and inferring mechanistic information based on
static data about drug-viral interactions may be difficult.

o RNAi screens to identify host factors that are required for the antiviral activity of a
therapeutic provide indirect information about the mechanisms of therapeutics that target
viral proteins.

GoF approaches that benefit the development of vaccines and therapeutics may lead to downstream
economic benefits, which were not analyzed in this report. GoF approaches involving coronaviruses do
not benefit surveillance, informing policy decisions, or the development of diagnostics.

9.3.2 Overview of the GoF Research Landscape Involving Coronaviruses

This assessment describes the benefits of GoF experiments involving SARS-CoV, MERS-CoV, and
SARS/MERS-like bat CoVs. From a review of the coronavirus literature, experimental approaches were
identified that are reasonably anticipated to lead to the following phenotypic changes:

e Enhanced pathogen production as a result of changes in the replication cycle or growth,
e Altered host range (typically accompanied by enhanced virulence in the new host),
e Enhanced fitness or virulence in cell culture or laboratory animal model systems respectively, and
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e Evasion of therapeutics in development.

As current animal models for studying coronaviruses do not support transmission between animals, this
field does not include any approaches that lead to enhanced transmission in appropriate animal models.
Additionally, because there is no widespread population immunity to the coronaviruses and there are no
licensed coronavirus vaccines, this field does not include any approaches that lead to evasion of existing
natural or induced immunity. Finally, no coronavirus research that is reasonably anticipated to lead to
evasion of diagnostics or of vaccines in development was identified. (Additionally, there are currently no
FDA-approved vaccines or therapeutics for coronaviruses.)

Of note, the four human coronaviruses that cause mild to moderate respiratory illnesses such as the
common cold or croup (coronaviruses HKU1, OC43, 229E, and NL63) were not evaluated because these
are not considered in the NSABB GoF Framework. Throughout this report, the use of the term
“coronaviruses” or “CoVs” refers specifically to SARS-CoV, MERS-CoV, and SARS/MERS-like bat
CoVs such as HKU4 and HKUS.

The following chapter summarizes the results of the assessment of the benefits of GoF research involving
coronaviruses. A more detailed analysis to further support the findings described in Chapter 9.3 is
presented in Appendix IV Section 15.1. As the relative ability of a given GoF (or alt-GoF) approach to
address a particular scientific knowledge or public health gap often hinges on nuanced differences
between the benefits and limitations of different approaches, readers who seek an in-depth understanding
of the benefits of GoF research are directed to chapter 15.

In the following section, a brief overview of the experimental approaches within each GoF phenotypic
category is provided and the scientific outcomes and/or products of each approach are described.

9.3.2.1 Experimental Approaches That Lead to Enhanced Pathogen Production

Serial passaging of CoV in cell culture leads to the generation of higher-yield viruses. This approach is
used to enhance the growth of viruses with naturally poor growth properties, in order to develop an in
vitro model system for experimental use.

9.3.2.2 Experimental Approaches That Alter host Tropism in Mammals

Several experimental approaches alter the host range of CoVs. One approach involves “Spike swapping”
—that is, targeted genetic modification to replace all or part of the coronavirus Spike protein, a viral
surface protein that mediates virus entry into cells and is a critical determinant of host restriction, with the
Spike protein from another CoV species. This manipulation leads to the generation of a recombinant,
chimeric CoV that may exhibit altered host tropism relative to the parental CoV species. The purpose of
these experiments is three-fold:

e Introducing the SARS Spike protein into the backbone of bat CoVs, which do not efficiently
infect standard cell culture lines or animals, enables the chimeric virus to infect cells/animals,
thus creating a tool that can be used to study the biology of the bat CoV,

e Chimeric viruses are used as tools to test whether CoV therapeutics and vaccines are broad-
spectrum, capable of protecting against potentially emerging SARS/MERS-like bat CoVs as well
as SARS and MERS, and

e Testing the ability of chimeric CoVs to infect various types of cells and animals reveals the
breadth of host tropism conferred by a given Spike protein, and comparing the sequences of
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parental and donated Spike proteins with different host tropism can uncover amino acid residues
that mediate host restriction.

A second approach that leads to altered host range involves serial passaging of CoVs in mice, which leads
to the generation of viruses that have adapted to more efficiently infect and cause disease in mice. The
purpose of this experiment is two-fold:

e Mouse-adapted strains are experimental tools that are used for the study of disease pathogenesis
and for testing the efficacy and safety of vaccines and therapeutics, and

e Comparing the sequences of the mouse-adapted and the parental strain leads to the identification
of mutations that are associated with adaptation, which provides a foundation for follow-up
studies investigating the mechanistic basis of virus adaptation to new hosts.

A final approach involves targeted mutagenesis to introduce mutations that are associated with altered
host tropism, which is performed to demonstrate that the mutation(s) are necessary and sufficient to alter
host tropism. This information provides a foundation for follow-up studies investigating the phenotypic
traits underlying virus adaptation to new hosts.

9.3.2.3 Experimental Approaches That Enhance Fitness or Virulence in Cell Culture or Laboratory
Animal Model Systems

Several experimental approaches enhance the fitness or virulence of CoVs in cell culture or laboratory
animal model systems, respectively. First, serial passaging of CoVs in mice leads to the generation of
viruses with both enhanced infectivity to and virulence in mice. Because of the specificity of virus-host
interactions that are important determinants of host tropism and pathogenicity, this adaptation often
translates to reduced virulence in humans. The purpose of this experiment is two-fold:

e Enhancing the virulence of the virus in mice is an important aspect of creating a mouse model
that replicates human disease pathology, which is needed for the study of disease pathogenesis
mechanisms and the testing of medical countermeasures, and

e Comparing the sequences of the mouse-adapted and the parental strain leads to the identification
of mutations that are associated with enhanced virulence, which provides a foundation for follow-
up studies to elucidate the mechanistic basis of virulence. This information can also benefit public
health by identifying new potential targets for therapeutics or for attenuation, in order to create
attenuated vaccine viruses.

A second approach involves targeted genetic modification of viruses to introduce mutations that are
associated with enhanced virulence, which is performed to demonstrate that the mutation(s) are necessary
and sufficient to enhance virulence. This information provides a foundation for follow-up studies to
elucidate the mechanistic basis of virulence.

A third approach involves serial passaging of attenuated viruses that are candidate live attenuated
vaccines, in order to determine whether the viruses acquire mutations that enhance fitness/virulence.
Because LAVs with an ability to recover fitness during growth in vivo could cause adverse outcomes in
people, a negative result is an important indicator of safety for any live attenuated vaccine in
development.
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9.3.2.4 Experimental Approaches That Lead to Evasion of Therapeutics in Development

Serial passaging of a virus in cells in the presence of a therapeutic may lead to the emergence of viruses
that are resistant to inhibition/neutralization by that therapeutic. The purpose of the experiment is to
understand whether and how readily resistance will arise in response to selective pressure from the
therapeutic and to identify mutations that are associated with resistance to the therapeutic, which provides
a foundation for follow-up studies investigating the mechanisms underlying antiviral activity and antiviral
resistance. This information benefits the development of these therapeutics. Specifically, emergence-of-
resistance data speaks to the potential field efficacy of the therapeutic, and information on both antiviral
mechanism and emergence of resistance are important components of an investigational new drug
application to the FDA.

9.3.3 Identification of Potential Benefits and Limitations of GoF Research Involving CoVs

In this section, the potential benefits of GoF research involving CoVs in each benefit category listed in the
NSABB Framework are evaluated.

9.3.3.1 Benefits and Limitations of GoF to Scientific Knowledge

9.3.3.1.1 Scientific Knowledge Benefit 1: Gain Insight into the Mechanisms Underlying Adaptation of
Animal CoVs to Humans

SARS and MERS unexpectedly emerged from their animal reservoirs to infect humans in 2002 and 2012,
respectively. Surveillance of bats and other CoV reservoir species indicates that there is a large diversity
of animal CoVs circulating in nature, including many species that are genetically related to SARS and
MERS and thus may have the potential to spill over into human populations in the future, 83484485486
Although multiple coronaviruses have been shown to exhibit a flexible capacity for cross-species
transmission,*8"488 the mechanisms underlying CoV adaptation to new host species are poorly understood.

Several GoF approaches have potential to address this scientific knowledge gap. Serial passaging of CoVs
in cells derived from a non-natural host organism or in a non-natural laboratory animal host selects for
viruses that more efficiently infect cells/animals, thereby enabling the identification of mutations that are
sufficient for adaptation to a new host species. Identifying where mutations arise during adaptation to new
hosts points to viral factors that may play a role in adaptation, and studying the phenotypic consequences
of the mutations provides insight into the mechanistic basis of cross-species adaptation. One key benefit
of this approach is that it can lead to the discovery of novel genetic traits and virus proteins that are
involved in the process of adapting to new hosts without the need for prior knowledge of viral adaptation
factors. Moreover, this approach can be used to explore the adaptation of any virus to a new host species,
provided that the virus can be grown in an appropriate model system. The main limitation of this
approach is that laboratory results in cell culture or animal model systems may not translate to viral

483 Graham RL, Baric RS (2010) Recombination, reservoirs, and the modular spike: mechanisms of coronavirus cross-species
transmission. Journal of virology 84: 3134-3146

484 Yang Y et al (2015) Two Mutations Were Critical for Bat-to-Human Transmission of Middle East Respiratory Syndrome
Coronavirus. Ibid. 89: 9119-9123

485 pfefferle S et al (2009) Distant relatives of severe acute respiratory syndrome coronavirus and close relatives of human
coronavirus 229E in bats, Ghana. Emerging infectious diseases 15: 1377-1384

486 Ge XY et al (2013) Isolation and characterization of a bat SARS-like coronavirus that uses the ACE2 receptor. Nature 503:
535-538

487 Baric RS et al (1999) Persistent infection promotes cross-species transmissibility of mouse hepatitis virus. Journal of
virology 73: 638-649

488 Chen W et al (2005) SARS-associated coronavirus transmitted from human to pig. Emerging infectious diseases 11: 446-
448
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adaptation to humans in nature. Additionally, results gleaned from the one or two strains under study may
not be conserved in other CoV species.

Another GoF method for studying cross-species adaptation involves “Spike swapping” — that is, targeted
genetic modification to replace all or part of the CoV Spike protein, a surface protein that mediates virus
entry into cells and is a critical determinant of host restriction, with the Spike protein from another CoV
species. These experiments are considered Gain of Function because they are expected to alter host
tropism in mammalian species. The purpose of these experiments is two-fold. First, testing the ability of
chimeric CoVs to infect various types of cells and animals reveals the breadth of host tropism conferred
by a given Spike protein, and comparing the sequences of parental and donated Spike proteins with
different host tropism can uncover amino acid residues that mediate host restriction. Second, defining the
host tropism of animal CoVs and the number of amino acid changes that are needed to confer the ability
to infect human cells provides insight into whether the ability to adapt to new species is a conserved
feature of CoVs, as well as which animal CoVs are poised to spill over into human populations. Third,
because most bat CoVs cannot be cultured in standard cell culture systems, “Spike swapping” enables the
chimeric bat-SARS virus to infect and replicate within human cells, thereby enabling further study of the
behavior of the bat CoV. The main drawback of this approach is that it is limited to studying the role of
the Spike-receptor interaction in host tropism. Another drawback is that chimeric “SARS plus animal
CoV Spike” viruses may behave differently from wild type animal CoVs.

A third GoF approach involves serial passaging of bat CoVs in cell culture, which selects for viruses that
are better able to bind, infect, and replicate within human cells (i.e., enhanced pathogen production). For
those bat CoVs that can infect cells but grow poorly in cell culture, this enables the development of
higher-yield viruses that can be used as tools for the study of bat CoV behavior. Understanding the
characteristics of bat CoVs relative to human epidemic CoVs may provide insight into the adaptive
changes that facilitate efficient infection of humans.

Finally, targeted genetic modification of wild type viruses to introduce mutations that are associated with
adaptation to new hosts demonstrates that such markers are necessary and sufficient to broaden or alter
host tropism. This information provides a strong foundation for follow-up studies investigating the
mechanistic basis of the adaptation phenotype.

9.3.3.1.2 Scientific Knowledge Benefit 2: Gain Insight into the Mechanisms Underlying the Pathogenicity
of CoVs

Why SARS and MERS coronaviruses cause severe respiratory infections while other human
coronaviruses cause mild to moderate illness is unknown.*®® Specifically, the viral genetic and phenotypic
traits underlying the enhanced pathogenicity of SARS and MERS relative to other human coronaviruses
are poorly understood, and only a few viral virulence factors have been identified and characterized (such
as the CoV Spike protein, which mediates viral entry into host cells).

Serial passaging of CoVs in cell culture or laboratory animals, which selects for enhanced fitness (in
vitro) or enhanced virulence (in vivo), is a GoF approach that can yield information that addresses this
scientific knowledge gap. This approach enables the identification of mutations associated with enhanced
fitness/virulence, which can lead to the discovery of new viral virulence factors and provides a foundation
for follow-up studies investigating the mechanistic basis of the enhanced fitness/virulence phenotype
observed in emergent viruses. A key benefit of this approach is the ability to generate and identify novel
mutations and viral proteins that contribute to fitness/virulence, without prior knowledge about viral
virulence factors. Moreover, this approach can be performed with any coronavirus that is capable of

489 (2015i) Interviews with coronavirus researchers.

Risk & Benefit Analysis of Gain of Function Research Gryphon Scientific, LLC 279



infecting appropriate cell culture or animal model systems. The main drawbacks of serial passaging
experiments are that insights may not translate to human infections, and viral factors and phenotypes that
contribute to virulence in the CoV strain under study may not generalize to other CoV strains.

A second GoF approach for studying virulence involves targeted genetic modification of wild type viruses
to introduce mutations that are associated with enhanced fitness/virulence, which demonstrates that such
markers are necessary and sufficient to enhance fitness/virulence. This information provides a strong
foundation for follow-up studies investigating the mechanistic basis of the enhanced virulence phenotype.

9.3.3.1.3 Scientific Knowledge Benefit 3: Gain insight into Disease Pathogenesis, Including Host Factors
That Contribute to Disease Pathology

The host factors involved in SARS and MERS pathogenesis are poorly understood. That is, the
contribution of host immune responses to the exacerbated pathology observed during infection with
SARS-CoV and MERS-CoV relative to the “common cold” human CoVs is unknown.

Animal-adapted viruses, generated through serial passaging of CoVs in mice to enhance their capacity to
infect and cause disease in mice (i.e., altered host range and enhanced virulence) are essential tools for the
study of CoV pathogenesis. Infection of mice with animal-adapted viruses recapitulates disease pathology
observed during human infection, which is critical for studying the mechanisms underlying disease
pathology. Many different experimental methods can be used to study disease pathology using mouse
models, including characterizing the host immune response to CoV infection, knocking out or depleting
specific host immune factors to probe their role in pathogenesis, and analyzing the tissue tropism and
dissemination of CoVs over the course of infection. Of note, mouse-adapted viruses are also important for
the study of viral genetic and phenotypic traits that contribute to pathogenesis (scientific knowledge gap
2). The main drawback of using mouse-adapted viruses is that adaptive changes may alter the biology of
the virus, such that findings are mis-representative of wild type virus behavior.

9.3.3.2 Benefits and Limitations of GoF to Surveillance

Currently, GoF approaches do not have the potential to benefit public health, agricultural animal, or
wildlife surveillance. Although CoV researchers stated that they could envision using information about
the molecular determinants of human adaptation and virulence to assess the risk posed by animal CoVs
circulating in nature, similar to the influenza field, this application is currently unfeasible for two reasons:
(1) CoV surveillance networks are extremely limited, with large gaps in coverage in humans and animals,
and (2) the state of knowledge about the molecular determinants of human adaptation and virulence is
poor. 4%

9.3.3.3 Benefits and Limitations of GoF to Vaccine Development

Currently, there are no FDA-approved vaccines for CoVs, which represents a critical gap in public health
preparedness for CoV outbreaks. Several GoF approaches have the potential to benefit the development
of new CoV vaccines.

9.3.3.3.1 Vaccine Development Benefit 1: Developing Vaccine Candidates

GoF approaches have the potential to benefit two aspects of the development of live attenuated vaccine
(LAV) platforms, which is a type of vaccine that is being actively researched for its potential as a CoV
vaccine platform. First, GoF approaches can inform the development of candidate LAV strains, which
exhibit attenuated virulence relative to parental strains. Specifically, one strategy for generating LAV

4% For example, out of more than 1700 bat species, only ten have been surveilled for evidence of CoV infection (and those ten
on an ad hoc rather than a systematic basis).
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strains is through serial passaging in a non-human host (either an animal or cells derived from an animal),
as adapting a virus to a new host typically attenuates the virus in humans (i.e., alters rather than enhances
host tropism). Because this approach alters host tropism, it is considered to be a GoF approach under the
NSABB Framework. Although serial passaging has been used historically for developing polio, smallpox
and other viral vaccines, the approach has not been utilized for the purpose of developing CoV vaccine
strains.**! Alternatively, live attenuated vaccines can be generated through targeted mutagenesis to
attenuate or knock out the function of known virulence factors. As described above (Section 9.3.3.1.2),
GoF studies that enhance virulence represent the most efficient and effective strategy for identifying
novel CoV virulence factors, which may be good targets for attenuation to develop an LAV. However,
follow-up studies are needed to determine how to attenuate that factor or to render it non-functional.

LAVs are an appealing type of vaccines for CoVs for several reasons, and multiple LAV candidates for
SARS have been shown to protect against lethal virus challenge in mice, demonstrating the promise of
this type of vaccine for CoVs.*924% However, a major concern is their potential to regain virulence in
people, which necessitates stringent safety testing of all LAV candidates.

9.3.3.3.2 Vaccine Development Benefit 2: Determining the Potential for LAVs to Recover Virulence.

Once a candidate LAV strain has been generated, the strain is typically serially passaged in vitro or in
vivo to determine whether the virus recovers fitness/virulence (i.e., enhanced fitness/virulence). Because
a tendency to revert or acquire compensatory mutations that enhance fitness/virulence could seriously
compromise the safety of a live attenuated vaccine, demonstrating the genetic stability of a candidate
LAV is a critical aspect of its development.

9.3.3.4 Benefits and Limitations of GoF to Therapeutic Development

Currently, there are no FDA-approved therapeutics for CoVs, which represents a critical gap in public
health preparedness for CoV outbreaks. Several GoF approaches have the potential to benefit the
development of new CoV therapeutics.

9.3.3.4.1 Therapeutic Development Benefit 1: Developing Candidate Therapeutics

CoV researchers cited the lack of knowledge of good viral targets for therapeutics as a critical limitation
for the development of CoV therapeutics.*** GoF approaches currently represent the most efficient and
effective way to identify novel virulence factors and gain insight into their mechanism of activity, a
foundation for the development of antivirals (see Section 9.3.3.1.2). However, whether inhibiting or
attenuating the virulence factor is sufficient to reduce viral replication and infection-associated pathology
must be determined through alternative approaches.

9.3.3.4.2 Therapeutic Development Benefit 2: Generating Nonclinical Data to Support an Investigational
New Drug Application to the FDA

The first step in the licensure process for new drugs involves submission of an Investigational New Drug
(IND) application to the FDA’s Center for Drug Evaluation and Research (CDER). CDER recommends
that several types of nonclinical studies are conducted before starting Phase I clinical studies, including

491 Ulmer JB et al (2006) Vaccine manufacturing: challenges and solutions. Nature biotechnology 24: 1377-1383

492 Graham RL et al (2012) A live, impaired-fidelity coronavirus vaccine protects in an aged, immunocompromised mouse
model of lethal disease. Nature medicine 18: 1820-1826

493 Fett C et al (2013) Complete protection against severe acute respiratory syndrome coronavirus-mediated lethal respiratory
disease in aged mice by immunization with a mouse-adapted virus lacking E protein. Journal of virology 87: 6551-6559

494 (2015i) Interviews with coronavirus researchers.
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determination of the drug’s mechanism of action, in vitro selection of resistant viruses to the
investigational product, and the genotypic and phenotypic characterization of resistant viruses.**> GoF
approaches that lead to evasion of therapeutics generate information that fulfills both of those
recommendations, thereby supporting the licensure of new therapeutics.

First, serial passaging of viruses in the presence of a therapeutic to select for resistant viruses, followed by
sequencing of the emergent resistant strains to identify genetic changes that arose, can provide insight into
the mechanism of action of the therapeutic. Understanding which viral protein or proteins mutate in order
for the virus to escape inhibition suggests those proteins are targeted by the therapeutic, and the site and
phenotypic consequences of the mutations may provide insight into the mechanism of antiviral activity.
Together, this information provides a foundation for follow-up structural, biochemical, and cell biological
assays investigating the mechanism of antiviral activity. Second, this approach directly fulfills FDA’s
recommendation for in vitro selection of resistant viruses, which is performed to determine the genetic
threshold for the development of resistance (i.e., the number of mutations that are needed for a virus to
acquire resistance).

9.3.3.4.3 Therapeutic Development Benefit 3: Determining the Therapeutic Dosage and/or Combination
Therapies That are Least Likely to Lead to the Emergence of Resistance

GoF studies that lead to evasion of therapeutics can also inform the therapeutic dosage and the use of
combination therapies, both of which influence whether and how readily antiviral resistance arises.
Specifically, serial passaging of virus in animals dosed with varying amounts of the therapeutic provides
insight into the dosage that is least likely to lead to the emergence of resistant viruses, and serial
passaging of virus in cells or in animals in the presence of multiple mAbs (or other types of therapeutics)
can be used to determine how readily resistance arises in response to combination versus single therapies.
This information may lead to the development of therapeutic strategies that will be effective for a longer
period of time in the field.

9.3.3.5 Benefits and Limitations of GoF to Both Vaccine and Therapeutic Development

9.3.3.5.1 Vaccine/Therapeutic Development Benefit 1: Testing the Safety and Efficacy of MCM
Candidates

The use of animal-adapted viruses, generated using GoF approaches that alter host range and enhance
virulence, facilitate MCM development by enabling the testing of MCM candidates in an animal model
that mimics the pathology of human disease. Animal-adapted strains represent a robust system for
demonstrating that a candidate MCM is capable of preventing or reducing disease-associated pathology.
In addition, the use of models that share features of human disease can reveal adverse side effects of the
vaccine and thus is an important aspect of safety testing prior to the initiation of human clinical trials.

9.3.3.5.2 Vaccine/Therapeutic Development Benefit 2: Developing Broad-Spectrum Vaccines

Finally, GoF approaches that alter host range inform the development of broad-spectrum vaccines that
may be capable of protecting against the next emerging CoV. Specifically, chimeric bat-SARS viruses
can be used as challenge viruses to explore the broad-spectrum potential of candidate MCMs, in order to
test whether MCMs designed to target SARS/MERS proteins are also capable of targeting cognate
proteins in bat CoVs as well as whether vaccines can target SARS/MERS proteins in a different virus

4% Food and Drug Administration. Guidance for Industry: Antiviral Product Development - Conducting and Submitting
Virology Studies to the Agency.
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/Guidances/UCMO070953.pdf. Last
Update June 2006. Accessed 14 October 2015.
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context (representative of the next emerging CoV capable of infecting humans). These experiments can
provide insight into whether MCMs targeting any CoV protein or process are capable of conferring
broad-spectrum protection against bat CoVs with zoonotic potential, in addition to SARS and MERS.

9.3.3.6 Benefits and Limitations of GoF to Diagnostic Development

As diagnostic targets for CoVs are well-established, potential benefits of GoF approaches to the
development of diagnostics were not identified.*%: 497498, 4%

9.3.3.7 Benefits and Limitations of GoF to Decision-Making in Public Health Policy

Because the US government is not actively engaged in public health preparedness activities for CoV
outbreaks and because there are no FDA-approved vaccines or therapeutics for CoVs, GoF approaches do
not have the potential to benefit decision-making in public health policy (e.g., informing countermeasure
stockpiling decisions, guiding decisions about strain selection for vaccine development, etc.)

9.3.3.8 Economic Benefits

GoF benefits to the development of vaccines and therapeutics could have downstream economic benefits.
Economic benefits were not explicitly evaluated in this report.

9.3.4 Identification of Alt-GoF That Provide Similar Potential Benefits to the GoF Being Examined

In this section, an overview of alternative (alt-GoF) approaches that yield the same or similar benefits as
the GoF approaches described above is provided. Two types of alt-GoF approaches are reviewed: (1)
alternative experimental approaches that can prov