IFITMs & Immunity to Respiratory Viruses in
the Ferret Model

William Samuel James Horman

Submitted in total fulfilment of the requirements of the degree of
Doctor of Philosophy

September 2021

Department of Microbiology and Immunology
at the Peter Doherty Institute for Infection and Immunity,

The University of Melbourne






Abstract

Respiratory virus outbreaks pose a major threat to human health, with many of these
zoonotic threats having potential for global pandemics. In order to gain agreater
understanding of these viruses, considerable research into the immune responses elicited
against these pathogens occurs in the ferret model for human disease. This PhD focussed
on using this model to assess two of these pandemic threats in the ferret model, whilst
gaining valuable insight into the immune mechanics at work within this understudied animal
model.

An infection study in the ferret model was used to assess the cellular immune response
against A/Anhui/1/2013(H7N9) avian influenzavirus in Chapter 3. This study found ferrets to
have variable disease outcomes towards H7N9 infections, with severe disease marked by
time dependent increases in two pro-inflammatory cytokines, IL-6 and IFNy. Unlike other
studies investigating severe avian influenza, this study did not see any marked decreases in
T cells other than an initial, transient lymphopenia, though there was evidence for T cell
trafficking to the site of infection. The study also provided insight into the maturation and
trafficking of antigen-presenting cells, giving new insightinto immune cell dynamics in the
ferret model.

Chapter 4 took what was learned in the H7N9 study and applied it on a larger scale, using
the ferret model to assess the immune response to an ongoing pandemic virus, SARS-CoV-
2. This study primarily aimed to assess the immune response to a vaccine candidate against
this virus, the AstraZeneca ChAdOx1-nCoV-2019 adenoviral-vectored vaccine. A prime-
boost regime was found to be more effective at producing an immune response following
SARS-CoV-2 infection than one dose of the vaccine, with the prime-boost ferrets producing
greater B cell responses in the blood and tissues. Two doses of the vaccine also elicited a
greater CD8* T cell responses in the blood. As such, this study helps to guide the future
application and administration of the vaccine to help overcome the effects of this wide -
spreading virus.

In order to gain greater insight into the immune genes that play a role in the protection
against respiratory viruses, Chapter 5 sought to identify and classify and important family of
interferon-stimulated genes, the Interferon-Inducible Transmembrane (IFITM) protein family,
in the ferret model. The IFITM locus was foundin the ferret to be of high similarity to the loci
previously classified in other species, with this work having a particular focus on IFITM1,
IFITM2, and IFITM3 due to their intrinsic anti-viral activity in other species. These genes
were found to be expressed at a basal level across multiple tissues in the ferret, whilst also



being highly upregulated in the presence of both IFNa and influe nzavirus. These results,
along with sequence alignment confirmation, identify these genes as interferon-stimulated
genes of the IFITM family, filling in an important piece of missing information for the ferret

model.

Overall, this thesis furthers our knowledge of the ferret model and the immune responses
that occur within, providing a framework for future studies aiming to assess the immunology
of respiratory viruses and their vaccine candidates.
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Chapter 1: Introduction

1.1 Global burden of respiratory viruses

Respiratory viruses are viral pathogens which infect the respiratory tract of their hosts, often
causing some degree of respiratory distress. An estimated 200 million people contract viral
pneumonia each year, with the rapid spread and high transmissibility in the community
contributing to respiratory viruses being amajor global health burden (1, 2). In Australia alone,
over AUD$404 million of the disease burden expenditure is taken by respiratory illnesses,
making these viruses one of the leading causes of infectious disease burdens on our health
system (3). One European study estimated the mean cost of keeping a patient in hospital to
treat influenza-like iliness (IL1) to be €3353 per patient, or upwards of AUD$5000, putting the

global cost of treating these diseases in the trillions of dollars every year (4).

Of these respiratory viruses, one major group of viruses of concern are those in the influenza
virus family. Influenzaviruses are highly contagious pathogens of the respiratory tract, with
symptoms of influenza disease ranging from mild coughing and fever, to severe morbidity and
death due to respiratory distress (5). Influenzaviruses are estimated to infect between 3-5
million people each year but account for a large portion of respiratory illness-related deaths,
with an estimated 400,000 mortalities each year attributed to these viruses due to severe
respiratory illness during seasonal epidemics (6-8). While these strains have a maximal
mortality rate of 16% in elderly patients (9), some strains that zoonotically infect people can
have mortality rates of greater than 40% even in healthy adults, making these viruses of great

concern for future outbreaks (6).

Further to these zoonotic influenza virus strain, respiratory viruses derived from other
species have been shown to have great human consequence, which is particularly the case
for severe acute respiratory syndrome (SARS) coronaviruses (CoV). The recent COVID-19

pandemic, as declared by World Health Organization (WHO) in March 2020, is caused by the
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SARS-CoV-2 virus and has infected 88 million people worldwide, resulting in nearly 2 million
deaths, as of January 2021 (10). These viruses highlight the impact that highly contagious
respiratory viruses can have on a global scale, and as such, this review will focus on these
two virus groups of particular human consequence, influenza viruses and SARS-

coronaviruses.

1.2 Influenza viruses

1.2.1 Influenzavirussubtypes

Influenzaviruses belong to the Orthomyxoviridae family, and are split into four sub-types
based on differences in their structural proteins: types A, B, C, and D. Types A, B, and C are
capable of causing severe disease in human hosts (11). Of these, types A and B are the main
viruses of human concern, as type C, though capable of causing epidemics, has been shown
to only present with mild disease when studied in children (12, 13). Influenzatype D viruses
are typically respiratory pathogens of bovine ruminants, with seroconversiontowards these

viruses only regularly seen in people in close contact with cattle (14-16).

Influenza A viruses are classified into subtypes based on differences in their haemagglutinin
(HA, Hwhen used for subtyping) and neuraminidase (NA, or N), with notation written as HxNx
where x is the designated subtype number (for example, HIN1 and H1N2 share the same HA,
but not NA) (5, 17). Human-infecting strains typically have odd-numbered HA subtypes, with
H1N1 and H3N2 being the main seasonal influenza A virus strains and only influenza A virus
strains to circulate in humans alongside swine-origin HIN2 (18, 19). Whilst infections in
humans are less common, avian viruses suchas H5N1, H7N9, and HON2 have all been shown
to zoonotically infect humans sporadically, adding to the repertoire of human-infecting
influenza A viruses (20-22). Influenza B viruses conversely show less genetic diversity
compared to their Influenza A counterparts, and are separated into two antigenically distinct
lineages known as the B/Victoria-like and B/Yamagata-like, which have co-circulated since

the delineation of the B/Victoria/2/87 and B/Yamagata/16/88 strains in the late 1980s (23, 24).
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1.2.2 Influenzaepidemics and pandemics

Influenza viruses are primarily transmitted from host to host via respiratory droplet
transmission, allowing these viruses to be transmitted across relatively great distances while
also being stable in the environment for lengthy periods of time (25). This property allows
influenzato cause widespread transmission as seasonal epidemics, though this human-to-
human transmission is predominantly caused by certain subtypes of influenza A (notably,
H1N1 and H3N2 subtypes) and the two influenza B lineages (11). As these circulating strains
are constantly interacting with their hosts in order to replicate and transmit, these influenza
viruses have two mechanisms by which they evolve that hinder efforts to protect against them.
The first mechanism is called antigenic drift, whichis caused by the viral polymerase, wherein
mutations to the viral gene segments, in particular the surface proteins HA and NA, lead to
viral strains that maintain the fitness of previous strains but are unable to be inhibited by host
factors such as antibodies due to accumulation of minor structural changes (26). The second
mechanism is called antigenic shift, which results in much larger genomic changes compared
to antigenic drift. Antigenic shiftoccurs when two influenza strains co-infectasingle host, and
due to this co-infection, genome segments from both strains are able to be packaged into a
single virion creating a new virus that may be a hybrid of the two infecting strains. These
strains often retain the more desirable fitness qualities of the previous strains, and thus may
be able to effectively avoid immunity in many hosts due to their relatively novel nature, and it

is these strains which oftenlead to more severe and widespread outbreaks, or pandemics (5).

Influenzavaccinations primarily target the HA protein due to its high conservation, though
vaccine mismatch may occur when antigenic drift allows a virus to attain enough mutations for
vaccine escape, resulting in annual checks to confirm that vaccines against influenza viruses
continue to be effective (27). Vaccines against influenza are typically one of three forms:
inactivated, attenuated, or recombinant HA (28). All three of these vaccines trigger immune
responses specifically againstthe HA of the strainsin the vaccine, with modern vaccines often
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being trivalent against circulating HLIN1, H3N2, and influenzaB virus strains, though some
vaccines now also incorporate both influenza B lineages (29). While these vaccines typically
form strong immune responses against seasonal strains which mutate through antigenic drift,
producing vaccines against newly emerging influenzaviruses that arise due to antigenic shift

remains difficult, as these viruses usually contain completely novel HA proteins.

Of particular concern are zoonotic influenza viruses which, through antigenic shift, gain the
ability to infect humans which have very little immunity to them, in which case these viruses
often have severe consequences to accompany their rapid spread. This was the case for the
A(H1N1)pdmO09 virus, colloquially known as “swine flu” due to its zoonotic origins in pigs. This
virus reassorted a swine-origin HIN1 with a human-infecting, circulating H3N2 strain, while
also gaining genes from an avian influenzastrain in a triple-reassortment event leading to a
novel, human-infecting HLIN1 virus, which subsequently resultedin over 200,000 influenza-
related deaths across the globe in 2009 (30-33). Major outbreaks of influenzaviruses have
been common throughout modern history, from large scale pandemics such as the 1918 and
2009 H1N1 outbreaks (34), to smaller outbreaks such as avian influenzaoutbreaks in 1997,
2005 and 2013 (35-38), and as such it is of high importance to understand how these viruses
infect their hosts and make themselves transmissible on such alarge scale, particularly when

a universal vaccine that can protect against most strains is not yet available.
1.2.3 Virus structure and life cycle

Influenzaviruses are typified by their single-stranded, negative-sense RNA genome which
is presentin eight segments that encode twelve viral proteins (39). As reviewed by Dou and
colleagues, viral entry into host cells is mediated by the viral HA protein, which binds to sialic
acid receptors on the cell surface to initiate attachment and entry into the respiratory
epithelium (40). The virus enters via an endosome, and the lowering of the endosome pH
activates the viral Matrix 2 (M2) ion channel protein, which acidifies the viral particle. This
allows for the release of the packaged viral genome segments (VRNPs) from the Matrix 1
protein, with a pH-dependent conformational change in the HA allowing for viral hemifusion
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with the endosomal membrane and thus viral genome escape. The VRNPs are then
transported using host machinery to the cell nucleus, where the genome is replicated using
the viral RNA-dependent RNA polymerase comprised of the Polymerase Basic 1 and 2 (PB1
and PB2) subunits, and the Polymerase Acidic (PA) protein (40). These new viral RNAs then
facilitate the production of new viral proteins, both for novel virion assembly and genome
amplification, and also for immune evasion, such as the Non-Structural 1 (NS1) protein which
plays arole in dampening the host interferon (IFN) response (40,41). Viral envelope proteins
HA and NA are synthesised in high quantities and are used to form the virion alongside the
other proteins. Viral gene segments are trafficked towards the cell membrane for packaging
into the virion by host Rab11 protein, which associates with PB2 (40). These new virions bud-
off from the cell and are released by NA which cleaves the sialic acids that HA binds to,

allowing for infection of other cells.

1.2.4 Avian influenzaviruses

Influenza A viruses have consistently posed a major threat to human health, b oth through
seasonal infections and pandemic outbreaks (42). Avian influenza (Al) viruses have
contributed significantly to this, and in recent years highly pathogenic Al (HPAI) viruses have
emerged as a major zoonotic threat. Al viruses naturally circulate in wild bird populations,
including but not limited to, ducks and waterfowl, and can spill over to poultry birds such as
chickens, with one study finding wild ducks to be a source of transmission for the HSN8 HPAI
virus in poultry farms in the United Kingdom (43). Other than a few novel strains isolated in
bats, all influenzaAsubtypes have beenfound in aquatic birds, which act as natural reservoirs
for the viruses (44). These viruses typically replicate in the gastrointestinal and upper
respiratory tract of both these natural hosts and chickens, and typically present as subclinica
to mild disease (45, 46). Based on these clinical signs in chickens, these influenza viruses are
classified as ‘low pathogenicity Al' (LPAI) infections (47). Although many Al viruses circulate
without causing serious disease, other viral subtypes can lead to more severe outbreaks within

birds. Birds infected with these subtypes have more severe pathogenesis and rapid disease
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progression, often as the result of dissemination of the virus into tissues peripheral to the
gastrointestinal and respiratory tracts. This type of infection in chickens defines the subtypes
as HPAI (47). Highlighting the importance of HPAI viruses, recent outbreaks of HPAI HSNG6 in
China and the Philippines have caused approximately 37,000 bird deaths and 400,000 more
culled at an economic cost of nearly $USD40 million (48, 49). While such outbreaks represent
a significant economic burden to the poultry industry, of greater concern is the potential for
HPAI viruses to cross the species barrier into mammals, especially humans.

Despite there being a broad range of Al subtypes, fortunately, only a very select subset of
these have been shown to infect humans with highly pathogenic consequences. The first
known HPAI infections in humans were highlighted by the outbreak of HSN1 avian-derived
influenzain Hong Kong in 1997, leading to 6 deaths from 18 confirmed cases (38). Since then,
sporadic outbreaks of HSN1 have had highly pathogenic consequences in humans, resulting
in over 450 deaths from approximately 900 cases and thus becoming the first major human -
infecting Al virus (50-52). While HSN1 remains a threat to human health, the emergence of
the avian-derived H7N9 strain infecting humans, first described in March 2013 in China’s
Yangtze River Delta, has since caused 613 deaths outof 1,568 human cases throughout most
of Chinaas of January 2021 (53). This viral subtype is of a particular concern, as unlike H5N1,
which is highly pathogenic in chickens and humans, H7N9 typically presents as a LPAI in
chickens, but causes a high mortality rate in humans (40%), similar to that seen for H5N1
infections. H7N9 is one of several LPAI viruses in the H7 family capable of human infections,
with viral transmission usually only acquired through close contact with host species. However,
for reasons that are still unclear, H7N9 has greater transmissibility and more severe disease
outcomes in humans than any other H7 viruses (54, 55). Thus, differences in clinical
presentation across species, coupled with the potential of viruses such as H7N9 to cause a
pandemic outbreak via evidence of human-to-human transmission (37), makes understanding
the mechanisms by which these viruses cross the species barrier and become highly

pathogenic in humans a critical area of investigation.
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Human cases of Al infection have become increasingly common since outbreaks of H5N1 in
the late 1990s and accentuated by a dramatic increase in H7N9 infections during the recent
“fifth wave” of epidemic infections in China (56-58). These viruses were commonly contracted
by people in regular close contact with live poultry markets (59, 60), where outbreaks of Al
viruses in chickens can be common yet go largely unnoticed, especially in the case of H7N9
infections, and the pathways of human infection with avian influenza are shown in Figure 1.1.
Despite the vast diversity of Al viruses, predominantly only viruses from three haemagglutinin
(HA) subtypes have been recorded to naturally infect humans: H5NXx viruses, most notably
H5N1; H7Nxviruses such as H7N9; and H9Nx viruses, commonly HON2. HONXx strains present
as LPAl infections in birds and have less severe symptoms in human hosts compared to H5
and H7 strains (20, 61-63). Despite this, as HON2 viruses are regularly found co-circulating
with HS5N1 and H7N9 with assortment frequently occurring between these viruses in poultry
there is a real possibility of a novel HPAI strain emerging from these subtypes (64, 65). While
there have been isolated cases of human infections with other subtypes, such as H6 (66) and
H10 (67), the H5/H7/H9-subtypes of Al remain of greatest concern for human infections and
potential pandemics. Thus, understanding the clinical manifestations of these virusesin avian

hosts is needed for our understanding of why these viruses are considered such athreat.
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Figure 1.1. Pathways of avian influenzatransmission

AlVs typically circulate among shorebirds, though have the ability to spread into poultry flocks. It is
through close contact with the birds that AIVs can cross the avian-mammalian threshold (red dotted-
line) into other mammalian species such as pigs or directly into humans. While possible, direct human-
to-human spread is rare, signified by the red arrow.

1.2.5 Low and highly pathogenic Al viruses in avian hosts

In the case of LPAI, infections tend to localize in the mucosal surfaces of the gastrointestina
tract of infected birds and although often asymptomatic, chickens may present with mild
clinical signsfollowing infection. These include excessmucus and congested tracheae, watery
droppings and mild respiratory inflammation, with rarely any other signs of respiratory disease
associated with influenzainfections (45, 61, 68, 69). Highest viral titres typically occur two-to-
three days after infection with limited gross lesions evident, allowing the virus to replicate and
be excreted into the environment with little to no effect on the host animal (70, 71).
Interestingly, ducks can exhibit even more limited clinical signs following LPAI infection than

chickens, with Wang and colleagues showing less severe clinical signs and histopathologica
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lesions in ducks compared to chickens infected with LPAI HON2 virus (72). Thus, it is
interesting to note that even in avian hosts, there is arange of clinical severity to LPAI viruses,
with chickens showing more moderate/severe signs compared to waterfowl infectedwith LPALL

In contrastto LPAI viruses, HPAI viruses have the ability toinduce severe disease and cause
devastating outbreaks with high mortality rates in poultry (73, 74). In chickens, H5N1 causes
acute illness with high levels of viral shedding and clinical signs such as dehydration, nasal
discharge, and lesions in many tissue types (75-77). While LPAI infections tend to remain
within the faecal-oral tract of infected birds, HPAI infections are often identified by virus
spreading systemically to multiple tissues (78). Suzuki and colleagues (2009) described the
pathology of H5N1 infections in chickens, finding that clinical signs progressed from milder
signs such as feather ruffling and depression behaviour, to the more severe outcomes of
haemorrhaging and oedema in multiple tissues. These birds also showed severe respiratory
distress not seen in LPAl infections (79). In contrast, ducks can presentwith awider range of
symptoms following infection with HPAI H5N1, with experimentally infected ducks having
clinical signs as mild as depressive behaviour without any other complications (80). Ducks
may also show severe signs such as those seenin chickens, with common outcomesincluding
neurological spread and haemorrhaging in the body extremities. Additionally, Yamamoto and
colleagues (2016) have also found that domestic ducks, unlike chickens, show corneal opacity
following H5N1 infection and less severe haemorrhaging compared to chickens (81, 82).
Likewise, wild ducks have been shown to exhibit less severe signs following HSN1 infection
compared to other gallinaceous birds including domestic ducks, despite showing high levels
of viral shedding consistent with an HPAI infection, which may suggest their role as a key
reservoir species (77).

1.2.6 Clinical manifestations of AIVin mammalian hosts

Al viruses can also infect pigs, which are housed in close proximity to human populations.
Pigs often act as a ‘mixing vessel’ for influenza viruses, allowing multiple stains to co-infect

and reassort leading to strains that are capable of human infection (83, 84). While this is
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particularly the case for low pathogenicity viruses, there has been little evidence to suggest
that pigs can contract highly pathogenic strains such as H5N1 and H7N9 to a great extent,
with H5N1 strains isolated from pigs in China found to be attenuated from the HPAI form due
to a mutation in their NS1 gene, with these viruses activating lessened interferon response
when returned into chickens compared to avian-derived variants of the virus (85). Although
there have been no confirmed cases of H7N9 infectionin pigs (86), H7N9 can replicate, cause
pathology amongst pigs during in vivo studies at low levels, though multiple studies have
shown pigs infected with H7N9 have little to no clinical signs or viral shedding, and no
transmission between infected pigs and sentinelanimals (87-89). However, the factthatthese
viruses replicate in swine respiratory tissue in vitro reinforces the ideathat pigs could still act
as an important reservoir species for mammalian-adapted H7N9, if only sporadically (90).
While H7N9 currently has limited transmission in pigs, of particular concern are reports of
other H7NXx infections in pigs, with Kwon and colleagues identifying aH7N2 strain that was a
genetic reassortant between avian H7N2 and H5N3 viruses (91). This reassortment event
suggests that as the frequency of H7Nx cases increase in pigs, so too does the likelihood of
an H7N9 virusinfecting pigs and potentially gaining stable mammalian transmissibility through
reassortment between the H7N9 virus and amammalian transmission competent virus.
Studies in ferrets as a model for human infection have shown that mammalian-adapted Al
viruses typically localise to the respiratory tract (92), however these viruses can have alimited
ability to transmit via droplets (93-95). This model has been used to study high consequence
Al viruses such as H5N1, which cause acute illness in the upper respiratory tract of ferrets.
Clinical signs of H5N1-infected ferrets include nasal discharge, high temperatures and weight
loss due to dehydration, and worsened pathogenesis as highlighted by lung damage due to
extensive infiltration of the lung tissue by inflammatory cells (54, 96, 97). H7N9 can also cause
severe respiratory distress in this way, with lengthened time until viral clearance contributing
to the substantial inflammation in the lungs of ferrets. Severe infections may cause
complications such as viral pneumonia due to the breakdown of lung endothelial barriers,
which contributes to this systemic spread and may lead to encephalitis or other neurologica
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issues (54, 98). This is of particular importance as systemic spread to the central nervous
systemis more commonly associated with HPAI H5N1 than LPAI viruses (97), making H7N9
a unique threat to human health due to its ability to cause HPAI-like disease symptoms.
Symptoms following human infection with Al are similar to those observed in the ferret model.
Less severe cases present as more typical influenza infections, with symptoms such as fever
and coughing among those commonly associated with influenza-related illness (22, 99).
However, these viruses can cause severe respiratory illness following infection in the lungs,
which may manifest as atypical viral pneumonia and acute respiratory distress syndrome, and
often patients who have contracted these infections die from respiratory failure (100, 101).
Furthermore, much like in birds, dissemination of the virus away fromthe site of infection leads
to other complications such as organ failure, encephalitis, and internal bleeding due to tissue
destruction (22, 38, 102), all of which contribute to the lethal nature of these viruses. A
summary of the varying degrees of clinical manifestations between the different species is

depicted in Figure 1.2.
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Figure 1.2. Zoonotic influenza pathologyis linked to host biology

H5N1, H7N9, and HIN2 avian influenza (Al) viruses causing varying degrees of clinical manifestations
across different species is shown against different host and their sialic acid properties. Al viral
haemagglutinin proteins selectively and preferentially bind to sialic residues with either an a-2,3-Gal or
a-2,6-Gal terminating sequence on the host cell surface to allow for viral fusion and entry. This
represents viral fitness and is a potential mechanism underlying the degree of disease severity and
susceptibility in the different hosts.

Additionally, in humans, Al subtypes have been associated with mortalities in very distinct
age demographics when compared to seasonal influenza(Figure 1.3). Fatal cases in children
(0-9 years) and younger adults (10-19 years) were predominantly caused by HPAI H5N1
infection, with 80.3% of H5N1 fatal cases seenin people aged 35 or under (51). Asimilar trend
was observed with the 2009 pandemic strain, A(H1N1)pdmO09, which led to increased
mortalities in younger age groups compared to other seasonal strains circulating at the same
time (103). Conversely, older patients (>60 years of age) were most susceptible to seasonal
influenza strains (80% of mortality cases), except for the A(HLN1)pdm09 pandemic strain
during which older patients were less susceptible to A(HLN1)pdmO9-related mortality

compared to those under 40 years of age, with one theory suggesting that the repeated
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exposure to seasonal influenzaviruses, mixed with repeated vaccinations, may allow older
patients to retain greater immunity to epitopes of the 2009 pandemic strain, which was more
similar to the 1918 H1N1 pandemic strain, compared to younger people who have had less
repeated exposures (104, 105). For H7N9 LPAI infections, the highest mortality was also
skewed towards older people, whichis likely due to the propensity for H7N9 cases to be found
in live poultry farmers, typically older men (106, 107). This emphasises the dynamic
relationship between the pathogen and the human host, and how different strains of influenza
viruses can lead to differential fatal outcomes across different ages (the pathogenesis of Al
viral infections will be discussed in more detail in section 1.7). Whilst influenza viruses remain
of critical importance in terms of global health, other emerging zoonotic viruses can cause
similar if not greater levels of disease across multiple age groups, such that influenza may
become a secondary concern in a pandemic world. This is particularly the case for

coronaviruses, which will be explored in more detail in the following section.
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Figure 1.3. Age-related mortality trends highlight impact of host—pathogen
relationships

Frequency of age groups of patients who succumb to different strains of influenza is graphed as a
proportion of total fatalities for a given strain. When we assessed the age of patients who succumb to
different strains of influenza, as a proportion of the total mortalities for a given strain, trends emerge as
to the host susceptibilities. For seasonal influenza, older patients (>60 years old) were the most
susceptible, however, for a variation on seasonal influenza, pdmH1N1 2009, the age of patients who
succumbed was reduced and included significant mortalities between 20 and 59 years old. Interestingly,
the highly pathogenic Al H5N1 was predominantly fatal in those under 40 years old, whereas H7N9, a
low pathogenicity Al strain, followed a similar trend to seasonal influenza.

1.3 Emergence of novel SARS-CoV-2 virus

1.3.1 COVID-19 pandemic and epidemiology

While influenzaviruses are considered the most well-studied respiratory virus with pandemic
potential, novel zoonotic viruses of other classes also have potential to cause widespread
infection, which is particularly the case for coronaviruses (CoV). Strains of Severe Acute
Respiratory Syndrome (SARS) viruses have been responsible for two major outbreaks, the
SARS outbreak of 2003 and the Coronavirus Infectious disease of 2019 (COVID-19) pandemic
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(108). The SARS epidemic in southeast Asia caused roughly 8000 cases between 2002 and
2004, resulting in 774 deaths at an almost 10% mortality rate. However, the outbreak was
short-lived and was mostly isolated to China following strict quarantine measures (109). The
SARS-CoV virus studied in SARS patients was found to induce severe pulmonary lesions and
alveolar damage, results which were also observed when the virus isolated fromthese patients
was inoculated into macaques by Kuiken and colleagues (110). The COVID-19 pandemic, on
the other hand, was firstidentified in Wuhan, Chinain late 2019 (111) before rapidly spreading
across the world to cause the severe pandemic. By January 2021 nearly 88 million cases of
COVID-19 have been reported worldwide, with 1.9 million confirmed deaths due to the virus
(10), with afailure to adequately control and contain the virus on a global scale contributing to
its wide reaching spread compared to the 2003 outbreak despite both viruses having similar
basic reproductive rates (Ro) of between 2 and 3 (112). The mortality rate of SARS-CoV-2 is
approximately 2%, lower than that seen compared to the SARS outbreak of 2003, however
the far greater spread of the virus due to a lack of or ineffective quarantining methods
worldwide has allowed the SARS-CoV-2 virus to reach a pandemic scale far greater than
previously seen for a coronaviruses outbreak. Like many pandemic viruses, this virus is
believed to be zoonotic in origin, with studies showing high conservation between the human

infecting SARS-CoV-2 and several bat-infecting coronaviruses (113-115).

1.3.2 Virus structure and lifecycle

The SARS-CoV-2 virus is fromthe Coronaviridae virus family, which have single stranded,
positive sense RNA genomes, and cause respiratory illness in their host through infection of
the respiratory tract (113, 116). Coronaviruses bind to the host respiratory epithelium through
association of the viral spike (S) protein with the angiotensin-converting enzyme 2 (ACE2)
receptor on the cell surface, which was first identified by Li and colleagues for SARS-CoV
infections in 2003 (117) and confirmed for SARS-CoV-2 in two studies by Ou and colleagues
(118) and Hoffmann and colleagues (119). The transmembrane protease, serine 2

(TMPRSS2) enzyme was also identified as critical for the priming of S protein following ACE2
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recognition for other coronaviruses (120). Ou and colleagues further showed how the virus
was then internalized through receptor-mediated membrane fusion in an endocytic process
through the use of pseudoviruses expressing SARS-CoV-2 S protein, with the use of inhibitors
against endocytic mediators such as phosphatidylinositol 3-phosphate 5-kinase (PIKFYVE)
and cathepsin-L decreasing the infectivity of these pseudoviruses (118). Once viral entry has
occurred to begin the virus replication cycle (121, 122), the SARS-CoV-2 genome escapes to
the cytoplasm, and the open reading frames (ORF) la and lab immediately produce
polyprotein 1a/1ab, which is cleaved to produce the non-structural proteins required for the
viral replication-transcription complex (123, 124). This complex is used to produce and
replicate a nested set of RNAs encoding for the coronavirus’ structural proteins: S, envelope
(E), membrane (M), and nucleocapsid (N) (125). Viral particles are then assembled and

released fromthe cell to infect other respiratory epithelial cells (Figure 1.4).
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Figure 1.4. Schematic of the SARS-CoV-2 lifecycle

(1) SARS-CoV-2 attaches to the host cell via the ACE2 receptor and is internalised. (2) The viral
genome escapes the endosome and is translated by ribosomes into the viral polyprotein. (3) The viral
polyprotein is cleaved and folds to form the replication-transcription complex. (4) The replication-
transcription complex transcribes RNAs for viral protein assembly. (5) Viral proteins are assembled on
the endoplasmic reticulum membrane and bud off, encasing the genome containing nucleocapsid. (6)
Virion assembly is completed, and new virus exits the cells to continue infection. Created in
BioRender.com.

1.3.3 COVID-19 pathology and transmission

COVID-19 presents as a respiratory disease, with mild infections often being asymptomatic
whilst severe cases lead to considerable morbidity and mortality. Severe cases are marked
by respiratory distress and breathing difficulties, as well as coughing, headache and fatigue
(126, 127). Other side effects of COVID-19 include anosmia and dysgeusia (a loss of smell
and taste), with the first case reports of these effects recorded early after the onset of the
pandemic (128-130). While disease symptoms of COVID-19 tend to be similar to those seen
for other respiratory viruses, long-term effects of the infection are still being discovered, with
a study by Huang and colleagues finding patients discharged six months prior continued to
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have ongoing health issues, most commonly muscle weakness and fatigue, whilst patients
who had severe cases of COVID-19 had sustained respiratory distress due to impaired
pulmonary diffusion and lung lesions (131). Data obtained in retrospective studies from the
2003 SARS outbreak showed similar long-term pulmonary distress combined with
neurological signs such as fatigue and depression (132, 133), as expected from the two
related viruses, suggesting that as the pandemic continues to develop, long-term
complications will require attention beyond the immediate infection symptoms. While
neurological symptoms for influenza have been reported, especially in children, these cases
are generally typified by encephalitis (134, 135). This contrasts COVID-19 disease where,
despite encephalitis being among the more severe outcomesin case studies (136, 137), many
of the neurological disorders associated with COVID-19 do not come with overt neurologica
disease such as viral encephalitis, a phenomenon observed in ahuman ACE2 mouse model

for SARS-CoV (138).

Early infection with SARS-CoV-2is confined to the upperrespiratory tract followinginhalation
of virus-infected aerosols, and is generally asymptomatic (139). Patients who exhibit strong
neutralising antibody responses and adequate immune cell control of infection generally clear
the virus without complications (140, 141), however impaired immune responses may lead to
severe respiratory distress seen in ~20% of cases (139). These severe cases are often
marked by a large scale increase in pro-inflammatory cytokines such as IL-6, leading to
inflammation and damage to the lung epithelium (142, 143). This respiratory distress allows
the virus to enter the circulation as respiratory droplets, which are exhaled or coughed from
the host to disseminate the virus through respiratory droplet transmission between close -
contacts (144, 145). There is also evidence, however, to suggest that asymptomatic carriers
can also transmit the virus, suggesting that the reservoir for the spread of this virus in the
human population may be larger than just those displaying overt symptoms (146). As such,
given there are currently no effective anti-viral treatments for SARS-CoV-2, there is an urgent

and ongoing need for vaccine candidates to assist in controlling the spread of this virus.
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1.3.4 Vaccine candidates against SARS-CoV-2

Due to its ability to spread rapidly and efficiently, vaccination efforts against SARS-CoV-2
were quickly launched following the onset of the pandemic. This was of particular importance
as, due to the viruses’ zoonotic origins, human hosts showed little to no natural immunity,
further allowing the rapid spread of the disease. Developing vaccine candidates against

SARS-CoV-2 is an essential step required to control the pandemic.

One of the leading vaccine candidates against this virus is the adenovirus vaccine candidate
ChAdOx1-nCoV-2019 developed with The Jenner Institute’s adenovirus vaccine platform,
using a replication-deficient simian adenovirus vector for vaccine delivery. Like many of these
vaccines, ChAdOx1-nCoV-2019 utilizes the SARS-CoV-2 spike protein to elicit an immune
response against the virus, with this vaccine using a replication-deficient simian adenovirus
vector for delivery of the antigen in a similar adenovirus-vector system previously used for
other novel viruses such as Middle East Respiratory syndrome (MERS) coronavirus (147).
Several studies have assessed the safety and immunogenicity of this vaccine, with phase 1/2
clinical trials in human subjects suggesting the vaccine has acceptable safety and ability to
produce neutralising antibody responses, with a clinical study by Folgetti and colleagues
showing increased serum titres of anti-S antibodies at day 28 post infection in a prime-boost
vaccination regime (148). ChAdOx1-nCoV-2019 has also been put into several animal
models, with vaccination of mice and pigs demonstrating that boosting the vaccination
produces greater neutralising antibody responses against SARS-CoV-2 when compared to a
single dose of the vaccine (149). Trials in non-human primates have also shown this vaccine
can prevent the onset of viral pneumoniaand generate enhanced antibody responses, again
through a prime-boost strategy, with a study by van Doremalen and colleagues showing
significantly lower viral loads in the respiratory tract of rhesus macaques vaccinated in this

way. (150).

Whilst the adenoviral vector vaccine model has shown considerable promise, other vaccine
strategies to emerge out of the pandemic have utilized novel mMRNA vaccine technologies.
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The two leading candidates, the Moderna mRNA-1273 vaccine and the Pfizer BNT162b2
MRNA vaccine, use a modified mRNA for the SARS-CoV-2 S protein delivered in a lipid-
nanoparticle to cause the host to produce the S protein and thus an immune response against
it, without the need for a viral vector or an attenuated form of the SARS-CoV-2 virus. The
MRNA-1273 vaccine has shown a 94.1% efficacy in clinical trials, with Baden and colleagues
reporting the vaccine significantly reduced severe onset of COVID-19 in the vaccinated group
comparedto the placebo group (151). The BNT162b2vaccine showed similarly strong results,
with a 95% efficacy shown in clinical trials, with Polack and colleagues noting that the safety
and efficacy of this novel technology was comparable to other viral vectored methods used in
other studies (152). Much like the ChAdOx1-nCoV-2019 vaccine studies, these two mRNA
vaccines were given in a prime-boost regime, suggesting that most future vaccines against

this virus will use this strategy.

While these results remain promising, it is still of critical importance to understand the
immune responses to SARS-CoV-2, and indeed all respiratory viruses, in order to best
understand these pathogens and how to overcome their disease. The following sections will
discuss the immune system in greater detail, with reference to the immune cell subsets that
drive immunity to pathogens, and with particular focus on how these cells fight against

respiratory viruses such as influenzaviruses and SARS-coronaviruses.

1.4 Innate immunity to respiratory viruses

The body’s first line of defence against respiratory pathogens is the innate immune system,
which acts as a physical barrier against infection while also employing immune cells with non-
specific immune capabilities to fight against viruses. The mucus lining of the respiratory tract
provides the first physical barrier to infection, with viral particles being trapped in the mucosa
secretions preventing entry to the epitheliaand removing the virus from the respiratory tract
via ciliated cell flagellation (153, 154). While this provides an effective first barrier for many
pathogens, influenza viruses have been shown to escape these mucosal secretions using
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their NA protein, which cleaves ‘decoy’ receptors in the mucus that bind to the HA to prevent
cell access to the host epithelium (155). Once at the cell surface, these viruses are also
targeted by anti-viral factors on the cell surface; one notable example of these proteins,
IFITMs, is explored in more detail in section 1.11. Once these cells become infected, innate

leukocytes form the next important role in preventing the spread of the viral infection.

1.4.1 Antigen presentation pathways

There are several types of innate leukocytes which are important in controlling respiratory
viral infection. These cells broadly fallinto the category of antigen presenting cells (APCs) that
express major histocompatibility complex (MHC) class | and class Il molecules to present
antigens to lymphocytes for pathogen recognition, with MHC-1l generally only found on
‘professional’ APCs while MHC-I1 is found on all nucleated cells. The MHC complex is
comprised of a heterodimer of two peptide chains, a heavy a-chain and B2-microglobulin chain
for MHC-I, and homologous a- and B-chains for MHC-II (156). The conformation of these
peptide helices forms abinding pocket, where peptides can be loaded and in the case of vira
infection, these peptides are derived fromviral protein components (157, 158). The MHC locus
in humans, known as the Human Leukocyte Antigen (HLA) locus, is highly variable, allowing
for a broad spectrum of peptides to be presented. HLAs are divided into three subfamilies,
HLA-A, HLA-B and HLA-C, allowing for a wide array of peptide recognition and presentation

(159).

Peptides for MHC presentation are processed in the target cell viathe proteasome, a protein
complex which captures larger proteins from the cytoplasm and degrades them into smaller
fragments of 8-10 amino acids for MHC-1(160), and 13-25 amino acids for MHC-I1 (161), which
can fitinto the MHC binding pocket in order to be presented to other cells (162). In order to
presentviral peptidesto mountan immune response against a viral threat, following interferon
release a second complex known as the immunoproteasome is produced to specifically target
viral proteins being synthesised, to create short peptides specific to the invading pathogen for
presentation as a way to both degrade viral proteins as they are made while allowing an
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immune response against these peptides to occur (163, 164). This pathway is utilised by both
professional APCs, which present antigens that are either internalised or produced through
actual infection of the cell, and by other cells such as the respiratory epithelium which become
infected by the virus. Mutations in both the viral peptides, and also the MHC molecules
themselves, may hinder these processes, which will be discussed in greater detail in Section
1.9.2. Regardless, the presentation of peptide antigen loaded into these MHC molecules is
critical in eliciting a targeted immune response specific to the pathogen at hand, and there are
several innate cell types which play important roles in this process as discussed in the

following sections (165, 166).

1.4.2 Innateleukocyte control of infection

One of the first APC types recruited to the site of infection are neutrophils, which are drawn
to the area by the release of chemokines such as CCL3 and IL-8, and act as rapid responders
to protectagainst viral infection (167, 168). Thisis done through the use of granulocyte factors
such as defensins to directly inactivate virus (169), and through the release of pro-
inflammatory cytokines which both halt viral infection and draw other leukocytes to the site of

infection (170).

Following neutrophil infiltration to the site of infection, peripheral blood leukocytes known as
monocytes are drawn to the area. This occurs through chemotaxis recruitment by alveolar
macrophages and epithelial cells of the respiratory tract, which secret chemokines such as
CCL2, and CCL5 (171). Monocytes, commonly classified by CD14 and CD11b expression in
humans (172-174) and mice (175) respectively, use phagocytosis to ingestviral particles and
apoptotic cells for antigen presentation through the MHC pathway. Human monocytes are split
into three subsets based on function and surface expression: non-classical monocytes (CD14
CD16%), which along with antigen presentation and pro-inflammatory responses are
associated with wound healing (176); intermediate monocytes (CD14*CD16%), which highly
express MHC-II; and classical monocytes (CD14*CD16°), which are important in the IL-10
response and phagocytosis (177, 178). These cells also produce pro-inflammatory cytokines
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such as IFNs and TNFa to further hinder viral replication and recruit adaptive immune cells to
the site, and it is these factors that contribute to the immunopathology of respiratory virus
infections, despite them being critical for controlling the ongoing infection (179, 180).
Nevertheless, monocyte-derived cells such as alveolar macrophages have been shown to
greatly ameliorate the outcomes of influenzainfection in multiple animal species (181-183),

and also provide protection against other pathogens such as bacterial infections (184).

Dendritic cells (DCs) are a key type of APC that help fight respiratory virus infection, and like
all APCs use MHC molecules to present viral peptidesto T cells to elicit a specific immune
response against the viral pathogen. DCs are presentin and around epithelial surfaces,
including in the respiratory tract, where they are often characterised by CD11c expression
coupled by expression of CD11b (185). DCs are characterized into two broader subsets based
on their localisation, with resident DCs present in a number of tissues such as the skin and
lung to act as initial responders at these sites (186), and migratory DCs which traffic through
the blood either to become resident cells or as antigen “ferries” which carry antigen to the
lymph node for lymphocyte activation (187). These can be further distinguished into
conventional or myeloid DCs (cDCs), which are functionally similar to monocytes, and
plasmacytoid or lymphoid DCs (pDCs), which are more similar to phenotypically to B cells
though mostly function as IFN-producers (188). cDCs are mostly present as Type 1 DCs,
which act as major stimulators of T cells throughreleasing cytokines such as I1L-12 (189). One
study by Ng and colleagues has confirmed that CD103*Type 1 cDCs are critical in modulating
the cytotoxic T cell response following infection with influenzavirus, as mice ablated in the
cDCs were unable to mount an effective CD8* T cell response and thus succumbed to
influenzavirus infection (190). Type 2 DCs are far rarer in the blood and are associated with
wound recovery, though a recent study by Shin and colleagues suggests a subset of these

Type 2 cDCs may be important mediators of inflammation (191).

DCs induce influenzavirus uptake by expressing DC-SIGN, which binds to influenzavirus

surface glycoproteins, leading to an induced infection in the DC and thus production of a
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chemokine response and antigen presentation of viral peptides (192, 193). These APCs form
a vital bridge in linking the innate immune response to the adaptive immune response by

migrating to the draining lymph node to activate T cells.

Despite their importance in preventing the spread of initial viral infection, innate cells
generally are unable to prevent and clear infections on their own, in part due to their quick but
broad functionality. Thus, their role in activating the adaptive immune system is critical for
specific immune responses targeting the virus, with activation of CD4* T helper cells a critica

component in fighting the infection.

1.5T cellimmunity to respiratory viruses
1.5.1 Tcellorigins and maturation

Like all lymphocytes, T cells originate as bone marrow progenitor cells which migrate to the
thymus to mature. T cells are generally classified by the expression of T cell receptor (TCR)
which are highly variable molecules, with each T cell having a unique receptor specificity to
recognize different antigens loaded onto MHC molecules. Most T cells express an af
heterodimer, though a small subset of T cells express a yd heterodimer which gives them
different functionality to more conventional a T cells (194). The B-chain of the TCR is formed
from the variable (V), diversity (D) and joining (J) gene segments of the variable region
alongside the constant (C) region, whilst the a-chain is sequentially formed from the Vand J
segments (195). These reassortment events, combined with the imprecise joining of these
chains, creates non-germline encoded sequence variations, allowing for a diverse array of
TCRstobe generated (196). The now functional variant 3-chain is expressed with the invariant
pre-a-chain along with CD3 to form a pre-TCR complex, which acts as a critical checkpoint to
bypass programmed cell death and continue the maturation of the T cell (197). Pre-TCR

signalling initiates proliferation of the cell and initiates rearrangement of the a-chain, which
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can then associate with the $-chainto formthe TCR heterodimer expressed on the cell surface

along with CD4 and CD8 (198).

The T cell’s lineage is then finalised through the TCR’s ability to engage with MHC class |
(for CD8*) or MHC class Il (for CD4%), with these interactions forming another important
selection process whereby the cell’'s autoimmune tolerance is tested. Cells with low affinity to
self-peptides are able to leave the thymus as mature T lymphocytes, while cells with high
affinity for self-peptide undergo apoptosis (199). This thymic selection affects the total
repertoire of TCRs, as despite atheoretical 101°— 10%° possibly TCR variants, only around 107
have been reported in longitudinal studies, possibly due to those unselected variants being
self-recognising (200). Regardless, this broad array of possible TCRs allows for the body to
specifically encounter pathogens invading the body, with the cytotoxic T cell response the key

immune response against viral infection.

1.5.2 CD8*T cell function and memory

Peripheral CD8* T cells are activated in the lymph node following recognition of antigen
presented on MHC-I molecules by dendritic cells in the lymph node. This activation initiates
proliferation, and these cells then traffic to the site of infection to combat the infection. One
major function of CD8* T cells is its cytotoxic ability to directly kill virus-infected cells. This is
achieved when cytotoxic T cells recognise infected cells expressing MHC-1 loaded with viral
peptidesrecognisedbythe TCR. Thisinteraction between the cellsinducesthe T lymphocytes
to inject apoptotic molecules such as granzymes into the infected cells through pores formed
at the immune synapse betweenthe cells dueto the release of perforin, with these granzymes
causing programmed cell-death (201-203). CD8* T cells also secret a number of pro-
inflammatory cytokines such as IFNs and TNFa (204), as well as IL-10 as a protective
mediator against virus infection particularly observed in coronavirus models, with Trandem
and colleagues showing that IL-10 expression by CD8* T cells is protective not only in the
lungs but also is critical in protecting mice from tissue damage from viral encephalitis (205).
CD8*T cells have also been shown to specifically target conserved epitopes of influenza
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viruses from the less variable internal proteins, allowing them to effectively combat a broad

array of influenzaviruses (206).

Following the clearance of infection, these cytotoxic effector cells either undergo apoptosis,
or form effector memory cells. This process of forming memory cells is driven by IL-12, with
long-lived memory cells also showing increased expression of IL-7Ra (207, 208). Memory
CD8* T cells are generally divided into two subsets, from which further classifications are
generally made: effector memory cells (Tem) and central memory cells (Tcwm), which are
differentiated by their expression of CD62L and CCR7, with Tem having low expression of
these molecules and Tcwm having high expression (209). In more recent years, however, two
further subsets, stem cell memory (Tscm) and terminally differentiated memory (Temra) have
been identified as CD45RA-expressing variants of Tcm and Tewm, respectively (210, 211). Tew
cellsgenerally are found in the circulation and are specialized at migrating to peripheral tissues
to encounter infections using their cytotoxic properties. Tcwmcells are localised to secondary
lymphoid tissues and are used to encounter systemic infections (210). However, one set of
Tem cells can be found in the tissues themselves. These cells, known at tissue-resident
memory (Trm) cells, express CD69 and CD103 which enhance entry and retention in tissues,
allowing these cells to act as cytotoxic sentinels within peripheral sites (212, 213). Trv cells in
the lung have been shown to be important responders against influenzavirus infection, as
they act as potent specific early-responders against the virus infection, with studies showing
that these cells express high levels of CXCRS3 to localise in the airways where they are able
to readily act in response to viral stimulation (214, 215). These cells are also importantly
guided towards development by CD4* helper T cells (216), which are required for CD8* T cell

formation (217), showing the interconnectedness of these adaptive responses.
1.5.3 CD4*T cell function

Much like their CD8* counterparts, CD4* T cells recognise antigen presented by APCs such
as dendritic cells in the lymph node and are then activated by costimulatory ligands and IL -2
to proliferate and elicit an immune response specifically against the pathogen at hand. These
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cells make up the majority of circulating T cells, and recognise viral peptides presented to
them by MHC-I11 (218). Commonly referred to as ‘helper’ cells, CD4* T cells have different
effector functions to CD8* T cells, which are split into three differing types of responders: T
helper type 1 (Thl), type 2 (Th2) and type 17 (Th17), which the latter is more involved in
autoimmune diseases. Thl cells produce IFN-y and lymphotoxin as their primary cytokines,
and modulate the pro-inflammatory response by recruiting other cellular factors to the site of
infection (219). These pro-inflammatory cytokines act as a positive feedback loop to further
activate other Thl cells while also providing an anti-viral state to control infection. Th1l cells
can also selectively enter inflamed tissues through their ability to bind P- and E-selectins (220).
Th2 cells, on the other hand, are generally anti-inflammatory, and produce interleukins such
as IL-4, IL-6 and IL-10 which guide the immune response towards an antibody-producing
response (221). Interestingly, IAVs have been shown to dampen the Th2 response by gearing
the immune response towards a Th1 response, preventing the recruitment of eosinophils and

further Th2 cells (222).

Another lineage of CD4* T cells are T follicular helper (Ten) cells, which specifically have
important interactions with B cells (discussed more in 1.6). Trx cells can also be delineated by
type 1, 2 and 17 responses and express the unique transcription factor Bcl6, which when
upregulated by IL-6 and IL-21 lead to suppression of the regular T helper differentiation
pathways in germinal centres (223). TrH cells theninteract with developing B cells by providing
activating signals such as CD40L and IL-21 (224, 225), allowing for clonal selection of B cells
required to fight a specific pathogen. Interestingly, these now activated antigen presenting B
cells are also important in facilitating T helper cell-mediated responses to allow for greater

long term memory, creating a feedback loop of T cell-B cell interactions (226).
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1.6 Humoral immunity to respiratory viruses

1.6.1 B cell classification

B cells are lymphocytes which assist in the immune response by providing humoral immunity,
with their main effector function being the secretion of immunoglobulin (Ig) molecules. These
Igs, called antibodies, act by binding a specific antigen, either directly inactivating it or allowing
phagocytic cells to recognise and ingest the Ig-bound antigen (227). Muchlike T cells, B cell
progenitors begin in the bone marrow, where they undergo functional rearrangement of their
Ig gene segments (228, 229) in aprocess similar to TCR rearrangement. The heavy chain of
the Ig reassorts V, D, and J genes, whilst the light chain reassortsthe V and J genes, allowing
for a diverse array of Igs which can recognise upwards of 5 x 1012 different antigens (228).
Two heavy chains and two light chains come together to form the Ig heterodimer (or
heterodimers for some Ig subclasses), which have aV region for antigenrecognition, and aC
region which gives the Ig effector function (230). Igs are split into five isotypes, IgA, IgD, IgE,
IgG, and IgM, each with different effector functions due to their differing C regions (231).
Isotype class switching occurs in a sequential manner through a class switch recombination
event in the C region of the heavy chain, with breaks in the switch region allowing removal of
isotype exons to change isotype. The Ig begins as an IgM, and then this class switching can
cycle through IgD, IgG, IgE, and then IgA selectively as required, allowing for single parent

cells to generate various isotypes towards a single antigen (232).

As the first isotype produced sequentially, IgM acts as a primary responder against
pathogens. These antibodies are unique in that they form a pentamer, rather than the
monomer structure seen in other isotypes (230, 233). IgM expressed on the B cell surface
associates with CD79aand CD79b (234), allowing for IgM signalling and eventually secretion.
These IgMs have been shown to be important in the activation of the complement system, a
system involving small immune factors that enhance the antibody response and phagocytosis
of innate cells, through binding complement factors such as C1 and C4b (235, 236).
Skountzou and colleagues have found that not only are IgMs important in controlling influenza
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virus infections, but their responses are also long-lived, with IgM* plasma cells detectable in
patients nine months post-influenza exposure in mice at significantly higher levels than IgG*
cells which disappeared from the circulation at far earlier time points, and were still detectable
by ELISpot assay 2 years post-infection (237). Moreover, a study by Shen and colleagues
found IgM antibodies can have stronger neutralising capacity against influenza B viruses
compared to IgG antibodies when administered pre-infection, highlighting their importance in
combatting these viruses while also suggesting their potential use as a prophylactic treatment
option (238). Interestingly, circulating IgMs known as “natural” Igs which are produced
constantly in low levels by circulating B cells have also been shown to inhibit influenza
infections prior to the onset of the major B cell response, further highlighting the importance

of these factors in the early neutralisation of viral infections (239).

IgG is the most abundant isotype in the serum, encompassing approximately 75% of all
circulating antibodies (230). These antibodies are also the longest lasting compared to other
isotypes, with a half-life of between 10 and 21 days compared to IgM and IgA which only last
5to 6 days (240). These responses, however, can be recalled by long-lasting memory B cells
where specificity against the 1918 H1IN1 pandemic stain of influenza virus were able to
reactivate and produce IgG responses against the 2009 HIN1 pandemic influenzavirus (241,
242).1gG antibodies also exhibit a phenomenon known as affinity maturation, whereby the
IgG antibodies produced later in the immune response are better able to neutralise virus
directly compared to those formed early in the response (243, 244). These antibodies often
bind to the external proteins of the virus, such as the HA or NA of influenzaviruses, preventing
viral entry and allowing phagocytic cells to internalise and lyse viral particles (245, 246).
Despite evidence suggesting IgG responses play a key role in SARS-CoV-2 immunity, a study
by Markland and colleagues found that even though many COVID-19 patients had 1gG titres
against the virus, particularly in more severe disease cases, not all patients who recovered
had detectable IgG against SARS-CoV-2, yet had other isotypes that were SARS-CoV-2-

specific, suggesting that IgG antibodies are not essential for COVID-19 recovery (247-250).
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The B cell response to respiratory viruses such as influenzaviruses are stimulated in the
mediastinal lymph node, where follicular B cells interact with CD11b* DCs carrying influenza
antigens and begin to proliferate following stimulation of the B cell receptor and by IL -4, IL-5,
and IL-6 (251). This proliferation is also driven by type | IFN signalling, which upregulates
TLR3and TLR7,and CD69 and CD86, allowing these cells to be more receptive to both innate
cell signalling and T cell stimulation (252). CD4* T cells activate the B cells though cell-to-cell
contact, with factors including T cell inducible co-stimulator (ICOS) which are critical in
directing the humoral response towards the specific pathogen following recognition of antigen
presented on MHC-II expressed on the B cell surface. Activated B cells are then able to
secrete Igs to neutralise the viral threat, and following viral clearance, form long-lasting

memory cells to combat any future viral infections (253).

Taken together, the adaptive and innate immune response form a protective system against
respiratory pathogens. However, despite the best efforts of the immune system, viruses are

still able to overcome many of these mechanisms to cause disease.

1.7 Pathogenesis of Al viruses

Theimmune system’s defences againstinvading pathogens are complex, with many variable
pathways that can be taken in order to control viral infection. However, viruses can often use
these systems to their advantage. Additionally, overactivity of the immune system can
contribute heavily to the pathology as a result of infection. The following sections 1.7-1.9 are
taken from a first-author paper already published (Horman et al., Front. Immunol., 2020,
Appendix), and describe how these host-pathogen interactions contribute to disease

pathology in the context of avian influenza viruses.

1.7.1 Cytokineresponsesto HPAlinfections

Several factors appear to contribute to the worsened pathology observed in HPAI infections
when compared with LPAI infections. One hallmark of HPAI pathogenesisis arapid and robust

cytokine response, often referred to as a ‘cytokine storm’ or hypercytokinemia. This build-up
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of cytokines causes an inflammatory environment at the site of infection, leading to immune
cell infiltration. In addition to the hypercytokinemia, there is a well-established loss of
leukocytes, leading to the severe pathogenesis seen in these infections (21). Recently, the
main factors associated with pathology were further described by Kuchipudi and colleagues
(2014). Following infection with H5N1 in vitro, chicken lung cells had increased expression of
specific pro-inflammatory cytokines, particularly interleukins (IL) -6 and IL-8 when compared to
cells infected with LPAI H2N3, suggesting that IL-6 and IL-8 may be key regulators leading to
worsened pathology of HPAI compared to LPAI (254). IL-6 and IL-8 were also found to be
significantly upregulated in the lungs of H5N1 infected ferrets, as well as in periph eral tissues,
including the spleen, heart and liver (255). Interestingly, this study also found that IL-6 and IL-
8 were downregulated in the nasal turbinates following infection with pandemic H1N1 virus,
which produced aless severe clinical infection compared to the H5N1 in ferrets (255). These
findings were consistent with studies completed in rhesus macaques, which similarly showed
upregulation of TNFa, IL-6 and IL-8 in response to experimentally induced H5N1 infection,
along with an increase in the antiviral interferons, findings which correlate to the severe fever
symptoms observed in the macaques at the peak of the fever response at day six postinfection
(256). Moreover, infections with the recently emerged HPAI H5N6 in chickens, which caused
human fatalities, was shown to have avery distinctimmune response compared to other HSN6
strains by producing much higher levels of IL-6, IL-8 and other pro-inflammatory mediators
such as tumour necrosis factor a (TNFa) compared to previously identified strains (257). While
chickens and ferrets show similar pathogenesis, conversely, duck lung cells infected with the
same viruses showed adecrease in IL-6 expression compared to the LPAI viruses, whilst IL-
8 remained unchanged. It suggests that IL-6 may play a pivotal role in the regulation of Al
pathology in birds and, as previously discussed, ducks typically show lessened disease
severity following H5N1 infection compared to chickens (Figure 1.2). Moreover in humans,
H5N1 elicits a similarly robust cytokine response, with the upregulation of IL-6,IL-10 and TNFa

in response to H5N1 (258).
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1.7.2 Cytokineresponses to H7N9 infections

As the H7N9 virus is usually classified as a LPAI in chickens, it is interesting to note that a
similar trend was observed when H7N9 of human origin were shown to induce increased
production of pro-inflammatory IL-6 and IL-8 cytokines when compared to H7N9 of chicken
origin (259). In the same study, it was demonstrated that IFNA1 production was reduced for
the human isolate, suggesting a possible modulation of the immune response. In addition, Wu
and colleagues (2016) also found that H7N9 patients had higher levels of C-reactive protein
expressionintheir plasma compared to HLN1 patients, and as C-reactive protein is associated
with broader inflammatory responses, it suggests that this may be yet another factor alongside
these regulatory cytokines contributing to disease severity (260). A similar pro-inflammatory
response was observed when alveolar macrophages were infected with H7N9, however when
compared to H5NI1, this cytokine response was demonstrated to be milder (261).
Downregulation of these inflammatory responses to infection confersa level of immunity to
these viruses in pigs, which hints at how pigs can act as mixing vessel species for Al without
succumbing to severe disease. Human lung epithelial cells can express 100-fold higher levels
of TNFa compared to pig lung epithelia, with suppressor of cytokine signalling 3 (SOCS3)

identified as a key factor in reducing levels of TNFa in pig cells (262).

1.7.3 Leukopeniain HPAlinfections

The mediators of cytokine production are resident and infiltrating immune cells, which
release these cytokines in response to the infection to recruit other immune cells and hinder
viral replication. This occurs following cellular activation and results in further activation of
leukocytes recruited to the area in a positive feedback loop (263). As pro-inflammatory
molecules are associated with apoptotic pathways in humans, increased cytokine production
is likely to be a contributing factor in the loss of immune cells, or leukopenia, observed in
severe cases of HPAI infection (84). These pro-inflammatory regulators lead to upregulation
of the death signalling molecule Fas-ligand on the infected host cell to initiate the caspase-
mediated Fas-associated pathway, in which Fas receptors on the immune cell (part of the
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TNF-receptor family) bind to Fas-ligand and subsequently recruit the Fas-associated death
domain (FADD) molecule (264). FADD interacts with caspase-8, which initiates a signalling
cascade within the immune cell, resulting in the destruction of cellular components and thus
cell death, which may be causative of the pathology seen in influenza patients (265). Indeed,
both H5N1 and H7N9 have been observed to cause leukopeniain hospitalised patients (266-
268). According to Boonnak and colleagues (2014), CD8* T cells can be particularly affected
by the Fas-ligand mediated pathway, where Fas-ligand was upregulated on plasmocytoid
dendritic cells during lethal HSN1 infection in mice, which then lead to apoptosis of influenza-
specific CD8* T cells in the lung draining lymph nodes (264). Furthermore, in hospitalized
H7N9-infected patients during the emergence of H7N9 in 2013, the persistence of immune
cell subsets within the blood contributed to disease severity and fatal outcomes, with the
continuation of CD38*HLA-DR* CD8* T cell responses shown to be predictive of fatal
outcomes, possibly due to longer-lasting inflammatory responsesin the peripheral blood and
lung (269). Loss of peripheral blood lymphocytes was also observed in human seasonal
influenza A infections, with these cell subsets succumbing to apoptosis by the same apoptotic
pathways described for Al viruses (270). In summary, LPAI versus HPAI viral strains
differentially promote the induction of pro-inflammatory cytokines, which then alter disease
outcomes in different species. The potential mechanisms by which certain HPAI Al viruses

cause more severe disease will be further discussed in following sections.

1.8 Viral fitness across species

1.8.1 Sialic acid receptor binding preference

In order for Al viruses to be capable of infecting multiple host species they require vira
adaptations allowing replication in different host cells, which ultimately increase their genetic
fitness and create a sustainably replicating and transmitting virus (271). Itis well established
that for zoonotic transmission of Al viruses, the virus needs to present the appropriate HA

binding specificity to allow viral fusion and entry. Al virus HA proteins typically have a binding
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preference for sialic acid residues with an a-2,3-Gal terminating sequence found on the
surface of avian cells (Figure 1.2), resulting in restriction to avian cells (92, 272). Therefore,
for Al viruses to gain entry into human cells displaying an a-2,6-Gal terminating sequence,
modifications to the HA binding site may be required to allow this new interaction.

One of the commonly associated amino acid substitutions for LPAI strains converting from
avian to mammalian receptor-specificity is a HA Q226L substitution (87, 273-275). For
example, LPAI HON2 isolates from birds can adopt a Q226L substitution, which increases its
mammalian receptor binding affinity and potentially infect mammalian hosts (276, 277).
However, with regards to H7N9 human isolates, Belser and colleagues (2013) described the
Q226 bearing Shanghai/1 and the L226 bearing Anhui/1 as binding to largely avian a-2,3-Ga
receptor analogues and mixed a-2,3/a-2,6-Gal receptors, respectively (93). Despite these
differences, infections with each isolate produced effective replication in the lower respiratory
tract of ferrets, suggesting additional factors are involved in mammalian adaptation. Similarly,
this Q226L mutation has not been commonly observed in the HA of HSN1 HPAI viruses (278,
279). However, alternative substitutions, HA Q192H and HA I151T, can confer increased
ability for replication in human hosts. Moreover, Herfstand colleagues (2012) demonstrated a
closelyrelated change to the HA of H5N1, HA Q222L, conferring more efficient replication and
transmission in the ferret model (95). Additional to this HA mutation, an E627K change in the
polymerase basic 2 (PB2) proteinin HSN1 HPAI was also shown to be critical for transmission
in ferrets (93, 280-283).

1.8.2 Multi-basic cleavage sites

In addition to HA-sialic acid binding, key to viral fitness is the presence of a multi-basic
cleavage site (MBCS), which has been shown extensively with H5N1, that the presence of a
MBCS often dictates the use of the term HPAI (284, 285). The presence of aMBCS in the HA
of influenza A viruses allows HA cleavage by additional enzymes such as furin-like proteases,
whereas without a MBCS, the virus relies on only trypsin-like proteases (286). This flexible

range of enzyme activity results in the virus being able to infect a greater range of cells and
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can lead to systemic infection (284, 285, 287). Though commonly associated with H5N1, this
motif is seen in other avian-infecting HPAI viruses such as H7N3, however these strains are
less frequently transmitted to humans (55, 288). Interestingly, LPAI can also acquire MBCS
motifs, changing the pathogenicity of the virus from low to high, such as in the case of an
H7N8 outbreak in Turkey in 2016, where a LPAI virus caused a severe outbreak in the poultry
due to the spontaneous addition of aMBCS, leading to over 800 bird deaths (289). However,
the addition of a MBCS does not guarantee a LPAI virus to increase its pathogenicity, as
recombinant H5 and H7 viruses do not exhibit HPAI pathology in chickens specifically due to
the addition of a MBCS (290), which suggests that these motifs are one of many factors
contributing to HPAI pathogenesis. H7N9 has also been shown to be able to obtain a MBCS
to become highly pathogenicin chickens (291). Imai and colleagues (2017) showed increased
disease severity of a MBCS-containing H7N9 virus in the ferret model compared to a LPAI
H7N9 virus (54). However, H7N9 will still cause severe disease without a MBCS in most
human cases, highlighting how unique this virus is in the Al landscape for its ability to show
HPAI-like symptoms in mammals, while maintaining low pathogenicity in birds. Similarly for
H5NXx viruses, several additional changes in the H5 HA protein, such as an N158D mutation,
also allow greater replication of the virus in ferrets without the need for a MBCS, which
combined with reassortment with human-adapted H1N1 gene segments shows the potentia
for these viruses to not only cross into humans but cause severe, sustained human infection
without systemic spread (292). This, coupled with H7N9’s ability to cause severe disease
without the requirement of a MBCS, suggests that while the MBCS still acts as akey virulence
factor for Al viruses, it is not a sole-determining factor for HPAI in humans.

1.8.3 Non-structural protein 1 (NS1)

Another key virulence factor elucidated in recent years is the ability of the non-structura
protein 1 (NS1) to aid viral escape in the host immune system. In avian hosts, NS1 has been
associated with worsened pathology through increases in INOS and oxygen-reactive species

for both LPAI HON2 (293) and HPAI H5N1 (294). However, in contrast in mammals, the NS1
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protein has been more closely associated with inhibition of host interferon (IFN) responses.
Jia and colleagues (2010) showed that the H5SN1 NS1 protein inhibits IFN production through
interference with the JAK/STAT pathway. They found that expression of NS1 in HelLa cells
prevented STAT phosphorylation and upregulated inhibitors of this pathway to prevent
expression of IFNAR and SOCS3 proteins, which generally upregulate IFN expression (295).
Furthermore, a naturally occurring deletion in the HSN1 NS1 effector domain can attenuate
the virulence of the virus in both chickens and mice, suggesting that this protein is critical in
the ability of HSN1 to suppress host immune antiviral responses across hosts (296). The
pathogenicity of HSN1 in mice is also affected by the NS1 protein, as a single mutation (P42S)
conferred greater pathogenicity to the virus by preventing nuclear factor-kB (NF-kB) and
interferon-regulatory factor 3 (IRF3) signalling, and thus inhibiting IFN responses (297).
Interestingly, in cats the NS1 protein can be associated with blocking NF-kB and IRF3
signalling in response to the emerging HPAI H5NG6 virus, with inhibition of the IFN -3 promoter
blunting the feline IFN response (298), suggesting that NS1 may have different ways of
interacting with influenza hosts across species to produce similar immune suppression. On
the other hand, Thube and colleagues (2018) investigated the IFN responses of HPAI H5N1
compared to LPAI H11N1 and suggested that decreased interferon signalling occurred
independently of NS1, suggesting other viral elements can also induce a reduced antivira
state in cells (299). It is worth noting that while the NS1 of LPAI H7N9 is inefficientat binding
to CPSF30 (involved in pre-mRNA processing), a single 1106M mutation restores CPSF30
binding to NS1 thereby blocking the expression of host antiviral genes. This renders the virus
more virulent than other LPAI infections (300), which may explain why H7N9 causes more
severe disease in humans compared to other LPAIs. These results also highlight inhibition of
IFN-activation pathways as an important viral factor in preventing host-immune responses to

infection, allowing for more productive infection and potentially more severe clinical outcomes.
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1.9 Host factors contributing to worsened disease progression

1.9.1 Immunodeficiency

Broad immunodeficiency can lead to worsened pathology and disease outcomes in humans
and animals. For example, immunocompromised patients who contract LPAI viruses such as
HINZ2 suffer severe respiratory distress, and though many of these LPAI remain mild even in
immunocompromised patients, HIN2 induces stronger cytokine responses than seasonal
influenzaviruses (301, 302). These trendsare also observed in avian hosts, in which Nili and
Asasi found that chickens co-infected with other pathogens such as M. gallisepticum showed
worsened clinical signs such as severe necrotizing tracheitis, leading to a 19% mortality in the
flock (303, 304). Therefore, itis apparent that both the host and pathogen can contribute to
perturbed inflammation and severe disease outcomes.

1.9.2 MHCinteractions with influenzavirus

The interaction between influenza virus peptides and major histocompatibility complex
(MHC) moleculesis a key host-pathogen interactionaffectingthe outcome of disease following
initial infection. Different HLA subtypes confer different levels of susceptibility to influenza A
viruses, as not all HLA subtypes respond to influenza peptidesin the same way. For example,
human populations expressing HLA-A*02:01 can elicit strong, cross-protective CD8* T cell
responses following presentation of the internally conserved M1ss-66 epitope (305-308); this
epitope is one of the most immunogenic influenza peptides observed in humans with HLA-
A*02:01 being the most common HLA alleles expressed worldwide (305). Moreover,
individuals lacking common HLA alleles may be at greater risk of influenza A infections, such
as those carrying the HLA-A*24:02 allele, associated with increased mortality in individuals
infected with pandemic HLN1 virus (309). Indigenous populations in particular are susceptible
to influenza A due to a lowered prevalence of protective HLA variants towards these viruses
(308). Wang and colleagues (2015) suggest that for Al viruses such as H7N9, MHC-
interactions with internally conserved epitopes from other influenza A strains, such as
pandemic HIN1, may explain why some populations show greater immunity through cross-
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reactive CD8* T cell responses than others (100). However, some H7N9 peptides may have
cross-conservation with human host proteins that the immune system recognises as “self’,
leading to an attenuated immune response to the virus and thus worsened disease
progression due to T cell-mediated tolerance (310).

Interestingly, chickens show a restricted repertoire of MHC alleles compared to other
species, and these haplotypes themselves are poorly characterised. As such, a few studies
have been conducted into characterising T cell epitopes in response to H5N1 infections, one
such study predicting 25 potential T cell epitopes in the nucleoprotein (NP) of HSN1 in four
haplotypes (311). More recently, experiments into epitopes of a specific haplotype, BF2*15,
further characterized NP epitopes that may lead to protective immunity against H5N1 (312).
This limited repertoire may explain why chickens show more severe clinical outcomes due to
HPAI such as H5N1 compared to waterfowl, as ducks show extensive diversity in their MHC
Class | alleles which allows the immune system greater coverage for viral variation (313). A
recent investigation into duck MHC class | molecules found that the duck Anpl-UAA*0O1
complex showed similar peptide binding properties to HLA-A*02:01 in humans and as such
appears to cover a greater array of influenza A virus epitopes compared to similar chicken
MHC molecules such as BF2*2101 (314). Furthermore, migratory shorebirds which act as
reservoirs for Al viruses (in particular LPAI HIN2) show increased diversity in their MHC
alleles, likely as a mechanism for protecting against foreign pathogens that may be
encountered during migration. A study in red knots found high MHC diversity with 36 alleles
detected across 8 birds, which when correlated to their low prevalence of shed Al virus and
high antibody titres to Al viruses, they could mount effective immune responses towards these
viruses, possibly via cytotoxic T lymphocyte responses recognising novel peptide/MHC
complexes (315). Based on a culmination of human and animal evidence, the interactions
between the various pathogen and host factors contributing to human influenza severity are
summarised in Figure 1.5. The next section will discuss one of these host factors in more

detail, the interferon-induced transmembrane (IFITM) protein family.
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Figure 1.5. Mechanisms leading to severe clinical outcomes involve both host and
pathogen elements
A number of factors have been elucidated to contribute to the severity of influenza disease outcomes.

This includes viral fitness elements, such as the presence of a multi-basic cleavage site (MBCS),
mutations to the polymerase basic 2 (PB2) genes, as well as the presentation of the HA protein capable
of binding to human sialic acids. These viral fithess elements work in-concert with host factors such as
modified IFITM proteins, with reduced ability to combatthe virus and MHCI diversity which can or cannot
present the antigen appropriately and efficiently to host T cells. Ultimately, these and other elements
lead to changes in production of key cytokines as well as cellular activation that drives inflammation,
cell death, and clinical manifestation of disease.

1.10 Interferon-Induced Transmembrane Proteins

1.10.1 IFITM protein family

IFITM proteins, which are key antiviral factors, are a family of transmembrane proteins that
are stimulated by the presence of elevated interferon levels, which they themselves are
regulated by interferon stimulated genes (ISGs) (Figure 1.6a). Thus, many respiratory viruses
attempt to dampen the IFN response to evade these anti-viral factors (316, 317). IFITM
proteins, mainly IFITM1, IFITM2 and IFITM3, are small transmembrane proteins, with a
conserved structure of two transmembrane regions and a conserved intracellular loop (Figure
1.6b), with all mammalian IFITMs having the same AYSVK and ASTAKCLN motifs at the
transmembrane boundaries, suggesting that these residues are critical for IFITM localization

in the membrane (318, 319). While the transmembrane and intracellular regions are
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conserved, the exact topology of the N- and C-terminus regions is unclear, as despite protein
prediction models suggesting the regions are extracellular, topology models for IFITMsin both
humans and mice have indicated that IFITM3 may possess an intracellular N-terminus domain
(320), yet mouse IFITM1 may have two intracellular domains at its N- and C-terminals (321).
The three proposed models of IFITM topology are displayed in Figure 1.6c. Furthermore,
IFITM1 has been shown to localise to the cell surface, whilst IFITM2 and IFITM3 are more
commonly localised in endosomal membranes, allowing IFITMs to potentially affect viral entry
at multiple entry sites (322).

(a) (b) Human IFITM1

Pre-IFN stimulation:

Virus .
IFITM3 e

Lysosome

Post-IFN stimulation:

RSN

Figure 1.6. IFITMfunction and structural overview

(a) IFITM proteins (inthis example, IFITM3), though presentat lowlevels priorto IFN stimulation, initially
are unable to completely block viral infection. However, following IFN stimulation, higher levels of
expressed protein are able to successfully prevent viral endosomal escape, allowing for lysosomal
destruction of the viral particle. (b) All mammalian IFITMs, such as human IFITM1 seen above, have
conserved domains in their protein structure. Each protein has two transmembrane domains (red)
surrounding a conserved intracellular loop (green), as well as an N- and C-terminal domain (blue). (c)
There are three suggested topology models for IFITMs: the first is extracellular N- and C-terminal
domains as often predicted by hydrophobicity plotting; the second is an external C-domain and intemal
N-domain; and the third is two intracellular domains.
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1.10.2 IFITM function

The IFITM proteins can interfere with viral entry to the cytosol via cell membranes (323), with
Brass and colleagues (2009) showing that over-expression of human IFITMs 1, 2, and 3
effectively blocked infection with several influenza A pseudoviruses (retroviruses expressing
influenza surface proteins), including those enveloped with H5 and H7 proteins (324).
Moreover, IFITM3 specifically localises to the endosomes due to phosphorylation of the Y20
tyrosine residue, enabling it to intrinsically target pH-dependentviral pathways such as that
seen with influenza A viruses (325).

The IFITM3 molecule can play a significantrole in mice and human influenzavirusinfections.
T cells purified from mice inoculated with influenza antigen showed higher proportions of
IFITM3 expression in the lungs due depletion of IFITM3-deficient cells, leading to the
development of a more robust lung tissue-resident memory CD8* T cell response as well as
a longer duration of response even following abatement of the IFN-a response due to the
continued expression of IFITM3 (326). Furthermore, a study by Shi and colleagues found that
SARS-CoV-2 is restricted by all of IFITM1, IFITM2, and IFITM3 in a similar way to other
coronaviruses (327, 328), though there is evidence to suggest that some coronaviruses,
including SARS-CoV-2, may have their entry enhanced by these proteins early in infection
due to interactions between CoV-S protein and the IFITMs enabling viral entry (329), with a
study by Bozzo and colleagues finding knockdown of these genes enhanced viral infection
despite over-expression showing increased restriction (330). These results show the multi-
faceted interactions between respiratory viruses and IFITMs, and how these proteins can be
risk factors for disease. Whilst much of the research into IFITMs has primarily focussed on
influenza viruses, recent studies have also investigated how these proteins interact with

SARS-CoV-2 virus in a human setting.

1.10.3 IFITM mutations

A single nucleotide polymorphism (SNP) in the IFITM3 gene, rs12252-C, has been shown to
strongly correlate to worsened disease progression, as this SNP leads to a truncated splice-
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variant that affects the protein’s ability to localise to the membrane (331, 332). This IFITM3
rs12252-C SNP was associated with severe hypercytokinemia and worsened disease
progression in H7N9-infected hospitalised patients (333). In support, Zhang and colleagues
(2013) showed that the rs12252-C mutation correlated to severe seasonal HIN1 influenza
cases in Chinese populations where the mutation appeared in higher frequencies (332, 333).
This trend was also seen in cases of SARS-CoV-2, where a study found the risk allele to
correlate with worsened disease outcome in an age-dependent manner (334). However,
studies have shown that while this SNP does affect IFITM3's ability to localise, restriction of
the virus may continue with the variant protein or with a Y20A mutation to affect the localisation
of the full protein (335). Furthermore, arecent study by Makvandi-Nejad and colleagues (2018)
found that primary cell lineshomozygousfor the rs12252-C SNP expressed the non-truncated
MRNA transcript and thus expressed the wild-type IFITM3 protein at levels greater than 99%
when compared to the truncated versions (336), which may provide insights into why the
rs12252-C mutation appears not to act as a significant risk factor in Caucasian populations,

but perhaps in the Chinese patients.

Moreover, an additional SNP has recently been identified, rs34481144-A, which affects the
promoter forthe IFITM3gene, resulting in lower IFITM3 expression compared to hosts without
the mutation. Interestingly, both the rs12252-C and rs34481144-A mutation were found to be
non-overlapping in one study, as the risk allele for one was inherited with the protective allele
of the other, suggesting a multifaceted IFITM response to influenza A viruses (337).
Regardless, this risk allele has been identified as a potential factor in increased susceptibility
to severe COVID-19 of some ethnic groupsin the UK (338), whilst another mutation rs6598045
was identified by Kim and Jeong as being correlative with worsened disease progression on
a global population scale through metagenomic analysis (339). As such, it is clear that these
genes are of critical importance in determining the disease outcome of many respiratory
viruses, so understanding how they work in both humans and their animal models is highly

important in understanding how to combat these pathogens.
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1.104 IFITM function across species

IFITMs have been studied in a number of species, with IFITMs classified in mice and pigs,
as well as in gallinaceous birds (340). IFITM1 and IFITMS3 distribution in mice has been
investigated in the context of HON2 infection, with increased restriction of virus entry into host
tissues due to upregulation in the lungs and peripheral tissues of BALB/c mice following
inoculation. Interestingly, when infected with a HION2 strain with higher pathogenicity and
ability for systemic spread due to a K627E mutation (rVksz7e) in the viral PB2 protein, compared
to the wild-type strain, IFITM3 was upregulated accordingly in the brain of rVkezze-infected
mice to combat this virus’ ability to cause viral encephalitis (341). IFITM3 responsesto H5 and
H7 proteins have also been assessed in pigs and bats, with both these HA subtypes showing
restricted entry due to the action of these IFITM3 proteins (342), suggestive of the broad action
of IFITM molecules across species known to contract and potentially disseminate Al viruses.
How IFITMs restrict Al viruses in “mixing vessel” species (i.e. pigs and bats) suggests that
these proteins may have a key role in preventing the spread of human-infecting Al viruses
through these routes, as well as contributing to these species showing lessened pathology
compared to other mammalian species.

The role of IFITMs against Al viruses in avian species has not been clearly defined,
though a study by Smith and colleagues (2013) has shown that chicken IFITM3 (which is
“human IFITM1-like”) similarly restricts H5 and H7 expressing viruses (343). However, when
chickens were infected with H5SN1, expression of IFITM molecules was not highly upregulated
compared to other human-infecting seasonal strains such as HLIN1, with IFITMs showing the
weakest inhibiting effect against H7N9 (344). Hence, IFITM expression in chickens appears
to be limited and does not vary greatly whether the virus is of low or high pathogenicity.
Conversely, the IFITM expression profile observedin ducks is far more robust and variable
between viral strains, whereby infection with LPAI H5N2 virus was reported to consistently
cause a three-fold increase in IFITM1, 2, and 3 expression levels in the lungs and ileum on

day one post-inoculation, whilst infection with the HPAI H5N1 virus caused up to a 93-fold
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increase in IFITM3 expression in the lungs in a similar time frame (345). Therefore,
understanding the differences in variable IFITM expression, and the reasons why chickens
mount a lesser IFITM response to influenza viruses, may prove pivotal in understanding why
some hosts succumb to HPAI infection whilst others survive. As such, understanding how
these immune genes work within their disease models is of critical importance to having as

high quality a model as possible.

1.11 Theferret model of humanrespiratory disease

1.11.1 Ferret suitability as amodel of human disease

In order to gain a greater understanding of the multifaceted disease caused by respiratory
viruses, animal models are used to replicate human infection. The ferret model of respiratory
viruses, particularly influenzaviruses, has become a gold standard animal model since its first
use in the 1930s (346). Despite being more difficult to manipulate and house compared to
mice due to their size and temperament, the ferret has distinct physiological advantages over
the mouse model (Table 1.1), as ferrets show much more similar clinical signs frominfluenza
virus infection to humans compared to mice (346, 347). Ferrets exhibit human-like clinical
signs such as fever, sneezing and nasal discharge (348, 349). Moreover, ferrets can be
infected with human-infecting influenza strains, as opposed to mice which require adapted
viruses, and can also readily transmit virus between animals (346, 350). This is due to the
ferret respiratory tract having very similar distribution of a-2,6-Gal terminating sialic acid
receptors to humans, allowing for a similar pattern of infection in the respiratory epithelium
(351). As such, the ferret model is commonly used for pathogenesis and transmission studies
fornoveland zoonoticrespiratory viruses, such as AlV and novel coronaviruses (93, 145, 348,

352).
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Table 1.1. Clinical advantages of the ferret model of influenza infection compared to
the mouse model

Clinical Feature Ferrets Mice Reference(s)
Fever v X (348)
Nasal discharge v X (348, 349)
Coughing/sneezing ./ X (349, 350)
Malaise/lethargy v v (350)
Weight loss v v (353)
Hypercytokinemia N4 V4 (354-356)
Airborne viral s X (350, 357)
transmission

Sialic acid v X (351, 358)
distribution

1.11.2 Ferret cellularimmunology

While the ferret model has provided ample results for transmission studies, knowledge of the
ferret cellular immune response is still relatively unstudied. Husbandry requirements and a
general lack of reagents for ferrets limits the scope of experimental research using these
animals to date. These issues are exacerbated by Biosafety Level 3 or 4 (BSL3/4)
requirements for pathogens such as novel viruses, which make immunological experiments in
ferrets difficultto undertake. As aresult, ferret cellular immunology is still adeveloping field of
research even in the context of influenzaviruses, with only a handful of studies investigating

changes in leukocyte populations following influenza virus infection (359-361). Music and
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colleagues (2016) assessed the changes in leukocyte subsets following infection with a H3N2
virus strain in the blood across a 5 day infection trial, with this study identifying transient
lymphopenia of CD4*+ and CD8* cells, and relative increases of CD11b* cells in the blood of
infected ferretsatday 2 post-infection (361). However, while B cell subsets have rudimentarily
been assessed either through cross-reactive antibodies or, in rarer cases, through the
generation of ferret-specific antibodies (362), the classification of antigen presenting cells in
the ferret has not yet been conducted. While these studies often speculate at what certain
populations may be, such as CD11b*MHC-II° populations being likely dendritic cells or
granulocytes (359), further analysis and development of ferret-specific, or even yet to be
determined cross-reactive, antibody panels are required to elucidate the immune cell subsets

of the ferret in more detail.

1.11.3 Ferrets as avaccine model

Outbredferret populations give amore accurate representation of the genetic variability seen
in human populations compared to clonally inbred mouse colonies. However, the ferret
genome is poorly annotated with many common anti-viral genes, such as IFITMs and Mx (363,
364), have not been classified in the ferret model. While studies have worked to elucidate the
sequences and functions of pro-inflammatory factors in the ferret (365, 366), cell-associated
mediators of immunity require further investigation to extend our knowledge of this animal

model.

Despite these shortcomings from an immunological perspective, the ferret model
remains a valuable model for testing vaccine candidates against both seasonal and emerging
respiratory viruses (367-369). The ferret model was used to assess vaccine candidates to the
A(H1N1)pdmO09 outbreak (370), and has also been used to assess vaccine options against
emerging avian influenza strains such as H5N1 (369, 371, 372). In these studies, vaccine
efficacy was typically assessed via reductions in clinical signs and morbidity, viral shedding
and transmission, as well as seroconversion to produce a protective antibody response
against the viral antigen tested. Given the high impact that these respiratory viruses have on
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a global scale, itis therefore important to gain critical information on how these viruses interact
with their host in the best available model, as increasing our understanding of the ferret model
will not only benefit future studies, but may assist in deciphering the immune responses that

are important for future pandemic viruses.
1.12 Studyrationale & research aims

Building an understanding of how respiratory viruses interact with their hosts is critical to
planning for future pandemic outbreaks. The ferret model is used as an animal model of
human respiratory viruses, allowing for research into how these potentially deadly viruses
interact with the mammalian immune system and cause disease. This PhD thesis used this
model to gain insight into how severe respiratory pathogens such as avian influenzaviruses
and SARS-coronaviruses impact the cellular immune responses in mammals, as well as how
vaccination may change these immune dynamics. Furthermore, classification of innate cellular
factors adds to our knowledge of this model, to improve the model for use in future studies for

disease preparedness.

Specifically, the aims of my PhD thesis were to:

1. Investigate the cellular immune response to H7N9 AlV in the ferret model.
2. Investigate the cellular immune response to SARS-CoV-2 in the ferret model, and the
impact that a novel vaccine candidate has on the immune system.

3. Identify and characterise the IFITM gene family in the ferret model.
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Chapter 2: Materials & Methods

2.1 Materials
2.1.1 Media & Buffers

Ferret Lung Epithelial (FRL) Media: Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 2mM L-Glutamine, 10 U/mL penicillin/streptomycin, Non-Essential Amino
Acids (1x), 0.5mM B-mercaptoethanol, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) and 10% Heat-Inactivated Foetal Calf Serum (HI-FCS) (all Gibco, Thermo Fisher
Scientific, Waltham, MA, USA).

2x Freezing Media: For freezing of FRL cell lines, HI-FCS was supplemented with 10%
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, MO, USA). For freezing of samples at PC3, DMEM
was supplemented with 40% HI-FCS and 20% DMSO.

FACS Buffer: Phosphate Buffered Saline (PBS) with 2% HI-FCS and 0.02% sodium azide
(Sigma-Aldrich).

2X Leibovitz L-15 Media: 27.4g of Leibovitz L-15 medium powder (Gibco), 8ml/L of 7%
NaHCO3 (buffered in Hanks Buffered Salt Solution (HBSS), Melbourne Diagnostics Unit),
800uM HEPES (pH6.8), 200U/ml penicillin and 200ug/ml streptomycin (all Gibco) in 1L Baxter
water (Baxter Healthcare, Old Toongabbie, NSW, Australia).

Plague Assay Overlay Media: Equal volumes of 2xL15 mediaand 1.8% (w/v) Type | agarose
(Sigma-Aldrich) in Baxter water, supplemented with 2ug/ml Trypsin Worthington (Worthington
Biochemical Corporation, Lakewood, NJ, USA).

SARS-CoV-2Propagation Media: DMEM supplemented with 2%foetal bovine serum (FBS),
10 mM HEPES, 100 U/mL penicillin, 100 ug/mL streptomycin and 250 ng/mL amphotericin.

2.1.2 Celllines

The cell line used in Chapter 5 were ferret lung epithelial cells (FRL), which were explanted
and transformed by infection with Adenovirus 5 (ATCC, Manassas, VA, USA). The
transformed FRL epithelial cells were propagated and cloned by limiting dilution. The FRL
cells were given by Assoc. Professor Tuck-Weng Kok (University of Adelaide) for this study.
FRL cells were cultured in FRL media in T75 flasks and were passaged every 3-4 days as
required using trypsin (Gibco).
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Madin-Darby Canine Kidney (MDCK) cells were used for plaque assays performed in
Chapter 5. The cells were from laboratory stocks at The University of Melbourne and were
originally sourced from the American Type Culture Collection (ATCC).

Vero E6 cells (BEI Resources, Manassas, VA, USA) were used for the growth of SARS-CoV-
2 virusin Chapter 4. The cellswere fromlaboratory stocks at the Australian Centre for Disease

Preparedness (ACDP) and were originally sourced from the AT.

2.1.3 Virus strains

All viruses used in Chapters 3-5 are listed below in Table 2.1.

Table 2.1 Virus strains

VIRUS VIRUS SPECIES CHAPTER USED SOURCE
A/Anhui/1/2013(H7N9)  Influenzavirus 3 WHO CC*
SARS-CoV-2 hCoV- _
_ Coronavirus 4 VIDRL?
19/Australia/VIC01/2020
A/WSN/1933(H1N1) Influenzavirus 5 WHO CC
A/Puerto
. Laborator
Rico/8/1934(H1N1) Influenza virus 5 y
stocks
(PR8)
A/Hong
Laborator
Kong/1/1968(H3N2) Influenzavirus 5 y
stock3
(X31)

1World Health Organisation Collaborating Centre, Melbourne, VIC, Australia
2 Victorian Infectious Diseases Reference Laboratory, Melbourne, VIC, Australia

8 Originallyfrom Departmentof Immunology, St Jude Children’s Research Hospital, Memphis, TN, USA.

Influenzaviruses were propagated by allantoic cavity inoculation of specific-pathogen-free
(SPF) embryonated chicken eggs between days 9-11 of embryogenesis, as carried out by
members of the Health & Biosecurity team at ACDP or Kedzierska laboratory members at the
University of Melbourne. Propagation of virus occurred over 10-11 days before virus stocks
were titrated in chicken eggs and the 50% egg infectious dose (EIDso)/mL calculated according
to Reed and Muench (373).
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SARS-CoV-2 propagation was performed in Vero E6 cells (BEI Resources, Manassas, VA,

USA) in SARS-CoV-2 Propagation Media. This was done under PC4 conditions by me mbers

of the Dangerous Pathogens team at ACDP.

2.1.4 Antibodies

Antibodies used in Chapters 3 and 4 are listed below in Table 2.2.

Table 2.2 Antibodies for flow cytometry

CATALOG
ANTIBODY MANUFACTURER CLONE FLUOROCHROME
Made in- Kent Laboratory, The )
CXCR5 ] ) CO05 Unconjugated
house University of Melbourne
WS0525F-  Kingfisher, St.Paul, MN, )
MHC-II CAT82a Unconjugated
100 USA
Made in-
CD4 CSIRO TIAL PE
house
Made in- Kent Laboratory, The
PD-1 ) ) CL1 AF647
house University of Melbourne
CD8 56-0086-42 ThermoFisher OKT1 AF700
T/B Becton-Dickinson, Franklin
561529 GL7 AF647
ACTIVATION Lakes, NJ, USA
618-102-
IG Rockland, - FITC
130
CDh14 555398 Becton-Dickinson M5E?2 PE
CD11B 557686 Becton-Dickinson M1/70 APC
3112-71- Mabtech, Stockholm,
IFNIC MTF14 AF488
100T Sweden
BioLegend, San Diego, CA,
CD79A 333508 HM47 PerCP-Cy5.5
USA
A/NP ab20921 Abcam, Cambridge, UK 431 FITC
SECONDARY
ANTIBODIES:
GOAT ANTI- | A11001 Invitrogen - AF488
MOUSE IGG
(H+L) CROSS-
ADSORBED
SECONDARY
ANTIBODY
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SAV-

405225

BRILLIANT
VIOLET 421

2.1.5 Primers and probes

BioLegend =

BVv421

Sequencesforthe primer/probe sets used for cytokine analysis in Chapter 3 were taken from

Carolan etal. (365), and were synthesized by Integrated Design Technologies (IDT, Integrated

Design Technologies, Inc., Coralville, IA, USA). The sequences of these primer/probe sets are
listed below in Table 2.3.

Table 2.3 qPCR primers and probes for ferret cytokines

GENE
GAPDH
IFNa
IFNB
IFNy
IL-18
IL-6
IL-8
IL-10
MCP1

TNFa

Sequence 5’ > 3’
FORWARD (FWD)

TGCGGCCAAGGCAGTAG

TCCATCCTGAGGAACTACTTCCAG

ATATTTCTCCACCACGGTICTIG

AACTGGAGAGAGGAGAGTGACAAAA

CCTGGTGCTGTATAACTCGTATGAG

GCAGAGAACAACCTAAATCTTCCAA

GGCACCTTGCATCAACATGA

GCTGCGGCGCTGTCA

GCAGCAAGTGTCCCAAAGAAG

TGCCATCAGACGGGCTGTA

PROBE

CTGAGCTGAATGGGAAG

GAATCTCCCTCTATCTGC

AACTATAACTTACTTCGATTCCA

TCTCCTTCTACTTGAAACTGT

TCGGGCGCTCCAC

CTGGCAGAAGAGGAC

TTCCAAGCTGGCTGTTG

CTCCACCGCCTTGCTCTTAT

ATCCTCAAGACATTCCT

CTTATCTACTCGCAGGTCC

REVERSE (RVS)
AGGCCATGCCAGTGAGCTT
AGGCACAAGGGCTGTATTGC
ACTCCACACTGCTGCTGCTTAG
GTCTTCCTTGATGGTATCCATGC
TTGGTTCACACTAGTTCCGTTGA
TGATTGAATTGAGACTGGAAGCA
AAGCAGGAAAACTGCCAAGAGA
CGATTTCTGCCCTGTGAG
GACTGGGGTCAGCGCAGAT

ACATCCTCGGCCCTTGAAG

Primers designed from IFITM sequences in Chapter 5 are listed belowin Table 2.4. These

primers were synthesized by IDT and reconstituted in DNAse-free water (Promega, Madison,

WI, USA).
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Table 2.4 PCR primers for IFITM sequences
Sequence 5 > 3’

GENE FORWARD REVERSE

IFITM1 ATGGTCAAGGAGAACACGGTGG TTAATGGTAGCCACCACTCTCC
IFITM2 ATGAGCCACAACGCCCAG TCAGTCACACGCACACATAC
IFITM3 ATGGAGACCCCCCAGACCTTG CTAGTAGCCTCCATGCTGTCTG

Primer/probe sets for detection of ferret IFITM transcripts in Chapter 5 were designed and
synthesised by ThermoFisher Scientific (Thermo Fisher Scientific, Waltham, MA, USA), with

the sequences of these primers and probeslisted below in Table 2.5.

Table 2.5 qPCR primers and probes for IFITM sequences
Sequence 5’ > 3’

GENE FORWARD PROBE REVERSE
IFITM1 GCCAAGTGCCTGAACATCTGT CTGACCACTGTATCTGTTGT GCCACCACTCTCCTTCATAACC

IFITM2 CAACGCCCAGCCCTTCT CCCTGATACCCACGCCG TCCTCCTTGAGCATCTCGTAGGT

IFITM3 GGGCCTCCTGCTGACCAT CGTTCATCATCCTTTTTGTCA CGGAATCATCAGCGATCCA

2.2 Methods for ferret studies

Ferret animal studies were carried out in PC3 or PC4 biocontainment conditions for both the
H7N9 and SARS-CoV-2 experimentsin Chapters 3 and 4, with PC4 work carried out by trained
staff members at ACDP. Once samples had either beenfixed in a4% paraformaldehyde (PFA)
or lysed in a lysis buffer compliant with the correct bio-risk management strategy for viral
inactivation (such as RLT bufferin the RNA extraction kits), experiments could then be

undertaken safely in PC2 conditions.

Sections 2.2.1, 2.2.2, 2.2.6 and 2.2.7 are described in the Methods section in Chapter 3 as a

published article in Frontiers in Immunology.
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2.2.1 Ferretviral challengestudy (H7N9)

Fitch ferrets that were approximately 6 months of age (CSIRO Werribee Animal Facility) and
serologically negative by hemagglutination inhibition (HI) assay for H7N9 were used in this
study. Prior to initiation of the study, all ferrets were free from signs of clinical disease. Body
temperatures were measured using animplantable subcutaneous microchip (Destron Fearing,
Delray Beach, FL, USA). Baseline body weights and temperatures were obtained for three
consecutive days before challenge (i.e. day -3, -2 and -1) and on the day just prior to the
challenge (day 0).

Six ferrets were infected intranasally with 1 x 106 EIDso of virus diluted in 0.5 mL of sterile
PBS, and four ferrets were mock-infected with an equivalent dilution of allantoic fluid collected
from SPF chicken eggs in sterile PBS as non-infected controls. Following viral challenge,
ferrets were monitored daily for body weight, temperature, and clinical signs of illness
(including sneezing, lethargy, nasal discharge, diarrhea and neurological dysfunction) for the
duration of the study. Blood samples were collected every second day. Animals were
anesthetized with ketamine/xylazine, and blood samples of 200-250 yL were taken from the
jugular or axillary vein on days 1, 3, 5, and fromthe heart at the time of euthanasia for the
terminal bleed. For virus titration, nasal washes were collected on days 1, 3, 5 and upon

euthanasia, as described previously (374, 375).

All ferrets were euthanised on day 7 (study endpoint) or earlier due to ethical endpoints
(=210% weight loss or escalation of clinical signs). All procedures described here were
reviewed and approved by the Commonwealth Scientific and Industrial Research Organisation
(CSIRO), Australian Animal Health Laboratories (AAHL) Animal Ethics Committee
(AEC#1861) and were performedin accordance with the Australian Code for the Care and
Use of Animals for Scientific Research (8" Edition 2013).

2.2.2 Histopathology of tissues from H7N9-infected ferrets

Histological analysis of ferret tissues following infection was performed by John Bingham
and Jean Payne (CSIRO ACDP) as previously described (376). Tissues were fixed in 10%
neutral-buffered formalin for at least 24 hours, processed into paraffin wax, cut and stained
using haematoxylin and eosin for examination for histopathological lesions. Consecutive
tissue sections were stained in an immunohistochemistry (IHC) test for influenza A virus
nucleoprotein (376).
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2.2.3 RNA extraction

RNA was extracted from ferret tissue samples using a RNeasyPlus kit (Qiagen, Hilden,
Germany) as per manufacturer’sinstructions forthe H7N9 trial. Briefly, cells were pelleted and
lysed using RLT lysis buffer, and then 70% ethanol was added. RNA was bound to a column
and washed using RW1 and RPE buffers, before elutionin 30 uL RNase-free water. RNA
extraction for the SARS-CoV-2 ferrettrial was performed using the MagMAX™-96 Viral RNA
Isolation Kit lysing/binding solution, then RNA was extracted as per the manufacturer’s
instructions using the KingfisherFlex magnetic particle processor (ThermoFisher Scientific).
Briefly, RNA fromthe lysed cells is bound to the magnetic beads in the kit, washed in Wash
Solutions 1 and 2, and then eluted in the kit elution buffer.

2.2.4 cDNA synthesis from ferret RNA
RNA from the H7NO ferret trial was converted into cDNA using SuperScript™ Il First-Strand
Synthesis SuperMix (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) as per kit

instructions by setting up the 2-step cDNA synthesis mastermixes for incubations on the
Biorad T100 Thermal Cycler (Biorad, Hercules, CA, USA) (Table 2.6 and 2.7).

Table 2.6 cDNA synthesis stepone

REAGENT VOLUME x1 REACTION (uL)
RNA 1
Random Hexamers 1
Annealing Buffer 1
RNase-free water 5

Incubate on thermocycler for5 min at 65°C.

Table 2.7 cDNA synthesis step two

REAGENT VOLUME x1 REACTION (uL)
2X First-Strand Reaction Mix 10

Enzyme Mix 2

TOTAL 20

Run on thermocycler with the following protocol for 10 min at 25°C, 50 min at 50°C, and then
10 min at 85°C. The reaction was then held at 4°C.
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2.2.5 Quantitativereal-time PCR (QRT-PCR)

Relative expression of ferretimmune genes was assessed using a StepOne Plus™ Real-
Time PCR System and the comparative threshold cycle (Ct) method according to
manufacturer’s instructions (Applied Biosystems, Foster City, CA, USA), using the
primer/probe sets described in Table 2.3. If the assay used cDNA, Applied Biosystems
TagMan Universal PCR MasterMix (Applied Biosystems) was used in areaction as described
in Table 2.8, using a StepOne Plus™ Real-Time PCR System (Applied Biosystems) and the
comparative threshold cycle (Ct) method according to manufacturer’sinstructions. If RNAwas
to be used for transcript analysis, gPCRs were set up using an AgPath-ID™ One-Step RT-
PCR Kit (ThermoFisher Scientific), with the protocolin Table 2.9. Samples were plated and
centrifuged, then loaded onto the StepOne or QuantStudio 6 Flex Real-Time PCR machine
(both ThermoFisher), with Fluorescein amidite (FAM) dye used as the reporter and

carboxyrhodamine (ROX) used as a passive reference dye.

Table 2.8 Quantitative Real-Time PCR protocol for transcript assessment using cDNA

REAGENT VOLUME x1 REACTION (pL)
2X TagMan Universal MasterMix 12.5

Nuclease-free water 7.5

10X FWD Primer 1

10X RVS Primer 1

10X Probe 1

cDNA 2

TOTAL 25

Run with the above protocol for 50°C for 2min, 95°C for 10min, and then for 45 cycles of 95°C

for 15sec and 60°C for 1min.
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Table 2.9 One-Step Real-Time PCR protocol for transcript assessment using RNA

REAGENT VOLUME x1 REACTION (uL)
2X RT-PCR Buffer 12,5

Nuclease-free water 10.2

100X FWD Primer 0.1

100X RVS Primer 0.1

100X Probe 0.1

25X Enzyme Mix 1

RNA 1

TOTAL 25

Run with the above protocol for 50°C for 2min, 95°C for 10min, followed by 45 cycles of 95°C
for 15sec and 60°C for 1min.

Relative gene expression was calculated using mean values obtained from AACt. These Ct
values were fitted to atheoretical standard curve equation n = 10(¢-Cn-3-32 'where nis the copy
number, Ctis the Ct value obtained from the gPCR run, and Cn is the cycle number in the run
procedure. Forrelative gene expression, copy numbers were expressed as Copies/10°6 copies
of GAPDH (i.e. n(cytokine)/N@caroH) X 1,000,000). For fold change, AACt values for control samples
were standardized to 1, and changes in cytokine levels were assessed as AACt est
sample)/ AACt(contrl).

2.2.6 Ferret IFN-y ELISA assay

Ferret lung and spleen cells were pelleted by centrifugation at 1500x gmax for 5 minutes and
washed in PBS. Cells (1.25 x 104/96-well) were cultured with or without live H7N9 virus for 48
hours at 37°C/5% COz2. The Ferret IFN-y ELISA Development Kit (ALP) (Mabtech) was used
to determine the quantity of IFN-y secreted by cells ex vivo at endpoint and after restimulation
with live H7N9 virus (MOI 0.1). Briefly, the plate was blocked with PBS containing 0.05%
Tween20 and 0.1% bovine serum albumin (BSA), then washed in PBS containing 0.05%
Tween20. Cells were then added and incubated for 2 hours at room temperature. The plate
was washed, and detection antibody was added for 1 hour at room temperature. The plate
was then washed again, and a 1:1000 dilution of Streptavidin-HRP was added for 1 hour at
roomtemperature. The plate was washed and TMB substrate added to develop the assay for
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15 minutes. Stop solution was then added, and the ELISA plates were measured using a

Multiskan Ascent Plate Reader with Ascent Software Version 2.6 (ThermoFisher Scientific).

2.2.7 Serologyof H7N9 infected ferrets

To assess antibody responses, serum was collected prior to infection and at the point of
euthanasia. Haemagglutinin Inhibition assays were performed on RDE treated sera by using
homologous antigen (Influenza A/Anhui/1/2013) as per the standard method. HI titers were
expressed as the reciprocal of the highest serum dilution causing complete in hibition of

hemagglutination.

2.2.8 Ferretviral challengeand vaccine assessment study for SARS-CoV-2

This study (Chapter 4) was a randomized, placebo-controlled study assessing ChAdOx1-
nCoV-2019 (The JennerInstitute, Oxford, UK) as a vaccine candidate against a control (PBS).
ChAdOx1-nCoV-19-2019 was assessed by two different routes of administration, intranasal
(IN) and intramuscular (IM). The study was carried out as a block design with two cohorts of
20 outbred ferrets of approximately 4 months of age (total of 40 animals, 20 males and 20
females). On vaccination days, ChAdOx1-nCoV-2019 stocks were diluted with sterile PBS to
2.5x10%% virus particles in 100 pL. ChAdOx1-nCoV-2019 was then administered as either an
IM injection into the rear thigh muscle or dropwise to alternating nares for the IN inoculation.
Ferrets were then monitored daily for 3 days post administration for any reaction from the
ChAdOx1-nCoV-2019. At challenge (Cohort 1 - day 28; Cohort2 — day 56), all ferrets were
intranasally exposed to a 50% Tissue Culture Infectious Dose (TCIDso) target of 3x10* of
SARS-CoV-2. Following challenge, animals were assessed at least once per day (twice -daily
for days 2-12 post-challenge) for the presence of clinical signs such as reduced interaction
score, fever (viamicrochip temperature), and respiratory disease. Onday 42 (Cohort 1) or day
70 (Cohort 2) ferrets had blood samples collected, representative of day 14 post challenge,
and then between days 43-45 (Cohort 1) or days 71-73 (Cohort 2) ferrets were humanely
killed and tissue samples were collected at necropsy for analysis. All procedures described
here were reviewed and approved by the Commonwealth Scientific and Industrial Research
Organisation (CSIRO), Australian Animal Health Laboratories (AAHL) Animal Ethics
Committee (AEC#2002) and were performed in accordance with the Australian Code for the
Care and Use of Animals for Scientific Research (8t Edition 2013).

2.2.9 Tissue sample collection and processing

Lung, spleen, and mediastinal lymph nodes were harvested fromtrial ferrets by ADCP animal
house staff and placed in PBS. Lung samples were manually minced using a scalpel followed
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by enzymatic digestion (150 U/mL Collagenase | and 100 U/mL DNase | (both ThermoFisher
Scientific) in DMEM) while single-cell suspensions of spleen and lymph node samples were
prepared by passing the tissue though a 70 um strainer. Peripheral blood mononuclear cells
were isolated by hypotonic lysis of red blood cells using erythrocyte lysing solution (0.15 M
NH4Cl, 10 mM KHCOs, and 1mM EDTA pH 7.3). Cell suspensions were washed and
resuspendedin PBSfor countingusing aScepter 2.0 handheld automated cell counter (Merck,
Kenilworth, NJ, USA).

2.2.10 Flow cytometry

Cells processed from ferret tissues were stained with the antibodies listed in Table 2.2. Cell
numbers between 0.05 and 2x10° as allowed by cell counts were stained for 1 hour at 4°C,
washed in FACS buffer. Required secondary antibodies were added for 1 hour at 4°C, and
again washed in FACS buffer. Cells were then fixed with either 4% PFA or BD Fix/Perm Buffer
(BD Biosciences Becton-Dickinson, San Jose, CA, USA)) if intracellular staining was required,
for 1 hour on ice. Intracellular stains were then added for 1 hour at 4°C in BD Perm Wash
buffer, and then again washed in BD Perm Wash buffer (BD Biosciences). Cells were finally
resuspended in FACS buffer and analyzed using the LSR Il (Becton-Dickinson). Flow
cytometry data were analyzed using FlowLogic software (Version7.2.1, Inivai Technologies,
Mentone, VIC, Australia).

2.2.11 ELISpot assay

IFN-y—producing cells were detected using a ferret IFN-y ELISpot assay, as per the
manufacturer’s instructions (Mabtech). Briefly, plates were pre-treated with DMEM with 10%
HI-FCS added, then cells were diluted to 1.25x104 cells per well and plated for overnight
culture in the ELISpot plate. Cells were removed and the plate washed 5 times with 200 pL
PBS with care taken to remove the wash bufferwithout touching the membrane with pipette
tips. 100 pL of IFN antibody was added to each well, and the plate was incubated at room
temperature for 2 hours. Antibody was then removed and washed with PBS five times. 100 uL
of streptavidin-ALP was then added to each well and the plate was incubated for 1 hour at
room temperature. Finally, after removing the streptavidin-ALP and washing the plate, 100 pL
of TMB substrate was added to each well to develop the assay for approximately 15 minutes.
After clear spots had emerged, the plate was washed with copious deionized water and left to
dry for 30 minutes. The plate was then read under a microscope or by AID vSPOT Spectrum

ELISpot reader (Advanced Imaging Devices GmbH, Strasburg, Germany).
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2.2.12 Statistical analysis

GraphPad Prism (Version 8.1.1, GraphPad Software, San Diego, CA, USA) was used for
graphical and statistical analysis of data. For analyzing the H7N9 infected ferrets compared to
the non-infected controls, all six ferrets were groupedregardless of timepointto give an overall
view of the infection time course. For these analyses, student t tests were conducted between
the two groups. Time course datawas analyzed by 2-way ANOVA.

For SARS-CoV-2 infected ferrets, timepoint changes within vaccination groups was

assessed by one-way ANOVA, using a Tukey’s multiple comparisons test.

2.2.13 Correlation analysis

Analyses of immune variables were made into correlation and principle component analysis
(PCA) plots by Peter Durr, using custom R scripts in the bioinformatics software.

2.3 Methods for ferret IFITMs
2.3.1 Ferret IFITM gene identification

The ferret IFITM gene region was identified between the conserved flanking genes for
Protein-Glucosylgalactosylhydroxylysine Glucosidase (PGGHG) and [-1,4-N-Acetyl-
Galactosaminyltransferase 4 (BAGALNT4, Scaffold GL897275.1: 99,108-236,675) in the
Ensembl genome browser (version 101) (377), and run through the GENSCAN server
(http://argonaute.mit.edu/GENSCAN.html) to identify potential coding regions (378). These

regions were put through BLAST to identify the gene locations, and these genome regions
were exported and aligned to Ensembl coding regions (if available).

2.3.2 Nucleic acid isolation for IFITMidentification
Both genomic DNA and RNA was extracted from ferret splenocytes, bone marrow cells, and
FRL cells using DNeasy and RNeasyPlus kits respectively (Qiagen) as per manufacturer's

instructions. RNA was then converted into cDNA using SuperScript™ [l First-Strand
Synthesis SuperMix (Invitrogen) as per kit instructions (Section 2.2.4, Tables 2.6 and 2.7).

2.3.3 PCRforlIFITM sequencing
PCR assays were performed from nucleic acids produced in Section 2.3.3 using a GoTa(q

Green PCR master mix (Promega) using the following reaction conditions (Table 2.10), and

primers as described in Table 2.4.
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Table 2.10 GoTaq Green PCR for ferret IFITM amplification

REAGENT VOLUME x1 REACTION (uL)
2X GoTag Green MasterMix 12.5

Nuclease-free water 6.5

FWD primer 2.5

RVS primer 2.5

(c)DNA 1

TOTAL 25

Thisreactionwas run on thermocycler wat 95°C for 2min, then for 35 cycles of 95°Cfor 30sec,
55°C for 30sec, 72°Cfor 1min, and then finally the at 72°C for 5min.

PCR products then underwent gel electrophoresis on a 2% agarose gel, with gel bands
excised and purified using the Wizard® SV Geland PCR Clean-Up System (Promega), as per
manufacturer’sinstructionsusing the centrifugation method. Briefly, gel segments were placed
in membrane binding solution at 65° until the gel had completely dissolved, and then the
mixture was placed on a column. The PCR product was then washed twice in Membrane
Wash solution, then eluted in 30pL nuclease-free water This purified product was then sent to
Micromon (Monash University, Clayton, VIC, Australia) for Sanger sequencing.

2.3.4 Rapid Amplification of cDNA Ends (RACE) PCR

Partial coding sequence for IFITM2 was amplified using the 3' RACE System for Rapid
Amplification of cDNA Ends kit (ThermoFisher Scientific Scientific), as per manufacturer’s
instructions. Briefly, cDNA was generated from ferret RNA with a dC-tail, and this cDNA was
amplified using IFITM2 forward primer (Table 2.4) and the adaptor primer provided in the kit.
These products were separated by gel electrophoresis and sequenced as in 2.3.2 to obtain
the full-length transcript.

2.3.5 Phylogenetic analysis of IFITMs

IFITM protein sequences from multiple species were aligned using MEGAY (version 7.0.26),
with heatmap data generated from calculated synteny between the different proteins.
Phylogenetic trees were generated by Maximal Likelihood method in MEGA7 (379).
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2.3.6 Stimulation of FRL cells with IFN and influenza virus

For stimulation time course assays, 0.5 x 106 cells/mL of FRL cells were seeded into 24-well
plates and grown to confluence overnight. Either 0.5 ug/mL of ferret IFNa (generated in-house,
CSIRO) or influenzavirus (A/WSN/1933(H1N1), MOI 1) was added to the stimulation wells.
Cells were harvested and RNA was extracted at 2, 4, 8, 24, 48, and 72 hours post-stimulation

using a RNeasyPlus kit (Qiagen) as per manufacturer’s instructions (Section 2.2.3).

2.3.7 Real-Time PCRfor ferret IFITMs

Levels of ferret IFITM transcript in tissues and cell culture following stimulation were
assessed by gPCR, using the newly designed primer/probe sets describedin Table 2.5. If the
assay used cDNA, Applied Biosystems TagMan Universal PCR MasterMix (Applied
Biosystems, Foster City, CA, USA) was used in a reaction as described in Table 2.11, using
a StepOne Plus™ Real-Time PCR System (Applied Biosystems) and the comparative
threshold cycle (Ct) method according to manufacturer’s instructions.

Table 2.11 Quantitative Real-Time PCR protocol for transcript assessment using
cDNA

REAGENT VOLUME x1 REACTION (uL)
2X TagMan Universal MasterMix 10

Nuclease-free water 7

20X IFITM gPCR assay 1

cDNA 2

TOTAL 20

Runfor50°Cfor2min, 95°Cfor 10min, thenfor 45 cycles of 95°Cfor15secand 60°Cfor 1min.

79



If RNA was to be used for transcript analysis, qPCRs were set up using an AgPath-ID™
One-Step RT-PCR Kit (ThermoFisher Scientific), with the following protocol (Table 2.12).

Table 2.12 One-Step Real-Time PCR protocol for transcript assessment using RNA

REAGENT VOLUME x1 REACTION (puL)
2X RT-PCR Buffer 12.5

Nuclease-free water 10.4

20X IFITM gPCR assay 0.1

25X Enzyme Mix 1

RNA 1

TOTAL 25

Run for50°Cfor 2min, 95°C for 10min, thenfor 45 cycles of 95°Cfor15secand 60°Cfor 1min.

Relative gene expression of IFITMs was assessed as described in Section 2.2.5.
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Chapter 3: The dynamics of the ferret immune response
during H7N9 influenza virus infection
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As the recent outbreak of SARS-CoV-2 has highlighted, the threat of a pandemic event
from zoonotic viruses, such as the deadly influenza A/H7N9 virus subtype, continues
to be a major global health concern. H7N9 virus strains appear to exhibit greater
disease severity in mammalian hosts compared to natural avian hosts, though the
exact mechanisms underlying this are somewhat unclear. Knowledge of the H7N9
host-pathogen interactions have mainly been constrained to natural sporadic human
infections. To elucidate the cellular immune mechanisms associated with disease severity
and progression, we used a ferret model to closely resemble disease outcomes in
humans following influenza virus infection. Intriguingly, we observed variable disease
outcomes when ferrets were inoculated with the A/Anhui/1/2013 (H7N9) strain. We
observed relatively reduced antigen-presenting cell activation in lymphoid tissues which
may be correlative with increased disease severity. Additionally, depletions in CD8™ T
cells were not apparent in sick animals. This study provides further insight into the ways
that lymphocytes maturate and traffic in response to H7N9 infection in the ferret model.

Keywords: influenza, H7N9, ferrets, antigen presenting cells, animal model, zoonoses

INTRODUCTION

In recent years cases of zoonotic strains of avian influenza (AI) causing severe disease in humans
have caused significant global concern, with fears that these viruses may lead to devastating
pandemic events in future (1, 2). One such group of viruses are strains of H7N9 influenza virus,
which have caused over 1,500 cases of infection (with a ~40% mortality rate) in humans since their
first detection in 2013 (3, 4). Of most concern with the H7N9 viruses has been the ability for this
virus to present as a low pathogenicity virus in its native avian hosts and yet present with severe
clinical symptoms and death in humans, without obtaining virulence factors such as multi-basic
cleavage sites usually required for high pathogenicity infections. Deciphering the immune cellular
mechanisms associated with disease severity progression will provide a better understanding as to
why H7N9 infections can produce severe disease in humans.

Changes in leukocyte subsets have previously been shown to correlate with more severe
outcomes during Al infection, with decreases in T cell populations commonly reported in both
human (H7N9 virus) and avian (H5N6 virus) hosts (5, 6). Decreases in T lymphocytes are
often accompanied by upregulation of several pro-inflammatory cytokines such as interferons
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H7N9 Infection in Ferrets

(IFN), most notably IFN-vy, as well as interleukins (IL) such as
IL-6 (7). Overproduction of cytokines or hypercytokinemia has
also been identified as a key contributing factor in severe Al
pathogenesis in both chickens and macaques, where induction of
pro-inflammatory cytokines is associated with cellular apoptosis
and tissue damage (8, 9). Furthermore, macrophages have been
shown to be predominantly pro-inflammatory responders to
H7NO9 strains in a mouse model (10), though highly pathogenic
strains such as H5N1 and H7N9 display attenuated macrophage
inflammation responses compared to seasonal strains such as
HIN1 and H3N2 (11, 12). While hypercytokinemia is common
amongst many Al virus infections, H7N9 strains such as the
human infecting A/Anhui/1/2013 virus have been associated with
dampened IFN responses in humans (13, 14). Furthermore, they
have previously been associated with an attenuated humoral
immune response in the mouse model (15). These studies
demonstrate the unpredictable nature and wide spectrum of
pathogenicity of Al viruses.

Investigations into the pathogenesis and transmission of
many human-infecting influenza viruses have been conducted in
ferrets, as the clinical presentation in these animals is considered
a more robust representation of human illness when compared
to mice (16). However, only a limited number of studies exist
looking at influenza-specific immunity in ferrets, which have
primarily focused on seasonal influenza strains (17-19). In
this study, we aimed to examine the ferret immune response
to H7N9 influenza virus infection by analyzing leukocyte
population variation associated with disease pathogenesis. This
study found the ferret model may allow for increased knowledge
of the outcomes of H7N9 infections and help in boosting
our understanding of both this model and of these viruses in
readiness for potential future outbreaks.

METHODS
Ethics

All procedures described here were reviewed and approved by the
Commonwealth Scientific and Industrial Research Organization
(CSIRO), Australian Center for Disease Prevention (ACDP)
Animal Ethics Committee (AEC#1861) and were performed in
accordance with the Australian Code for the Care and Use of
Animals for Scientific Research (8th Edition 2013).

Virus

Influenza virus A/Anhui/1/2013(H7N9) used in this study
was propagated by allantoic cavity inoculation of 9-11-days
of embryogenesis specific-pathogen-free (SPF) embryonated
chicken eggs. The virus stock was titrated in chicken eggs and the
50% egg infectious dose (EID5() /mL was calculated according to
Reed and Muench (20). All in vitro and in vivo work involving
live virus was conducted within biosafety level three facilities at
ACDP. Animal work was performed using personal protective
equipment and powered air purifying respirators.

Ferret Viral Challenge Studies
Fitch ferrets that were ~6 months of age (CSIRO Werribee
Animal Facility) and serologically negative by hemagglutination

inhibition (HI) assay for H7N9 were used in this study. Prior to
initiation of the study, all ferrets were free from signs of clinical
disease. Body temperatures were measured using an implantable
subcutaneous microchip (Destron Fearing, Delray Beach, FL,
USA). Baseline body weights and temperatures were obtained for
3 consecutive days before challenge (i.e., day —3, —2, and —1)
and on the day just prior to the challenge (day 0).

Six ferrets were infected intranasally with 1 x 10° EIDso of
virus diluted in 0.5 mL of sterile PBS, and four ferrets were mock-
infected with an equivalent dilution of allantoic fluid collected
from SPF chicken eggs in sterile PBS as non-infected controls.
Following viral challenge, ferrets were monitored daily for body
weight, temperature, and clinical signs of illness (including
sneezing, lethargy, nasal discharge, diarrhea, and neurological
dysfunction) for the duration of the study. Blood samples were
collected every second day. Animals were anesthetized with
ketamine/xylazine, and blood samples of 200-250 L were taken
from the jugular or axillary vein on days 1, 3, 5, and from the
heart at the time of euthanasia for the terminal bleed. For virus
titration, nasal washes were collected on days 1, 3, 5, and upon
euthanasia, as described previously (6, 21).

All ferrets were euthanised on day 7 (study endpoint) or earlier
due to ethical endpoints (>10% weight loss or escalation of
clinical signs).

Histopathology

Histological analysis of ferret tissues following infection was
performed as previously described (22). Tissues were fixed in
10% neutral-buffered formalin for at least 24 h, processed into
paraffin wax, cut and stained using haematoxylin and eosin
for examination for histopathological lesions. Consecutive tissue
sections were stained in an immunohistochemistry (IHC) test for
influenza A virus nucleoprotein (22).

Sample Collection and Processing

Lung, spleen, and mediastinal lymph nodes were harvested and
processed, as previously described (17). Briefly, lung samples
were manually minced using a scalpel followed by enzymatic
digestion (150 U/mL Collagenase I and 100 U/mL DNase I)
while single-cell suspensions of spleen and lymph node samples
were prepared by passing the tissue though a 70 pm strainer.
Peripheral blood mononuclear cells were isolated by hypotonic
lysis of red blood cells using erythrocyte lysing solution (0.15 M
NH4Cl, 10 mM KHCO3, and ImM EDTA pH 7.3). Viral titers in
tissues were measured on MDCK cells by standard TCIDs assay.

Quantitative Real-Time PCR (Qrt-Pcr)

Relative expression of ferret immune genes was assessed using
a StepOnePlus™ Real-Time PCR System and the comparative
threshold cycle (Ct) method according to manufacturer’s
instructions (Applied Biosystems, Foster City, CA, USA).
Relative gene expression was calculated using mean values
obtained from A ACt relative to the housekeeper gene (GAPDH),
with each ferret compared to the average of the control ferrets for
each gene. Primers for ferret cytokines, as well as relative gene
expression calculations, were obtained from Carolan et al. (23).
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Flow Cytometry

Cells processed from ferret tissues were stained with anti-
CD4 (AlexaFluor 488, CSIRO ACDP sourced from WEHI
(24), Geelong, VIC, Australia), anti-CD8 (PE, clone OKTS,
eBioscience, CA, USA), anti-GL7 (AlexaFluor 647, clone GL7, BD
Phamingen, San Diego, CA, USA), anti-MHC-II (biotin, clone
CAT82A, Kingfisher, Saint Paul, MN, USA), and anti-CD11b
(AlexaFluor 647, clone M1/70, BD Pharmingen, San Diego, CA,
USA). Cells were stained for 1h at 4°C, washed in FACS buffer
(PBS, 4% FCS, 0.01% Sodium Azide) and analyzed using the LSR
II (Becton-Dickinson, Franklin Lakes, NJ, USA). Flow cytometry
data were analyzed using FlowLogic software (Version 7.2.1,
Inivai Technologies, Mentone, VIC, Australia).

Serology

To assess antibody responses, serum was collected prior to
infection and at the point of euthanasia. Haemagglutinin
Inhibition assays were performed on RDE treated sera by using
homologous antigen (Influenza A/Anhui/1/2013) as per the
standard method. HI titers were expressed as the reciprocal
of the highest serum dilution causing complete inhibition
of hemagglutination.

Functional IFN-y Assays

Ferret lung and spleen cells were pelleted by centrifugation at
1,500 X gmax for 5min and washed in PBS. Cells (1.25 x 10%/96-
well) were cultured with or without live H7N9 virus for 48h
at 37°C/5% CO,. The Ferret IFN-y ELISA Development Kit
(ALP) (Mabtech, Stockholm, Sweden) was used to determine
the quantity of IFN- y secreted by cells ex vivo at endpoint
and after restimulation with live H7N9 virus (MOI 0.1). ELISA
plates were measured using a Multiskan Ascent Plate Reader
with Ascent Software Version 2.6 (ThermoFisher, Waltham, MA,
USA). IEN-y-producing cells were detected using a ferret IFN-y
ELISpot assay, as per the manufacturer’s instructions (Mabtech,
Stockholm, Sweden).

Statistical Analysis

For analyzing the infected ferrets compared to the non-infected
controls, all six ferrets were grouped regardless of timepoint
to give an overall view of the infection time course. For these
analyses, student ¢-tests were conducted between the two groups.
Time course data was analyzed by 2-way ANOVA.

RESULTS

Ferrets Can Exhibit Moderate to Severe
Clinical Signs Following H7N9 Virus

Infection

To assess the impact of H7N9 virus in ferrets, viral pathogenicity
was firstly assessed based on observation of clinical signs of
infected ferrets throughout the 7-day study (Figure 1). From
the six H7N9-infected ferrets, three ferrets showed little to no
clinical signs and survived until the study endpoint (Day 7).
Of the remaining ferrets, two showed mild clinical signs but
severe weight loss, leading to euthanasia at day 5 post-infection.
One ferret, however, showed moderate to severe clinical signs

consistent with those seen in highly pathogenic avian influenza
infections (25), and was euthanised at day 6 due to escalation of
these clinical signs (Figure 1A). This ferret’s increase in clinical
signs was identified by a play score of two, with play scores
>1 signifying moderate-to-severe clinical signs (Figure 1B).
Significant weight losses (>5% compared to baseline, p < 0.0001)
were observed in all the infected ferrets when compared to the
control ferrets from day 3 until the study endpoint (Figure 1C).
Similarly, infected ferrets also showed a significant increase
(p < 0.05) in body temperature at day 2 post-infection, with an
average temperature of 40.1 £ 0.6°C compared to the controls
at 38.4 £+ 0.4°C (Figure 1D). Consequently, H7N9 infection in
ferrets resulted in variable clinical symptoms, but overall body
weight losses and heightened body temperatures at 48 h post-
infection, which are within the typical timeframe for onset of
influenza illness in humans.

Lack of Viral Clearance and Lower
Antibody Responses Were Associated With

Worsened Disease Progression

To further examine the clinical progression between the infected
ferrets, viral titres from the nasal washes were determined to
assess whether differences in viral replication or clearance were
correlative with worsened disease progression. Titres >4.0 logig
TCIDs5p/mL were obtained for all infected ferrets at day 1 post-
infection and virus was still detected in all ferrets at day 3 post-
infection (>3.0 logjo TCID5o/mL, Figure 2A). One ferret had
cleared the virus by day 5 post-infection, while the other two
ferrets that survived until the end of the study showed viral
clearance at day 7 (Figure 2A). Neither the day 5 nor the day 6
ferrets showed viral clearance by the point of euthanasia. Only
one ferret euthanised on day 5 showed live virus in the lung
(>4.0 logio/mL, Figure 2B). Additionally, antibody titres were
measured in the ferret sera, with animals euthanized on day 7
showing the highest HI titres (all >64) and the ferret euthanized
on day 6 showed a HI titer >8. The two ferrets euthanised at day
5 had no detectable HI titer (Figure 2C).

Infected Ferrets Showed Variability in
Pathological Outcomes in Respiratory

Tissues

Infected ferrets showed a variety of pathological outcomes
following viral challenge. Challenged ferrets exhibited epithelial
metaplasia in the nasal turbinates (Figure 3a), with ferrets
euthanised at the earlier day 5 time point exhibiting viral
infection of the nasal epithelium (Figure3b). The day 6
ferret showed the most severe lung pathology, with the lungs
of this ferret showing diffuse interstitial pneumonia, with
severe alveolar oedema and inflammatory cell infiltration in
the alveolar spaces and around the blood vessels (Figure 3c).
Other infected ferrets showed broncho-interstitial pneumonia
and interstitial inflammation (Figure 3d) and bronchitis, with
infected epithelial cells and early stage lesions observed in one
of the day 5 ferrets (Figure 3e). Bronchial adenitis was also
present in some of the infected ferrets, with necrosis of the
bronchial glands observed along with viral antigen (Figure 3f).
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FIGURE 1 | Variation in clinical outcome amongst study ferrets. (A) Summary of ferret characteristics and classification of ferrets according to clinical signs and time of
euthanasia. Blue represents the uninfected controls; green represents ferrets which survived until trial endpoint (day 7); yellow represents ferrets with few clinical signs
but reached ethical weight loss point (day 5); and red represents the ferret which showed severe clinical signs and was euthanised at (day 6). (B) Individual play scores
measured for ferrets daily, with O signifying no signs, 1 minor clinical signs, and 2 moderate-to-severe clinical signs. Ferrets reaching a score of 2 were euthanised for
ethical reasons. (C) Body weight and (D) temperature of each ferret throughout the study according to the legend shown in (A). Mean and SD are shown, n = 6 for
H7N9-infected ferrets, n = 4 for control ferrets. Weight data are plotted as a percentage change from the initial D-3 weight recording on days post-infection. Time
points marked with (*) indicate significant differences between infected and controls where p < 0.05, and (***) indicates p < 0.001.

These changes in pathology contrast to what is seen in the
healthy nasal turbinates (Figure 3g), and lung (Figure 3h) of
uninfected ferrets where no lesions were present. The number
of localized lesions and qualitative assessment of epithelial
metaplasia was also recorded to support the histopathological
findings (Supplementary Figure 1). Here, we observed epithelial
metaplasia in the turbinates of all ferrets sampled, as well
as several occurrences of bronchio-interstitial pneumonia and
bronchio-adenitis. We also observed viral antigen in a number of
tissues sampled (Supplementary Figure 1), though interestingly,
viral antigen was not observed in the diffuse interstitial
pneumonia of lung lesions associated with the ferret euthanized
due to clinical disease.

Disease Severity Is Associated With
Different Expression Profiles of

Pro-inflammatory Cytokines
Changes in certain pro-inflammatory cytokines (including IL-
6, TNFa, and IFNYy) have been associated with H7N9 disease

severity in humans and animal models (7). We measured levels
of mRNA transcripts of several pro-inflammatory cytokines
commonly associated with influenza infections. In the blood
there were few differences between the groups, with MCP1
the only tested cytokine showing an average fold increase >5-
fold compared to the controls at day 1 post-infection (data
not shown). However, intriguingly the ferret euthanised on day
6 showed a large decrease in IL-6 (Figure 4A, 34-fold) and
IFN-y (Figure 4B, 25-fold) transcript levels on day 5. This also
coincided with a lack of detectible IFN-y in terminal serum by
ELISA, though this trend was consistent across all tested ferrets
(data not shown). In the spleen at endpoint, there appeared
to be variable outcomes for the day 7 ferrets, with somewhat
increased pro-inflammatory cytokine levels such as type I IFNs
(IFN-o and IFN-B) in the day 5 ferrets, and decreased levels in
the day 6 ferret compared to the controls (Figure 4C). In the
lung, TNFa was significantly reduced (Figure 4D, p < 0.05) in
the infected animals, though no other consistent trends were
seen. The ability to produce IFN-y ex vivo or after restimulation
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FIGURE 2 | Virological and serological data correlating to clinical outcome.
Virus titres (TCIDso/ml) in nasal washes collected from the ferrets on days 1, 3,
5, and 7 post-infection (A), and in the lung at the time of humane euthanasia
(B). Day 7 ferrets showed viral clearance by study endpoint, whilst earlier
timepoint ferrets did not clear the virus by euthanasia. (B) One of the 2 day five
ferrets was the only ferret to show live virus in the lungs post-study. (C)
Haemagglutination inhibition assay titres in ferret serum samples collected
from terminal bleeds. Day 7 ferrets also exhibited elevated serum titres by HI
assay from terminally collected samples, whereas the 1 day six ferret was the

only culled ferret to have a positive serum sample.

with live H7N9 virus was also assessed in spleen (Figure 4E)
and lung cells (Figure 4F). There were no significant differences
except for in the infected lungs, where IFN-y-producing cells
were significantly higher compared to the control ferrets ex vivo
(p = 0.0389). Based on these findings, our ferret infection model
showed observable changes in the cytokine profiles at a key site
of infection in the lung compared to non-infected controls.

T Cell Populations Increase in the Infected
Lungs, but No Apparent Change Is Present
in the Peripheral Blood

Depletions in T cell numbers in the spleen and lungs have
previously been reported for highly pathogenic avian strains
H5N1 and H5N6 in both chickens and mice (6, 26). Similarly,
patients that died from H7N9 infection were found to have lower
T cell numbers in the blood compared to those that survived (5).
Therefore, in order to assess lymphocyte involvement in disease
progression we investigated the cellular responses associated with
H7N9-infection both in the blood at several timepoints, and in
the tissues at endpoint. Here, we found that in the blood the
numbers of CD4" and CD8" T cells in infected ferrets were
generally lower than the control ferrets, particularly for the CD8*
T cell population at day 1 (p < 0.001). Nevertheless, these T
cell populations remained low but relatively stable over the 7
days of infection (Figure 5A). The GL7 monoclonal antibody
can be used as a marker activated T lymphocytes. However,
GL7 expression was absent on the T cell subsets examined.
Interestingly we observed significantly higher numbers of CD4™
T cells in the spleen (p = 0.0272) and in the lungs (p = 0.0048) of
infected ferrets, and a trend toward higher numbers of CD8* T
cells in the lungs (Figures 5B,C), indicating a T cell response to
H7NO9 infection at a key site of infection.

Antigen Presenting Cell-Like Activation

During H7N9 Infection in Tissues

Antigen presenting cells (APCs), such as macrophages residing
in the lungs, have previously been recognized as key pro-
inflammatory responders during H5N1, H7N7, and H7N9
infections in mice (10). Cells expressing higher levels of CD11b™
have been shown to directly kill virally-infected cells in humans,
and act as important antigen-presenting cells by upregulating
MHC class II expression in the ferret model correlating to
reduced pathology associated with influenza infection (17, 27).
In general, H7N9-infected ferrets showed higher levels of
CD11b/MHC-1I dual-expressing cells (CD11b™MHC-IIT) in
the spleen, lung and lymph nodes compared to the control
ferrets (Figures 6A-C). At the site of infection in the lungs,
infected ferrets showed significantly higher levels of MHC-
I single-positive cells (MHC-IIT, p = 0.0286). Conversely,
CD11b single-positive cells (CD11b*") from infected ferrets
were found at elevated levels in the spleen and lymph
nodes. Individually, we did observe that the ferrets euthanised
on days 5 and 6 had higher CD11b" cells in the spleen,
suggesting a less activated and immature phenotype, and a
trend toward lower CDI11b™MHC-IIT cells in the lymph
nodes when compared to the other ferrets. When analyzed
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FIGURE 3 | Histopathology in ferrets infected with H7N9 virus. (a) Infected nasal turbinate, showing epithelial metaplasia (arrowheads) and suppurative inflammatory
exudate (*) in airways (day 7, HE stain). (b) Nasal turbinate during early infection (day 5) showing viral infection of turbinate epithelium (IHC stain). (c) Diffuse interstitial
pneumonia, showing severe alveolar oedema and inflammatory cell infiltration around blood vessels and into the alveolar spaces (lung, day 6). (d) Broncho-interstitial
pneumonia, showing a large focal lesion involving an obliterated airway and surrounding inflammation into the interstitium (lung, day 7). (e) Bronchitis, showing
infection of bronchial epithelium (arrowheads) and filling of the airway with infected sloughed cells and inflammatory cells (). In this example, the bronchial
inflammatory response is minimal, indicating that the lesion is in the early stages (lung, day 5). (f) Bronchial adenitis, showing viral antigen and necrosis of bronchial
glands (lung, day 6). (g) No pathology was observed in the nasal turbinates, or (h) in the lungs of the uninfected controls (day 7).

by time point, there are statistically greater proportions of ferrets (p = 0.0039, Figure 6D). As such, as these markers
these cells in the ferrets that survived until trial endpoint are often attributed to antigen-presenting cell maturation in
compared to the controls (p = 0.0009) and the earlier timepoint ~ the mouse model (28), APC activation in response to H7N9
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FIGURE 5 | The effect of H7N9 on T lymphocyte subsets. Representative
FACS plots of CD4* and CD8™ T cell subsets plotted against GL7 activation
marker, with percentage of positive cells and total cell numbers (A) in the
blood over time, (B) in the lung, and (C) in the spleen. Time points marked
with (*) indicate p < 0.05, (**) indicates p < 0.01, and (***) indicates p < 0.001.
For blood samples, n = 3 for control, rather than n = 4, due to insufficient cell
numbers recovered for one ferret.

infection may be associated with disease severity seen in the
ferret model.

DISCUSSION

The recent SARS-CoV-2 outbreak has brought a sharp focus
onto zoonotic viruses causing severe global pandemics. While
sustained human-to-human transmission of avian-origin H7N9
viruses has yet to occur, if a zoonotic outbreak of these high-
consequence viruses were to occur, the results could be a
pandemic much like the SARS-CoV-2 outbreak but with a
virus which has potential for much higher mortality rate. As

such, avian influenza viruses continue to present as a major
global health concern, with one of the key concerns being
what makes these viruses cause such severe consequences in
mammalian hosts.

Influenza-related symptoms of ferrets more closely resemble
human clinical symptoms than that of mice (16, 29), with
outbred ferret populations giving a more accurate representation
of the genetic variability seen in human populations compared
to clonally inbred mouse colonies. However, husbandry
requirements and a general lack of reagents for ferrets limits the
scope of experimental research using these animals to date. These
issues are exacerbated by Biosafety Level 3 (BSL3) requirements
for pathogens such as H7N9, which make immunological
experiments in ferrets difficult to undertake. As a result, ferret
cellular immunology is still a developing field of research
in the context of influenza viruses, with only a handful of
studies investigating changes in leukocyte populations following
influenza virus infection (17-19). For avian-origin influenza
viruses such as H7N9, little work has been done to investigate
how cellular subsets are affected by viral infection, with the
bulk of experiments using Al in the ferret model focusing on
classifying viruses through clinical outcome-based pathogenesis
and transmission studies (30-32). Thus, our study aimed to give
new insight into how H7N9 affects mammalian hosts in the
ferret model with a focus on cellular subsets.

The ferrets in our viral challenge presented clinical outcomes
with different severities. Five of the six ferrets showed little
to no clinical signs, nevertheless only three survived until
study endpoint without complications. Two ferrets reached the
ethical weight loss cut-off of >10% by day 5 post-infection,
giving us two different time points to assess the immune
response. Furthermore, one ferret showed a quite different
disease outcome, in which the ferret presented an escalation
of clinical signs and was euthanised for ethical reasons at day
6 post-infection. Other studies have previously shown clinical
variation between strains of H7N9 (15), however most studies
with A /Anhui/1/2013 (H7N9) show ferrets presenting only mild
clinical signs (1, 4, 33). To our knowledge, this is the first
reported result showing variable disease outcome in an animal
study using a single low pathogenicity H7N9 strain, in which
one ferret showed severe clinical outcomes. While the findings
of this study are novel for this model, we were limited by
the number of animals that could be used in this study and
thus limited by our statistical power. Furthermore, there are
limitations in directly comparing ferrets euthanised on different
days as, particularly for our serological data, it is difficult to
discern whether the results are a function of observed severity
or differences in the sampling time. As such, we believe the
results from our observational study can provide a rationale
for developing future ferret studies with greater numbers. It is
also worth noting that ferrets used for these experiments are
outbred animals, which may suggest that other combinations
of host factors may be contributing to the variability seen in
clinical presentation.

The airway pathology in these infected ferrets was variable,
with different degrees of severity observed in the six animals.
These findings were generally consistent with pathology observed
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in other studies in which ferrets were infected with LPAI H7N9
or pdm09 (HINI1) viruses (4, 31, 32, 34-36). While the day 6
ferret which showed worsened disease progression did exhibit
the most severe lung pathology, the lack of viral antigen in
and around these lesions (Supplementary Figure 1) means they
cannot conclusively be classified as being caused by the influenza
infection, and thus we are hesitant to classify disease presentation
in this ferret as like a high pathogenicity infection based on the
histopathology findings regardless of the increase in clinical signs.
Hypercytokinemia has frequently been associated with
worsened disease progression in cases of severe Al infections,
therefore we aimed to assess the induction of pro-inflammatory
cytokines in this ferret model of infection. Upregulation of pro-
inflammatory cytokines such as TNF-a and IL-6 commonly
observed following H7N9 infection in both cell culture (14,
37) and in severe human cases, which follow similar patterns
of pathogenesis to infections with HPAI H5N1 viruses (5, 38,
39). Whilst the localized pro-inflammatory cytokine response
to influenza infection has been characterized for circulating
influenza strains in ferrets (40), examination into these responses
for avian influenza viruses remains limited. Our study found
limited induction of cytokine responses at the site of infection
in the lungs and in lymphoid tissues, and while attenuated IFN
responses have been previously reported in human bronchial
epithelial cells infected with H7N9 (14), and in ferrets severely
infected with seasonal influenza strains (41), the overall lack of
cytokine induction was an unexpected finding. A limitation of
this study was that these tissues could only be sampled at study
endpoint, which may suggest the pro-inflammatory response had
abated at the site of infection by the time of sampling given that
these responses typically occur in short timeframes of 24-48h
post-infection (42), though a lack of an evident cytokine response
in the day 6 ferret still presenting clinical signs and shedding live
virus was surprising. Furthermore, levels of IFN-y were below the
threshold of detection by ELISA in the serum of infected ferrets,
and a previous study has shown IFN-y detectable in the lungs of
seasonal influenza-infected ferrets from day 5 post-infection at
low levels, with greater detection observed from days 8-11 (19).
These results suggest both timing and sampling may be critical
for future studies to best capture the overall IFN-y response to
H7NO9, if there is such a response occurring. Sampling in the
blood of infected ferrets over the course of the study also found
no large-scale upregulation of the cytokines tested, with only the
early innate cytokine MCP1 showing an average fold increase >5-
fold compared to the controls at day 1 post-infection. However,
in the day 6 ferret, decreases in both IFN-y (25-fold) and IL-6
(24-fold) where observed at day 5 post-infection, coinciding with
an escalation in clinical signs in this animal. The decrease in IL-6
in particular was unexpected, as previous studies have implicated
higher levels of IL-6 correlating to worsened disease progression
(41). Our findings here suggest an immune dysregulation, rather
than an over-activation, for worsened disease progression, and
may be attributed to other factors in the cellular response.
Immunological work to determine the innate and adaptive
responses to these viruses has mostly been conducted from
infected patients or in the mouse model. Human cases are often
marked by leukopenia, though these measurements are routinely

made via hematology rather than flow cytometric analysis (43,
44). In other species however, we have previously described the
lymphopenia for highly pathogenic strains of avian influenza,
measuring splenic CD8" T cells following infection with highly
pathogenic H5NG6 in chickens via FACS analysis (6). In this study,
CD8™ T cells levels were relatively stable. A loss of lymphocytes
detected via hematological analysis at day 1 (data not shown) was
reconciled with our FACS data showing a significant difference
between CD8™" T cells in the blood, in which control animals had
much higher levels compared to the infected animals. However,
this loss was short-lived, as no further significant differences
were observed across the study time points in the blood. This
data is suggestive of a potential early “transient lymphopenia”
of circulating leukocytes, which has previously been identified
in one study during influenza infection in ferrets, and is also
a phenomenon seen in humans following influenza A infection
(17, 45). Our data appears to show CD8" T cells levels in the
blood of infected animals remaining relatively and consistently
low across time points, whilst greater variation was observed in
the uninfected control levels.

Furthermore, reagents for FACS analysis in the ferret are
still relatively novel, often not well-characterized, and heavily
reliant on cross-reactivity from other species. While CD4" and
CD8' T cells have previously been examined in influenza-
infected ferrets (18), little work has been conducted for innate cell
subsets. Myeloid-derived and antigen-presenting cells (APCs)
have only been identified and analyzed in a handful of ferret
studies, with one such study speculating that CD11b* cells
are likely granulocytes such as neutrophils (17, 18). As such,
we have used these studies, together with mouse and human
studies (46-49), as a basis for possible classification of APCs,
with CD11b"MHC-1I" cells suggested as likely “mature” or
“activated” APCs. However, further work is needed to classify
these innate cell subsets in the ferret model.

APCs such as alveolar macrophages have been recognized
as key early responders against influenza virus infection, as
they mount robust pro-inflammatory cytokine responses within
24h of infection (27). While our study found no significant
differences in APC numbers in infected lungs compared to
control numbers, there was a trend toward much greater levels
of MHC-II* APCs in the lung, especially in our cell counts.
Rather, it was in the peripheral tissues that we found variability
in the APC subsets. CD11b"MHC-IIT “mature” cells were
found in the spleens of infected ferrets at significantly higher
levels (p = 0.0029), however the trend toward higher CD11b*
cells in the earlier time point ferrets suggests a higher level of
immature myeloid cells, or the presence of pro-inflammatory
granulocytes; however, the latter is less likely due given the
lack of pro-inflammatory cytokines detected in the spleen.
Moreover, in the draining lymph node a significant increase in
CD11b™" cells (p = 0.0153) was observed. Interestingly, in the
lymph node the 3 day seven ferrets showed noticeably higher
levels of CD11b™MHC-IIT “activated” cells, with statistically
greater proportions of these cells compared to the controls
(p = 0.0009) and the earlier timepoint ferrets (p = 0.0039),
which may suggest that these APC responses do not occur as
early as day 5.
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This study found increased pathology in the ferret model
diverges from the commonly observed pathogenesis markers
such as lymphopenia and hypercytokinemia, suggesting another
varied pathway that H7N9 viruses can cause severe disease in
mammalian hosts. Further investigation into the ferret model
may allow for better characterization of these outcomes and assist
in increasing our knowledge of these viruses in preparation for
any potential pandemic events.
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Chapter 4: Immunogenicity of prime/boost vaccination
with the SARS-CoV-2 vaccine candidate ChAdOx1-nCoV-
2019 in the ferret model
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The work presented in this chapter forms the basis of a co-first author manuscript in
preparation for npj Vaccine, and ELISpot and serology data is taken from Marsh et al. (2021)

published in npj Vaccines (reference number: NPJVACCINES-01140, Appendix).

Glenn A. Marsh, Alexander J. McAuley, Gough G. Au, ... William S.J.Horman, ... Sarah C.

Gilbert, & S.S. Vasan — May 2021

ChAdOx1 nCoV-19 (AzD1222) Vaccine Candidate Significantly Reduces SARS-CoV-2

Shedding in Ferrets

| performed the majority of the work presented in this chapter, with assistance from Daniel
Layton in performing the assays and data analysis, and from Peter Durr in completing the
bioinformatic analysis. The serology data experimentwas performed by Glenn Marsh. Severd
antibodies were kindly given for this study by Stephen Kent, Jennifer Juno, and Adam

Wheatley.

99



Chapter 4

The immunogenicity of prime/boost vaccination with the SARS-CoV-2 vaccine

candidate ChAdOx1-nCoV-2019 in the ferret model

Abstract

The SARS-CoV-2 pandemic at the beginning of 2020 called for rapid development of vaccine
candidates against the novel virus. One such vaccine candidate, the ChAdOx1-nCoV-2019
vaccine, uses a replication-deficient simian adenovirus vector to express SARS-CoV-2 spike
(S) antigen, in order to elicit an immune response against the virus. This study assessed the
immunogenicity of a prime/boost vaccination regime in the ferret model, using flow cytometric
analysis to investigate changes in immune cell subsets. Ferrets given two doses of the
vaccination exhibited increases in B cell proportions in the circulation at day 5 post-challenge,
as well as increases in CD8* and CD4*PD-1* T cells. These ferrets also showed greater
proportions of CD14*CD11b* antigen presenting cells, suggesting the prime/boost animals
had launched more robust adaptive and innate immune responsesinresponse to SARS-CoV-
2 infection. These results further strengthen our rationale for a two-dose vaccination course,

which is currently being used in humans all over the world.
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4.1 Introduction

In December 2019, an outbreak of a novel coronavirus was identified in Wuhan, China (111).
This virus, now known as SARS-CoV-2, causes the severe respiratory disease COVID-19,
which has rapidly spread across the world to cause a severe pandemic. By February 2021,
over 110 million cases of COVID-19 have beenreported worldwide, with 2.4 million confirmed

deaths due to the virus (380).

Developing vaccine candidates against SARS-CoV-2 is an essential step required to control
the pandemic. The adenovirus vaccine candidate ChAdOx1-nCoV-2019 has been developed
using The Jenner Institute’s adenovirus vaccine platform, using a replication -deficient simian
adenovirus vector for vaccine delivery (381). This vaccine candidate utilises the full-length
structural surface glycoprotein (spike or ‘S’ protein) of the virus to elicit an immune response.
Vaccination of rhesus macaques with ChAdOx1-nCoV-2019 provided animals with protection
from viral pneumonia following SARS-CoV-2 challenge (150), whilst Phase 1/2 human clinica
trials have shown acceptable safety levels, as well as humoral and cellular immune responses
befitting its clinical use (148). Furthermore, the ferret model for human respiratory virus
infection has been used as an infection model of mild human SARS-CoV-2 infection, with vira
shedding fromthe upper respiratory tractfor up to 11 days post-infection with little to no clinical
signs (145, 382-384). Therefore, using the ferret model is considered an effective method to

test vaccine efficacy through assessment of reductions in viral shedding.

Extensive research has gone into assessing the cellular immune response to SARS-CoV-2,
as deciphering how this virus interacts with the host immune system may provide valuable
insights for guiding vaccine development. Several studies have shown that both CD4* and
CD8* T cells play a pivotal role in protecting individuals against SARS-CoV-2in cases of acute
and chronic disease, with CD4* T follicular helper cells in particular associated with patient
recovery (141, 385-387). Moreover, suboptimal CD8* T cell responses or T cell exhaustion
and depletion are associated with worsened disease outcomes (388, 389), making memory T

cell responses akey area of investigation for vaccine candidates. While work to elucidate the

101



dynamics of the immune response to SARS-CoV-2 in humans continues to evolve, studies
into the cellular immune responses in ferrets are limited, with those few previous studies in
this model focussing on the cellular dynamics of influenza infections (361, 390). Thus, our
ferret study aimed to classify the cellular immune responses following SARS-CoV-2 virus
challenge in unvaccinated control ferrets and those previously inoculated with one or two
doses of ChAdOx1-nCoV-2019 vaccine, both intranasally and intramuscularly. Immune cell
subsets were assessed in the blood and relevant tissues to determine the cellular immune

dynamics in this system.
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4.2 Results

4.2.1 Study overview

This study was a randomized, placebo-controlled study assessing the ChAdOx1-nCoV-
2019 vaccine candidate. Gender balanced groups of 8 ferrets were administered ChAdOx1-
nCoV-2019 by either intranasal (IN) or intramuscular (IM), and as either a single dose (prime
only) for 28 days or a two dose (prime/boost) regime with the second dose occurring 28 days
after the first dose (see Section 2.2.8, Chapter 2). Blood samples were taken 4 days prior to
SARS-CoV-2 challenge, as well as 5 and 14 days post challenge. Control ferrets were
inoculation with sterile PBS before virus challenge. Ferrets were humanely killed, and tissue

samples were collected between 15-17 days post challenge (Figure 4.1).

Cohort 1 Day -28 Day -4 Day 0 Day 5 Day 14
n=8 IM .0 o
n=8 IN L’ LY ) . f
n=4 Control (PBS) .00 3 'y
Vaccination 1 SARS-CoV-2 Endpoint Samp"”g
(IM/IN) challenge
Cohort 2
n=8 IM
n=8 IN Day -56 Day -28 Day -4 Day 0 Day5 _ Day 14
n=4 Control (PBS) ‘ .o o
— by 6 ..7’
| Dol ) <
Vaccination 1 Vaccination 2 Endpmntsamphng
SARS-CoV-2
(IMAIN) (IM/IN) challenge

Figure 4.1. Schematic outline of the vaccination study

Ferrets were administered ChAdOx1-nCoV-2019vaccine or sterile PBS for control ferrets at 56 days (‘cohort2’,
prime/boost) and 28 days (‘cohort1’, primeand ‘cohort2’, prime/boost, n=20 for both cohorts). SARS-CoV-2viral
challenge occurred atday 0. At both timepoints, vaccinationwas given either by intranasal (IN) or intramuscular
(IM) administration, with n=8 for each administration method, and n=4 for each control timepoint. Blood samples
were taken at day -4 pre challenge and day 5 and day 14 postchallenge, and endpointsampling oftissues days

15-17.

Tissues samples were processed into single cell suspensions, and then used for flow
cytometric analysis using three antibody panels which were labelled as ‘B cell’, ‘T cell’, and

‘Antigen Presenting Cell (APC)’ due to their target antigens (Table 4.1). The intracellular
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marker CD79awas used as a negative selector of B cellsin the T cell panel and was thus also
used as an alternative measure of B cells external to the B cell panel. The MHC-II antibody in
the APC panel was also used as alternate B cells measurement, when examined as an MHC-
[I"CD11b- population, giving three separate measures of B cell populations. Due to suboptimal
staining and a lack of reagentfor all samples, further analysis of IFNy and CXCR5 populations

was not completed.

Table 4.1. Antibody panels for immune cell staining

Antibody Panel

Antibody
T Cell B Cell APC
CD4 X
CD8 X
IFNy X
CXCR5 X
CD79a* X
PD-1 X
lgG/M/A X
GL7 X
MHC-I1* X
CD11b X
CD14 X

* Used for B cell analysis external to the B cell panel.
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4.2.2 IM-boosted ferrets had increased CD14*CD11b* cells in the blood with multiple

populations

For antigen presenting cells, cells were gated as total live cells to include monocytes and
granulocytes and were analyzed using an antibody panel to distinguish cells by their
expression of the monocyte CD14, the myeloid CD11b and the activating MHC-II markers
(Figure 4.2). Interestingly, CD14*CD11b* cells separated into low to intermediate
(CD14/°CD11b'") and high populations (CD14NCD11b"), which also expressed low and
moderate levels of MHC-II*, respectively. The CD14"MCD11b" population likely represents a

more mature or activated phenotype.

IM prime/boost ferrets saw a significant increase in CD14*CD11b* cells at day 5, though a
trend towards increased proportions of these cells was observed in all groups (Figure 4.3a).
When comparing the ratios of CD14"CD11b" over CD14'°CD11b* expressing populations, the
IM prime group showed a significant increase in the ratio of CD14"CD11b"/CD14'°CD11bP
cells fromday -4 to day 5, suggestive of an increase in monocyte activation in response to the

SARS-CoV-2 challenge (Figure 4.3b).
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Figure 4.2. Gating strategies for antigen presenting cells

Stained cells fromthe flow cytometry analysis were gated for single cells, total leukocytes, and then live leukocytes
(red). From this gate, CD14* and CD11b* cells were analyzed as antigen presenting cells, with two populations
observed gated as CD14" or CD11b* high (purple) and low to intermediate (green) cells. These cells were also

back-gated against MHC-II.

106



(@)

Prime

1581 21.20

Control

1298 9.76

CD14-PE

- Prime/
53.98 Boost

CD11b-APC
(b)
15+
g =
(2]
<
3
= 104
Q@
Q
=
k]
+
o
a
O
+
3
o
0- T T T T
4514 4514 4514 4514 4514
IM Prime  IN Prime IM Prime/ IN Prime/ Control
Boost Boost
Days from viral challenge
(© o ]
75-)0
C(,DJ 0.4
~
$
Q 34
el
0
O 02
3
[m]
O
S 014
o
o
[h'd
0.0~

T T T T
4514 4514 -4514 -4514 -4 514
IM Prime IN Prime IM Prime/ IN Prime/ Control
Boost Boost

Days from viral challenge

Figure 4.3. Two populations of CD14*CD11b* cells were present in the blood
(a) Representative FACS plots and (b) relative proportions of CD14*CD11b* cells in the blood over time. (c)
Analysis showing the ratio of CD14MCD11bh"/CD14'°CD11b'® expression of APC markers. For all day-4 groups,

n=8. For IM prime at days 5and 14, n=7, and for control atdays 5and 14, n=6. FACS plotborder colour represents
the group at timepoint observed in the bar graphs. Error bars represent SEM, and data marked with (*) indicate

p<0.05.
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4.2.3 Boosted ferrets have greater CD11b expressionin spleen

In the spleen, two different phenotypes were observed for CD14* and CD11b* cells, with
distinct populations of CD14hCD11b'® and CD14"°CD11b" cells possibly representing
monocytes and dendritic cells respectively (Figure 4.4a). The boosted ferrets showed
significantly higher proportions of CD14'°CD11b" cells in the spleen compared to prime only
ferrets (Figure 4.4b), though no significant differences were observed forthe CD14"NCD11bP
populations (Figure 4.4c). Intriguingly, the boosted ferrets had consistently lower ratios of
CD14"CD11b'9/CD14*CD11b" in both the spleen and lymph node (Figure 4.4d), suggesting
greater uptake of these activated antigen presenting cells fromthe circulation following SARS-

CoV-2 challenge.

108



(a) CD14 vs CD11b in the spleen (b) 30

204

L e e Prime

1553 | 1043

Control

354

CD14-PE
CD14°CD11b" of live lymphocytes (%)

T T
s & . & & P R -
e & ¢ & & & o &
Prime/ & o -\\e“"&gi”‘\ CHERE -\\°® & o
2420 Boost \v“q N \éq &
CD11b-APC Spleen Lymph node
(c) (d)
8- 2.0 *

C€D14"CD11b'° of live lymphocytes (%)
IS
1

Ratio of CD14°CD11b"/CD147CD11b°

0+
&

\‘x‘q“ (\;Q‘\ @PO e;"o o"‘é @Q“ ‘_\q“ e} @PD

& &
\\“ S \\'* \@
Spleen Lymph node L i )

Spleen Lymph node

Figure 4.4. Prime/boost ferrets showed greater CD11b expression in spleen, and had consistently lower

ratios of CD14"MCD11b'°/CD14'°CD11b"

Representative FACS plots of (a) CD14*CD11b* cells in the spleen showing variable expression of these two
markers. (b) Relative proportions of CD14'°CD11b" and (c) CD14"CD11"° populations in the spleen and lymph
node. (d) Ratio of the proportions of high:low expressing populations. For all day-4 groups, n=8. For IM prime at
days 5 and 14, n=7, and for control at days 5 and 14, n=6. FACS plot border colour represents the group at
timepointobserved inthe bar graphs. Error bars represent SEM, and data marked with (*) indicate p<0.05, and (**)

indicates p<0.01.
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4.2.4 Boosting ChAdOx1-nCoV-2019 induces surface immunoglobulin and MHC-

[I"CD11b-cells in the blood

Anti-IgG/M/A was used to assess immunoglobulin-expressing B cells in the blood as a
measure of humoral immunity induction. Both prime-only groups showed no significant
increases in IgG/M/A* cell populations in the blood (Figure 4.5a). However, both inoculation
routes in the prime/boost group showed significant increases in IgG/M/A* cells in blood at day
5 post infection before a significant decrease at day 14, suggestive of a B cell antibody
response in these ferrets towards the SARS-CoV-2 challenge (Figure 4.5a). Interestingly, the
controlferrets showed asimilar trend towards increasesin IgG/M/A* cells at day 5, and though
this increase in proportions was not significant, it is suggestive of the prime/boost vaccine
regime more closely mimicking the natural immune response to viral challenge, but to a
greater extent. A significant increase in MHC-1I*CD11b- cells, likely B cells due to the lack of
other antigen presenting cell-specific markers, was also presentinthe IM boostgroup (Figure
4.5b), which is indicative of the IM boost giving the greatest increase in Ig-producing B cells

in response to SARS-CoV-2 challenge.
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Figure 4.5. Prime/boost vaccination induces greater surface immunoglobulin expression and MHC-II single

positive cells in the blood

Representative FACS plots and relative proportions of (a) IgG/M/A* and (b) MHC-II"CD11b" cell subsets in the
blood across time. For all day-4 groups, n=8. For IM prime at days 5 and 14, n=7, and for control atdays 5and 14,
n=6. FACS plotbordercolourrepresentsthegroup and timepoint(day 5) observed in the bar graphs. Error bars

represent SEM, and data marked with (*) indicate p<0.05, (**) indicates p<0.01, and (****) indicates p<0.0001.
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4.2.5 Boosting ChAdOx1-nCov-2019 induces (greater antibody titres by

microneutralization assay

Antibody levelsinduced by the vaccine candidate were assessed in serumsamples collected
on a weekly basis using a standard virus microneutralisation assay. This assay assessed the
ability of the samples to neutralise 100 TCIDso of SARS-CoV-2 virus. No virus-neutralising
antibodies were detected in control animals which did not receive any vaccine regimen (Figure

4.6a, b).

IM prime ferrets reliably showed detectable neutralising antibodies prior to challenge, which
were subsequently boosted by viral challenge. Prime-only intranasal administration did not
reliably induce detectable neutralising antibodies in the serumprior to challenge and, following
challenge, only 75% of animals had measurable neutralising antibodies (Figure 4.6b). Both
IM and IN administration of the vaccine in a prime/boost regimen led to a sharp increase in
neutralising antibody levels in all ferrets 7 days after the second vaccination, which then
declined prior to challenge, but were still at detectable levels, and remained detectable 14
days after virus challenge. Integrated analysis of the neutralisation data demonstrated that the
administration of aboostdose of ChAdOx1 nCoV-19 increased the overall neutralisation levels

in a similar manner regardless of administration route (Figure 4.6¢).
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Figure 4.6. Serum Virus Neutralisation Titres Against SARS-CoV-2

Individual ferret serum samples were tested using a virus microneutralisation assay with a 2-fold dilution series
starting at 1:10, with the neutralisation titre stated as the highest dilution of serum leading to 100% virus
neutralisation. (a) Mean titres were calculated for each study group from log»-transformed data and plotted with

SEM. Green vertical lines representdates of ChAdOx1nCoV-19 administration, whilstred vertical lines represent
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virus challenge at study day 28 or 56 for the two cohorts, respectively. The dark green horizontal line represents
the limit of detection of the assay. (b) Neutralising titres for individual ferrets were presented in a heatmap with
vaccine administration and challenge dates represented with green and red lines, respectively. (c) Integrated
analysis of neutralisation titres from prime only and prime/boost administrations. Neutralisation titres from prime
only animals were combined from study days 7, 14, 24, and 40, whilst neutralisation titres from prime/boost animals
were combined from study days 35, 42, 52, and 70. These represent the same timeframe relative to challenge
date. For both IMand IN administration of ChAdOx1 nCoV-19, theincrease in neutralisation titre in the prime/boost
ferrets is similar, as indicated by the almost-parallel linking lines. The vertical lines with error bars represent mean

and standard error ofthe mean (SEM) from log »>-transformed data.

4.2.6 Higher proportions of B cells were presentin the tissues of the prime/boost group

compared to the prime-only group

B and T cells were gated from total lymphocytes (Figure 4.7). B cells were analyzed as
IgG/M/A*, MHC-1I"CD11b-, and CD79a* populations, representing both activated and naive B
cell populations, respectively. T cells were analyzed as CD4* and CD8* populations. CD4*
helper T cells were further analyzed by the activating PD-1 and the inflammatory chemokine
CXCRS5 markers to identify subsets of T follicular helper cells, though due to alack of CXCR5

antibody across the trial, the CXCR5 data was not included in further analyses.
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Figure 4.7. Gating strategies for B and T lymphocytes

Stained cells from the flow cytometry analysis were gated for single cells, total leukocytes (excluding debris), and
then live lymphocytes (red). Fromthis lymphocyte gate, B cell analysis was performed by gating on IgG/MA*, MHC-
II"CD11b", and CD79a* cells. T lymphocytes were analyzed through gatingon CD8* and CD4* positive cells, with

further analysis on CD4"* gated cells identifying CXCR* or PD-1* cells.
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Along with Ig* cells, we also examined the GL7 marker as an indication of B cell activation.
The induction of agreater B cell response to SARS-CoV-2 challenge in the boost group was
also evident in the lymph nodes of infected animals, with boosted ferrets showing higher
proportions of B cells, and significantly higher levels of “activated” GL7"IgG/M/A* B cells
presentin the IN prime/boost group compared to IN prime only (Figure 4.8a). Interestingly,
the spleen of the IN prime group also had significantly higher levels of IgG/M/A* B cells than
both the control and IN prime/boost groups (Figure 4.8b). MHC-II*CD11b--containing B cells
were also found in higher proportions in the spleen of the IN prime/boostgroup (Figure 4.8c).
These findings suggest greater proliferation, activation and dissemination of B cells in this

group compared to its prime only corresponding group.
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Figure 4.8. Higher proportions of GL7* B cells were present in the tissues of boosted ferrets

Representative FACS plots fromthe spleen, and relative proportions of (a) IgG/M/A*GL7" cells in the spleen, lung
and lymph node. (b) Total IgG/M/A* was also assessed in the spleen and lymph node, with representative FACS
plots showing populations present in the spleen. Relative proportions of (¢c) MHC-II"CD11b" single positive cells
were also assessed in the spleen. For all day-4 groups, n=8. ForIM prime at days 5 and 14, n=7, and for control
at days 5 and 14, n=6. FACS plotborder colour represents the group and observed in the bar graphs. Error bars

represent SEM, and data marked with (*) indicate p<0.05, and (**) indicates p<0.01.
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4.2.7 Boosting ChAdOx1-nCoV-2019 elicits higher levels of CD8*T cellsin the blood.

We next wanted to assess the proportions of CD8* T cells in the blood, as cytotoxic T
lymphocytes are important mediators in controlling infection. At day 5 post-infection, both the
IM and IN prime/boost groups showed a significant increase in circulating CD8* T cells
comparable to the controls, which was not observed in the prime only group (Figure 4.9a),
though these levels decreased by day 14. The prime only group saw no significant changes
across the sampling timepoints (Figure 4.9a), and no significant increases or decreases were

observed for CD8* T cells in any of the assessed tissues.

In the circulation, CD4*T cell proportions significantly dropped from day -4 to day 5 in both
the prime only groups, whilst a significant increase was observed in the IN boost group from
day 5 to day 14 (Figure 4.9b). Interestingly, levels of CD4*PD-1* T cells had a trend towards
being higher in the prime only group, yet both the control and boost groups saw significant
increases in CD4+*PD-1*T cells at day 5 to proportions comparable to the prime group before
decreasing again at day 14 (Figure 4.9c). Moreover, CD4*PD-1* T cells were found in
significantly higher proportions in the lungs of IN prime ferrets compared to the IN boosted
ferrets, while having a trend towards higher proportionsoverall (Figure 4.9c). These results
suggest T cell down-regulation is occurring at day 5 post-infection in the lungs of boosted

ferrets.
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Figure 4.9. Distinct changes in T cells proportions were present in the blood of vaccinated ferrets

Representative FACS plots and relative proportions of (a) CD8*, (b) CD4", and (c) CD4*PD-1* cell subsets in the
blood across time. For all day-4 groups, n=8. For IM prime at days 5 and 14, n=7, and for control at days 5and 14,
n=6. FACS plotborder colour represents the group at timepointobserved in the bar graphs. Error bars represent

SEM, and data marked with (*) indicate p<0.05, (**) indicates p<0.01, and (***) indicates p<0.001.
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4.2.8 Intramuscular prime/boost ferrets showed higher numbers of IFNy-producing

cellsin the blood after viral challenge

To measure T cell functionality, interferon-gamma (IFNy)-producing leukocytes (containing
T cells) were measured by IFNy enzyme-linked immunospot (ELISpot) in the blood (Figure
4.10, section 2.2.11), with infected samples tested without further stimulation. The prime only
group showed very minimal IFNy production prior to (day -4) and post virus challenge (day 5).
At day 5 post-challenge, the prime/boost groups elicited variably higher levels of IFNy
production compared to the prime only groups, with significantly higher numbers of IFNy-
producing cells observed in the IM prime/boost group compared to the IM prime only animals
(p<0.01). IFNy responses observed in the intranasal prime/boost group also trended higher
than the prime only group following virus challenge, albeit not significant. There was also a
trend towards higher IFNy responses on day 5 compared to day -4 in the IM and IN
prime/boost groups, however these were not significant given the small ferret numbers.
Overall, our data suggests that the prime/boost ferrets showed higher levels of T cell function

post virus challenge compared to prime only ferrets.
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Figure 4.10. IM prime/boost ferrets showed greater levels of circulating IFNy-producing cells than prime

only ferrets

PBMCs were isolated from blood samples taken on Days -4 and 5, relative to challenge, for quantification of
circulating IFNy-producing cells by ELISpotassay. Prime-only animals had few IFNy-producing cells, whilst prime-
boost animals had greater numbers. Comparison of intramuscular prime-boost with intramuscular and intranasal
prime-only post-challenge results demonstrated statistical significance (**, p<0.01).

4.2.9 Principal component analysis suggests the number of doses, not the delivery

method, affect thedelineation of the immune response at day five postinfection.

Using the available flow cytometry parameters, principal component analysis (PCA) was
performed to assess whether the trial ferrets cluster by similarity in theirimmune responses.
No clear clusters were observed at day -4, other than a minor cluster in the IM prime group in
the CD4* parameter, with most groups showing similar scattering to the overall average
positioning (Figure 4.11a). The groups separated out at day 5, however, with the prime only
ferrets clustering based on the CD79a* variable whilst the prime/boost ferrets clustered based
on their Ig* expression (Figure 4.11b). Interestingly, the control ferrets do not closely cluster,
butrather show similarities to both groups, whichis reconciled inthe FACS data as the control
ferrets did show variable phenotypes. Lastly, by day 14 the ferrets were again all randomly
clustered, suggesting the abatement of any specific immune responses as a result of the

vaccination regimes (Figure 4.11c).
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Figure 4.11. PCA analysis shows that prime only and prime/boost ferrets diverge in their immune

responses at day 5 post infection, regardless of the route of inoculation

PCA analysis was performed using the flow cytometry datato assess whether ferret populations are differentiated
expression of certain markers at (a) day -4, (b) day 5 and (c) day 14 postinfection. Each ferret is represented by
a single point, with the colours identifying the group and inoculation route (the average grouping of all points is

marked in grey). Populationsare separately along the axes of the flow cytometry parameters (dark red).

As the number of vaccination doses appeared to be a greater influence on the immune
responses elicited compared to the route of inoculation, further correlations were made
between the FACS variable for each to assess whether increases in one parameter were
associated with increases or decreases in others. Correlation plots for the prime only f errets
showed that there was a negative correlation between CD4* and CD79a* cells at day -4 for
both the prime only (Figure 4.12a) and for the prime/boost groups (Figure 4.12b). Atday 5
postinfection, there were again strong negative correlations between CD4* increases, though
in this instance with decreases in CD8*, MHC-II*, and CD14*CD11b* cells, and MHC-II
increases were positively correlated with CD79a* and Ig* responses (Figure 4.12c). The
starkest observations however were seen in the prime/boost ferrets at day 5, with strong
correlations in every variable except between CD14*CD11b* and both CD8* and CD79a*
(Figure 4.12d). Interestingly, in these ferrets Ig* responses strongly correlated to an increase
in APC and B cell markers such as CD79a and MHC-II, and to decreases in both CD4* and
CD8* T cells, with the matching increases in these T cell markers also strongly correlated to
decrease inthe APC and B cell marker proportions. These further suggest thatthe Ig response
is stronger following prime/boost vaccination, whilst also hinting at the role of APCs in

providing some form of anti-viral immunity in this model.
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Figure 4.12. Correlation analysis shows that prime only and prime/boost ferrets diverge in their immune

responses at day 5 post infection, regardless of the route of inoculation

Correlation analysis was performed using the flow cytometry data to assess whether changes in the proportions of

immune cells correlated to increases or decreases in other cell subsets. Based on the PCA analysis, both

inoculation methodswere merged and assessed as single groups at day -4 for (a) prime only and (b) prime/boost

ferrets, and then at day 5 to assess the effect of viral challenge both groupsin(c) and (d) respectively. Apositive

correlation isindicated by ablue circle and anegative correlation by ared circle, with the size ofthe circle indicating

the strength ofthe correlation. Circles marked with an x indicate anon-significant correlation.
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4.3 Discussion

The ChAdOx1-nCoV-2019 vaccine candidate was one of several promising vaccine
candidates to emerge in early 2020 to fight the rapid spread of SARS-CoV-2 across the world.
Like many of these vaccines, ChAdOx1-nCoV-2019 utilizes the SARS-CoV-2 spike protein to
elicit an immune response against the virus, with this vaccine using a replication-deficient
simian adenovirus vector for delivery of the antigen in a similar adenovirus-vector system
previously used for other novel viruses such as Middle East Respiratory syndrome (MERS)
coronavirus (147). Several studies have assessed the safety and immunogenicity of this
vaccine, with phase 1/2 clinical trials in human subjects suggesting the vaccine has acceptable
safety and ability to produce neutralizing antibody responses (148). ChAdOx1-nCoV-2019 has
also been putinto several animal models, with vaccination of mice and pigs suggesting that
two doses of the vaccination produces greater neutralizing antibody responses against SARS -
CoV-2 (149). Trials in non-human primates have also shown this vaccine can prevent the
onset of viral pneumonia and generate enhanced antibody responses, again through a

prime/boost strategy (150).

This chapter aimed to classify the cellular immune responses occurring in the ferret model
of human SARS-CoV-2 infection, following inoculation with either one or two doses of the
ChAdOx1-nCoV-2019 vaccine. Ferrets were chosen as a model due to their effectiveness as
a model of human respiratory infection, with several studies showing this model successfuly
models replicative infection of SARS-CoV-2 (145, 382-384). Despite this, a paucity of
knowledge and reagents for the ferret model has thus far prevented more extensive
investigation into the dynamics of the cellular immune response to this virus or the vaccine
candidates, making this an important study to further give insight into the immunology of this
model in a SARS-CoV-2 context. Due to the constraints of the study design and working at
PC4 for sample harvesting, itis however important to note that absolute cell counts were not
able to be obtained, and thus changes in cell change proportions provide a less concrete

indication of immune cell dynamics. Regardless, these data still provide valuable insight into
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how the immune cell populations are interacting with the virus, allowing for speculation about

the immune mechanisms taking place in this system.

There were distinct differences between the immune responses of ferrets given one
vaccination (the ‘prime only’ group) compared to those that received a second inoculation (the
‘prime/boost’ group) from an immunological viewpoint. When assessing antigen presenting
cell subsets, the prime/boost ferret group showed increased proportions of CD14*CD11b*
cells in the blood at day 5 compared to the prime only group, though this result was only
significant in the IM-injected ferrets. The identity of these cells has only been speculated in
ferrets, with one study suggestingthat CD11b* cells identified in the blood are predominantly
neutrophils (361), whilst another suggests them to be other myeloid-derived cells such as
monocytes (359). However, CD14* cells in humans are often identified as dendritic cells
(DCs), with studies showing murine CD11b* DCs and human CD14* resident DCs are
functionally similar and are monocyte-derived (172, 173), suggestingthat these cells identified
in the blood of ferrets are possibly DCs or monocyte-derived DC-precursor cells. Monocytes
and dendritic cells have previously been shown to be pro-inflammatory modulators of Thl
immunity in a CpG adjuvanted protein vaccine model in the murine system (391), and thus
could plausibly be initiating a similar type of response in our prime/boost ferret system for the

ChAdOx1-nCoV-2019 vaccine.

Giventhe importance of directing antibody responses to vaccination, the differencesin B cell
proportions as assessed by MHC*CD11b- and overall IgG/M/A* cells were notable. The
prime/boost group showed higher proportions of IgG/M/A* cells in the circulation at day 5 post
infection regardlessof the route of inoculation, whilst the prime only group showed lower levels
of these cells. This increase is suggestive of an increased memory B cell response occurring
against the SARS-CoV-2 challenge following a second vaccination boost, a phenomenon
observed for this vaccine candidate in other animal models (149). Moreover, these increases
in immunoglobulin positive cells were reconciled in the serological data, where neutralizing

antibody responses were recorded post-challenge. However, and increase in MHC-II*CD11b
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cells was also observed in the circulation of IM-inoculated ferrets at day 5 post-challenge in
the boost group, further suggesting an increase in B cell activity in the blood post-challenge.
Conversely, atday five the prime only ferrets for both inoculation methods showed anincrease
in CD79a* cells, which are likely immature B cells which have not yet differentiated into
activated effector B cells (392, 393). Studies in mice with mRNA vaccines have shown greater
protection against SARS-CoV-2 is correlative with significantincreases in both germinal centre
B cells and, more importantly, SARS-CoV-2 specific B cells which produced antibodies against
the virus (394), with the upregulation of markers such as MHC-Il and expression of surface Ig
seen in this study suggesting that these cells are better activated by a prime/boost. These
responses are often driven by CD4*T cell interactions in the germinal centre where CD79a*
cells reside, with studies with simian immunodeficiency virus in rhesus macaques showing a
critical role in driving the B cell response towards a more mature phenotype in the germinal
centre following vaccination (395). Therefore, we next aimed to identify the CD4* T cell
responses that may or may not be occurring to drive the immune response towards a greater

neutralizing antibody response.

Proportions of CD4* T cells were significantly higher in the blood of prime only ferrets
compared to prime/boost ferrets before viral challenge, though levels of these cells
significantly dropped following viral challenge, which may suggest either recruitment of CD4+*
T cells into the periphery, or some level of leukopenia as seen in SARS-CoV-2 infected
humans (389). Furthermore, circulating CD4* T cells significantly increased in the circulation
of IN prime/boost ferrets, whilst the IM and control groups retained stable proportions. Of note
however is a significant increase in CD4+*PD-1+ T cells in the blood of both boost groups
following viral challenge at day 5. The PD-1 marker has been used in other studies to identify
T follicular helper cells, with PD-1* T cells shown to contribute to high-avidity antibody
production following influenza virus vaccination (396), although use of this marker in ferrets is
still very novel (397). Given the significant increases in both IgG/M/A* and MHC-1I*CD11b

populations in the blood of prime/boost ferrets at day 5 post-infection, itis likely that these

127



CD4*PD-1*T cells are T follicular helper cells driving the B cell response towards antibody

production.

There were noticeably greater levels of CD8* T cells in the circulation at day 5 in the
prime/boost group, suggestive of agreater effector T cell response to viral challenge following
the two doses of the vaccine as opposed to one. Despite their importance in directly killing
virus-infected cells and producing pro-inflammatory cytokines, CD8* T cell responses have
generally been limited in scale in other vaccination studies, with preliminary data of one mRNA
vaccine candidate showing low levels of CD8* activation by intracellular cytokine-staining
assays (398). This is despite CD8* T cells having a critical role in protection against SARS-
CoV-2, as studies have shown depletion or exhaustion of CD8* T cells are corelative with
worsened disease outcomes (388, 389, 399). These results suggest that two vaccination
doses elicit memory of these cytotoxic cells to a greater extent than one dosage, which may
allow for greater clearance of virus. Furthermore, despite no significantincreasesin CD8*cells
in the spleen by FACS analysis, assessment of IFNy-producing cells by ELISpot assay
showed significant increases in these cells in the circulation of the prime/boost ferrets at day
5 when compared to the prime only group. Interestingly, however, assessment of T cell
activation by ELISpot in human ChAdOx1-nCov-2019 trials found no such differencein IFN-y
producing cell numbers between prime/boost groups, with both groups showing similar peaks
of IFN-y producing activity at day 14 post-challenge (148). Nonetheless, increases in IFN-y
production and CD8* T cell proportions suggest that the ChAdOx1-nCoV-2019 vaccine is
eliciting a Thl response, similar to what has previously been seen for this vaccine in the
porcine and murine models as well as other SARS-CoV-2 vaccines tested in humans (149,
400). Thus, the ChAdOx1-nCoV-2019 vaccine best elicits protective immunity from both the

humoral and adaptive T cell responses when use in a prime/boost regime.

The work presented in this chapter suggests that a prime/boost vaccination regime elicits a
more robust immunogenic profile against SARS-CoV-2 compared to one vaccination alone,

and that the immune response produced through the prime/boost vaccinationisa Th1limmune
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response. The PCA analysis further supports this claim, as on day 5 post infection the
prime/boost ferrets cluster into a group showing greater Ig* and APC marker expression
compared to the prime only ferrets regardless of inoculation route, as the prime only ferrets
are more associated with a less mature CD79a*immune phenotype. Correlation analysis also
suggests a greater immune activation in the prime/boost ferrets, as increases in Ig* where
strongly correlated to increases in the APC and B cell markers, though interestingly also with

decreasesin T cell markers.

This study provides evidence for a prime/boost vaccination regime being the ideal method
to elicit a strong antibody response against SARS-CoV-2, and thus may guide the decision-
making process for the ultimate distribution and vaccination of the human populace with the
ChAdOx1-nCoV-2019 vaccine inthe near future. Furthermore, the large -scale implementation
of immunological methodologies used in thistrial can act as aframework for future vaccination
efforts using the ferret model, to give greater insights into not only the neutralizing antibody

response but the broader cellular immune responses occurring on the whole.
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Chapter 5: Upregulated expression of ferret Interferon-
Inducible Transmembrane genes by IFN-a and influenza
virus infection
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ABSTRACT The current fears of a future influenza pandemic have resulted in an
increased emphasis on the development and testing of novel therapeutic strategies
against the virus. Fundamental to this is the ferret model of influenza infection,
which is critical in examining pathogenesis and treatment. Nevertheless, a precise
evaluation of the efficacy of any treatment strategy in ferrets is reliant on under-
standing the immune response in this model. Interferon-inducible transmembrane
proteins (IFITMs) are interferon-stimulated proteins shown to be critically important
in the host immune response against viral infections. These proteins confer intrinsic
innate immunity to pH-dependent viruses such as influenza viruses and can inhibit
cytosolic entry of such viruses to limit the severity of infection following interferon
upregulation. Mutations in IFITM genes in humans have been identified as key risk
factors for worsened disease progression, particularly in the case of avian influenza
viruses such as H7N9. While the IFITM genes of humans and mice have been well
characterized, no studies have been conducted to classify the IFITM locus and inter-
feron-driven upregulation of IFITMs in ferrets. Here, we show the architecture of the
ferret IFITM locus and its synteny to the IFITM locus of other mammalian and avian
species. Furthermore, we show that ferret IFITM1, -2, and -3 are functionally respon-
sive to both interferon-a (IFN-«) and influenza virus stimulation. Thus, we show that
ferret IFITMs exhibit interferon-stimulated properties similar to those shown in other species,
furthering our knowledge of the innate immune response in the ferret model of human
influenza virus infections.

IMPORTANCE IFITM proteins can prevent the entry of several pH-dependent viruses,
including high-consequence viruses such as HIV, influenza viruses, and SARS-corona-
viruses. Mutations in these genes have been associated with worsened disease out-
comes with mutations in their IFITM genes, highlighting these genes as potential dis-
ease risk factors. Ferrets provide a valuable tool to model infectious diseases;
however, there is a critical shortage of information regarding their interferon-stimu-
lated genes. We identified the putative ferret IFITM genes and mapped their com-
plete gene locus. Thus, our study fills a critical gap in knowledge and supports the
further use of the ferret model to explore the importance of IFITMs in these impor-
tant diseases.

KEYWORDS influenza, IFITM, ferrets, interferon

he identification of immune pathways that protect against viruses such as influ-
enza may lead to novel antiviral approaches. The interferon (IFN) pathway is an im-
portant immune response produced to induce an antiviral state in the body, through
stimulating multiple IFN-stimulated genes that block further viral production and infec-
tion. One group of IFN-stimulated genes is the interferon-inducible transmembrane
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(IFITM) gene family, which has been shown to restrict the entry of multiple viruses as
part of this IFN response (1, 2). These proteins are small transmembrane proteins com-
monly expressed in endosomes and have a conserved topology of two transmembrane
regions and an intracellular domain (3).

As their name suggests, IFITM genes are upregulated in response to IFN stimulation.
Nevertheless, IFITM1, IFITM2, and IFITM3 have been shown to be expressed constitu-
tively across multiple tissues in the human body (4-6), while IFITM5 expression is
mostly confined to osteoblasts due to its suspected role in osteogenesis (7). This con-
stitutive expression serves as an important first line of innate defense against influenza
viruses by restricting viral entry and limiting the spread of infection early in the
immune response. IFITM proteins act through inhibition of viral envelope hemifusion
with the endosome, preventing viral pore formation and the escape of viral elements
into the cytoplasm (8-10). While the exact mechanism used to inhibit pore formation
is still being investigated, studies have shown that multiple interactions between IFITM
proteins and the endosomal membrane alter the membrane’s fluidity (10) and choles-
terol homeostasis of the endosome (11), which combine to block viral entry.

IFITM proteins have been shown to inhibit the viral entry and replication of several
pH-dependent enveloped viruses, including cytomegalovirus, dengue virus, and
importantly, influenza virus (1, 5, 12). IFITM3, in particular, has been well characterized
as an anti-influenza protein, with several studies showing increased influenza A titers
and influenza-related pathology in IFITM3 knockout mice (13-15), while overexpression
of IFITMs in human lung cell lines has been shown to decrease influenza A virus titers
(1). However, mutations in these genes have been shown to increase susceptibility to
influenza A viruses, with IFITM3 mutations such as rs12252 and rs34481144 conferring
greater susceptibility to severe influenza virus infections in some populations (16-18).

Orthologues to IFITM genes have been characterized in mice (6, 15, 19), pigs
(19-21), and avian species such as chickens (22), ducks, and geese (23, 24). While mice
have often been used for influenza virus studies, the ferret model of human influenza
is regarded as the most suitable small animal model to human infection, as their dis-
ease pathology is more similar to that of humans than that seen in mice, and their hus-
bandry and practical usage are better than that offered in a nonhuman primate model
(25). Unfortunately, due to the limited characterization of the ferret genome, there is
little detail regarding many antiviral and interferon-stimulated genes, and how they
may act as part of the ferret immune response to viral challenge, making our knowl-
edge incomplete. In terms of ferret IFITMs, only IFITM5 (GenBank accession no. XM
_004781053.2) has been reported at the transcript level (26).

Here, we describe the ferret IFITM gene locus, identifying and annotating ferret
IFITM1, -2 and -3, as well as validating IFITM5. We demonstrate the upregulatory func-
tion of these newly identified ferret IFITMs genes which increased in mRNA levels in
response to IFN-a and influenza virus stimulation, thereby providing important tools
to better understand the ferret model of human influenza viruses.

RESULTS

Identification of the ferret IFITM locus. The ferret IFITM gene region was identi-
fied between the conserved flanking genes for protein-glucosyl galactosyl hydroxyly-
sine glucosidase (PGGHG) and B-1,4-N-acetyl-galactosaminyltransferase 4 (B4GALNT4,
scaffold GL897275.1:99108-236675) in the Ensembl genome browser (version 101)
(27) and run through the GENSCAN server (http://argonaute.mit.edu/GENSCAN.html)
to identify potential coding regions (28). These regions were put through BLAST to
identify the gene locations, and these genome regions were exported and aligned to
Ensembl coding regions (if available) (Fig. 1a). Once the coding genes were identified, the
four putative genes were assigned nomenclature based on the IFITM regions found for
other species. IFITM5 existed in Ensembl as a putative gene (ENSMPUG00000008479;
Ensembl scaffold GL897275.1:115472-119139), which was followed by two predicted cod-
ing regions. These predicted coding regions, ENSMPUT00000008557 (Ensembl scaffold

July 2021 Volume 95 Issue 14 e00111-21

Journal of Virology

jviasm.org 2

Downloaded from https://journals.asm.org/journal/jvi on 04 July 2021 by 165.225.227.63.


https://www.ncbi.nlm.nih.gov/nuccore/XM_004781053.2
https://www.ncbi.nlm.nih.gov/nuccore/XM_004781053.2
https://www.ncbi.nlm.nih.gov/nuccore/GL897275.1
http://argonaute.mit.edu/GENSCAN.html
https://www.ncbi.nlm.nih.gov/nuccore/GL897275.1
https://jvi.asm.org

IFITM Function in Ferrets

Journal of Virology

(a) Confirm coding
GENSCAN BLAST IFITMA sequencevia PCR
and sequencing
IFITM3 .

- - - - Confirmation of
Identify IFITM Flnfi potential Identify genome two exon coding
locusin proteins encoded sequences for sequence

Ensembl in genome region potential proteins ‘
IFITM2 Amplify full transcript e [ —
through 3' RACE and wrrwz [ —
sequencing e [ —

(b) (d)

W Ferret
Chromosome ?

PGGHG IFITM5  IFITM2  IFITM1 IFITM3  BAGALNT4

—B)<HE)—m)—@—m)- 1
Chromosome 11 Duck !

IFITM1

50 47 51 51 48
1 1 1 1 1
PGGHG IFITM5 IFITM2  IFITM1 IFITM3  B4GALNT4 ‘g‘ S % gn‘-f’ E, é
g5 < 5 20
T &)
—a)<~(@-u)—@—a)- "~ FTM2
Chromosome 7 Ferret
PGGHG IFITM5 IFITM2  IFITM1 IFITM3  BAGALNT4 Human 90
Mouse 80
Chimp 60
—m)< ) —~(@—@—m)~ o= Pig 50
Chromosome 5 ~ Chicken = 4 42 & 4 40
PGGHG IFITM5 IFITM2  IFITM1 IFITM3  B4GALNT4 Duck =% 30
TE DL DS X
EZ S EQ LS
o § 9 ©A
w =0 6
(c) IFITM1 IFITM2 IFITM3
, Forret IFITM3 100
Human - ss 90
Mouse - s 80
Chimp -6 60
Pig -+ 50
Chicken -+ 40
Duck “ 4 28 ¢ ¢ 3
5532258
f525 %9
e
T o
(e) IFITM1 IFITM2
©
&

Duck

<
o
c
7]
()

FIG 1 The ferret IFITM locus shows similar architecture to that seen in other species, with high levels of protein homology. (a) Flowchart
showing the in silico pathway used to identify IFITM-coding sequences in the ferret genome, followed by PCR analysis to confirm the
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GL897275.1:124417-125501) and ENSMPUT00000008570 (Ensembl scaffold GL897275.1:
145266-146548), showed IFITM-like sequences for IFITM1 and IFITM3, respectively.
Interrogation of the locus using GENSCAN and TBLASTN analysis subsequently found
another partial IFITM-like sequence which was not listed as a predicted coding region in
Ensembl, with this full product amplified and confirmed by 3’ rapid amplification of cDNA
ends (RACE) PCR as an IFITM-like coding sequence also. Thus, the ferret genome shows an
IFITM locus with four putative IFITM genes, flanked by B4GALNT4 and PGGHG as seen in
other species, with a suggested order of IFITM2, IFITM1, and IFITM3 as per the locus archi-
tecture of other species (Fig. 1b). As no ferret karyotyping has taken place, this locus could
not be assigned to a chromosome as has been done for other species. These gene
sequences were then confirmed by PCR and sequencing (Fig. 1c), and all three of the
novel ferret IFITM genes were found to have two exons like other mammalian IFITMs and
had conserved intron-exon boundaries (Fig. 2a). The sequence of IFITM5 was also ampli-
fied by PCR and sequenced for preliminary analysis (Fig. 2b and c).

Ferret IFITMs show distinct homology to the IFITMs of other species at an
amino acid level. Translated protein sequences for these IFITM-like coding sequences
were aligned by multiway pairwise alignment with sequences from human, mouse, chim-
panzee, pig, chicken, and duck IFITMs (Fig. 1d). Based on genomic and protein-level syn-
teny between other mammalian IFITM genes, we annotated ENSMPUT00000008557 as fer-
ret IFITM1 and orthologous to human IFITM1, our newly found transcript as ferret IFITM2
and orthologous to human IFITM2, and ENSMPUT00000008570 as ferret IFITM3 and orthol-
ogous to human IFITM3. Ferret IFITM proteins showed the greatest sequence homology to
pig IFITMs, which was reflected in the phylogenetic analysis of these protein sequences
(Fig. 1e) using the maximal likelihood method in MEGA? version 7.0.26 (29, 30).

Ferret IFITM proteins show similar topological features to other mammalian
IFITMs and conserved transmembrane regions. At the protein level, all IFITMs ana-
lyzed showed the same predicted topology, with two transmembrane regions and an in-
tracellular domain observed in the protein sequence alignments (Fig. 3). These proteins
were modeled using the Phyre2 webserver, to show possible protein structures of these
IFITMs (Fig. 4a). All mammalian IFITMs show conserved motifs (AYSVK at the N-terminal
end and ASTAKCLN at the C-terminal end) at the boundary of the transmembrane (high-
lighted in red) and conserved intracellular loop (highlighted in green), with protein model-
ing for ferret IFITM1 also exhibiting these motifs (Fig. 4b, highlighted in purple) as pre-
dicted by topology prediction (31, 32). These predicted proteins also show distinct
homology to the predicted protein structure of the known human IFITMs, with the regions
of ferret and human IFITM1 shown in Fig. 4c. These protein predictions suggest that the
putative proteins encoded by these newly identified IFITM genes show the same con-
served structure observed across IFITMs in multiple species.

Ferret IFITMs are differentially expressed at a basal level in a range of tissues.
IFITMs are widely expressed in humans in various tissues, with high levels of mRNA in
the lung, liver, and heart (4, 33, 34). In order to determine the tissue distribution of fer-
ret IFITMs, we assessed the basal gene expression levels by quantitative PCR (qPCR) in
multiple tissues harvested from female fitch ferrets (n=3). Interestingly, we demon-
strated IFITM1 basal expression to be highest in copy number in the thymus and bone
marrow compared to other tissues (Fig. 5a), whereas IFITM2 and IFITM3 expression
were both most abundant in the liver (Fig. 5b and c). All three IFITMs were also highly
expressed in the lung and showed the lowest levels of expression in the skin. IFITM2
was more highly expressed than -7 and -3 in all tissues assessed. Given that these basal
levels of expression were present without stimulation, we then wanted to assess how
these genes responded to IFN stimulation.

FIG 1 Legend (Continued)

sequences. (b) Schematic of the ferret IFITM gene locus compared to humans, mice, and chickens, with IFITM genes flanked by the
PGGHG and B4GALNT4 genes (purple). Arrow direction indicates the orientation of the gene. (c) Ferret IFITM sequences were amplified
by PCR and visualized by gel electrophoresis. (d) Heatmap of percentage homology between IFITM proteins from multiple species. (e)
Phylogenic trees generated with the maximum likelihood method show the relative evolutionary history among species for IFITM1,
IFITM2, and IFITM3 proteins.
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(a)

>Ferret IFITM1 coding sequence
ATGGTCAAGGAGAACACGGTGGACATCCTGGGCCCCCCCCAGAGCTCGGCTCCCGTGACCACCA
CCGTGATCGACATCCGTGGTGAGACAGCCGTGCCCGACCACATCGTCTGGTCCCTGTTCAACACC
ATCTTCTTGAACTGGTGCTGCCTGGGCTTCATGGCCTTTGCCTACTCTGTGAAG TCCAGGGACCG
GAAGATGGTGGGTGATGTGATTGGGGCCCAGACTTATGCCTCCACCGCCAAGTGCCTGAACATCT
GTGCCCTGGTCCTGGGCCTCCTGCTGACCACTGTATCTGTTGTTTTTCTGGTGATTGCCTATACTA
CAGCCTACAGTATGATTTTAAAGGTTATGAAGGAGAGTGGTGGCTACCATTAA

>Ferret IFITM2 coding sequence
ATGAGCCACAACGCCCAGCCCTTCTTCCCTGATACCCACGCCGGCGTCCCCCCGACCTACGAGAT
GCTCAAGGAGGAGCACAGGTGGCTGTGCTCGGGCCCCCCCAGAGCTCGGCTCCCGTGACCACCA
CCGTGATCAATATCCGTGGTGAGACAGCCGTGCCCGACCACATCGTCTGGTCCCTGTTCAACACC
ATCTTCTTGAACTGGTGCTGCCTGGGTTTCGTGGCCTTTGCCTACTCTGTGAAGTCCAGGGACCG
GAAGATGGTGGGTGATGTGATTGGGGCCCAGACTTATGCCTCCACCGCCAAGTGCCTGAACATCT
GTTCCCTGGTCCTGGGCCTCCTGCTGACCATTGCATTCGTTGTTTTTTTGGTGATTGGATATATTAT
GATTCCCCATATGATTTTACAGGTTGTGAGCTACAATGAGGTGTCCCAGGCCTAG

>Ferret IFITM3 coding sequence
ATGGAGAACCCCCAGAGCTTGGCTCCCAAGACCACCACCGTGATCGACATCCCGACGGAGACGC
CTGTGCGGGACCACATCGTCTGGTCCCTGTTCAACACCATCTTCTTGAACTGGTGCTGCCTGGGTT
TCGTGGCCTTTGCCTACTCTGTGAAGTCCAGGGACCGGAAGATGGTGGGTGATGTGATTGGGGCC
CAGACTTATGCCTCCACCGCCAAGTGCCTGAACGTCTGTTCCCTGGTCCTGGGCCTCCTGCTGAC
CATCACGTTCATCATCCTTTTTGTCACTGGATCGCTGATGATTCCGCAGATGGTCAGACAGCATGG
AGGCTACTAG

() © iFTvs
>Ferret IFITM5 coding sequence -
ATGGACACGTCGTACCCCCGCGAGGACCCCCGGGCCCCGACGGCCCACAAGG
CAGACGGCGCCGCCCACACGGCCCTCACCCTGGGGGCGCCCAGACCCCCAC
CTCGAGACCACTTGATCTGGTCGGTGTTCAGCACGCTCTACCTGAACCTGTGCT
GCCTCGGCTTCCTGGCGCTGGCCTACTCCATCAAGGCCCGGGACCAGAAAGTG
GCTGGAGACCTGGAGGCAGCCCGGCGTCTGGGGTCCAAAGCCAAGTGCTACA
ACATCCTGGCCATGATGTGGGCGCTGGTGCCACCGCTGCTGCTGCTGGCGCTG
GTGGTGACAGGCGCGCTACACCTGTCGCGGCTGGCCAAGGACTCCGCTGCCT
TCTTTAGCACCAAGTTCGATGACTCGGACTATGACTGA

FIG 2 Nucleotide sequences for ferret IFITMs. (a) Coding sequences for both exons of ferret IFITM1, IFITM2, and
IFITM3 obtained from sequencing, with exon 1 in black and exon 2 in red. (b) Coding sequence of ferret IFITM5
from sequencing data based on the putative transcript found in Ensembl. (c) The sequence of IFITM5 was
confirmed by PCR of cDNA obtained from ferret bone marrow.

Ferret IFITMs are highly upregulated by IFN-a. To validate their expected func-
tion as IFN-stimulated genes (ISG), ferret lung epithelial cells were stimulated with fer-
ret IFN-a to assess gene upregulation. All three ferret IFITMs were upregulated in a
time-dependent manner by qPCR following stimulation with ferret IFN-« (Fig. 6a). Each
IFITM continued to increase in transcript number over the 72 h of stimulation, with
IFITM1 observed to be the most highly upregulated (55-fold compared to the unstimu-
lated control), while IFITM2 and IFITM3 were both upregulated 10-fold (P < 0.0001, Fig.
6a). Despite the much higher fold change, raw transcript numbers of IFITM1 were lower
than those seen for IFITM2 and IFITM3 (Fig. 6b), with IFITM2 showing the greatest over-
all transcript levels at the basal expression level and following IFN-« stimulation.

Influenza virus infection induces IFITM gene upregulation. As IFITMs have been
associated with protection from viral infection, we next assessed whether these genes
were upregulated as part of the cellular immune response to influenza virus infection in the
ferret. IFITM transcript levels were measured in ferret lung epithelial cells with A/WSN/33
(HIN1) influenza virus. The transcriptional peak in terms of fold change was at 24 h for all three
IFITMs following a significant increase at the 24-h time point, with IFITM1 showing a greater
124-fold increase and IFITM2 and IFITM3 showing 9-fold and 6-fold increases, respectively
(P < 0.0005, Fig. 6¢). However, IFITM1 showed lower transcript levels despite the larger fold
change (Fig. 6d), with the overall transcript levels being lower than those observed in the IFN-
a stimulation. Moreover, the level of transcript appeared to peak and then decrease following
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FIG 3 Ferret IFITMs show conserved topology and motifs seen in other mammalian IFITMs. Protein sequence alignments for IFITM1, IFITM2, and IFITM3 of
multiple species. Conserved residues are indicated by an asterisk (*), and predicted protein topology is indicated below the alignment.

the 24-h time point, in contrast to what was observed in the IFN-« stimulation, where tran-
script levels steadily increased across the time points. Therefore, these data support the idea
that these newly identified putative ferret IFITM genes function as IFITM genes following IFN-
«a stimulation and influenza virus infection.

DISCUSSION
The identification and understanding of immune genes which contribute to the effective
control of respiratory viruses, such as influenza viruses, is important in maintaining human
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FIG 4 Ferret IFITM1 protein modeling shows conserved structure compared to human IFITM1 models.
(a) Protein sequences for ferret IFITMs were modeled using the Phyre2 webserver to create predicted
protein structures with predicted features colored as follows: transmembrane regions (red), conserved
intracellular loops (green), N- and C-terminal regions (blue). (b) Protein prediction modeling of ferret
IFITM1 shows the conserved AYSVK and ASTAKCLN motifs (purple) observed in the transmembrane
regions (red) surrounding the conserved intracellular loop (green). N- and C-terminal regions are
marked in blue. (c) Protein modeling of both ferret IFITM1 and human IFITM1 shows conserved
structures across species. Both models show conserved transmembrane (red) and intracellular (green)
regions, as well as N- and C-terminal regions (blue).

health toward the potentially fatal zoonotic infections often modeled in ferrets. The ferret
model is commonly used for human influenza, due to the similarities in the ferret respiratory
tract receptor distribution and clinical signs to those of humans (25, 35, 36). Despite these
advantages, overall knowledge of the immune response in ferrets is still limited, with only a
few studies looking into immune cell subtypes (37-39), and even fewer studies investigating
innate immune antiviral factors of the proinflammatory response (40, 41). This lack of in-depth
understanding of the ferret immune response means that understudied factors such as these
interferon-stimulated genes may be having an unknown effect on transmission or immuno-
logical studies in the ferret model. This is the case in humans, where IFITM mutations have
strongly correlated with worsened disease outcome for patients infected with avian influenza
viruses (16, 18, 42). This issue is compounded by a poorly annotated genome, which makes
identifying and classifying ferret immune genes a difficult endeavor. Here, we identified and
validated ferret IFITM genes and designed tools for measuring these genes via gPCR. Our find-
ings are essential for future research of IFITMs in ferret disease models.

The IFITM locus has been identified and studied across many vertebrate species,
with more detailed analysis observed in humans and mice (13, 15) and limited knowl-
edge of IFITMs in species such as pigs and gallinaceous birds (20, 22, 24). In the ferret
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FIG 5 Ferret IFITMs are found in multiple tissues by qPCR. (a to c) Transcript levels of ferret IFITMs
assessed in multiple tissues using gPCR (n=3 for each tissue, with each point being an average of
duplicate tests). Basal expression of IFITMs was assessed in unstimulated ferret tissues, with
expression plotted as the mean copy number per 10° copies of GAPDH, with error bars representing
the standard deviation (SD).

genome, in silico analysis showed a predicted IFITM5 gene sequence between the com-
mon flanking genes PGGHG and B4GALNT4, suggestive of the conserved nature of
these gene loci across mammals and other vertebrates. This has also been suggested
in more extensive analytical studies assessing how these genes have evolved in
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FIG 6 IFITM transcript levels increase following stimulation with ferret IFN-a and influenza A virus. (a and b)

IFITM transcript levels were measured in FRL cells following IFN-« stimulation for 2, 4, 8, 24, 48, and

are shown as (a) fold change compared to an unstimulated control and (b) copy number per 10° copies of

72h and

GAPDH. (c and d) IFITM transcript levels were also assessed following stimulation with influenza A/WSN/33
(H1N1) virus as fold change (c) and copy number (d) for all three ferret IFITMs (repeated in triplicate for each).
*, P<0.05; **, P<0.01; ***, P<<0.001; ****, P<0.0001 (Tukey’s multiple-comparison test, compared to adjacent

time points), with error bars representing SD.

chordate species (21). While further genome interrogation was able to identify three
putative IFITM gene sequences, their exact identities required a more comprehensive
investigation, as the nomenclature around IFITM genes is variable and complicated by
similarities shown across IFITM1 and -3. For example, chicken IFITM1 was originally
identified as IFITM3-like, and vice versa for IFITM3, causing a switch in how these pro-
teins were named (22). This nomenclature is shared by duck IFITMs but not the puta-
tive goose IFITMs (23), making comparative analyses difficult, highlighting the impor-
tance of developing appropriate functional analysis to determine nomenclature.

Protein-coding sequences in this ferret genomic region were identified by
GENSCAN, and IFITM-like sequences were pulled from the analysis for further investiga-
tion (28). Based on the locus architecture of other mammalian species, we discovered
three putative IFITM genes correlating to IFITM1, -2, and -3 in the genome scaffold fol-
lowing the IFITM5 gene. These three sequences were identified, and following align-
ment with the sequences of other species, it was confirmed that the ferret IFITM locus
follows the same basic organization as that seen in other species, with the order of
IFITMs being IFITM5-2-1-3. This conserved gene order supports the idea that the IFITM
locus is highly conserved across mammalian species.

The proteins encoding these nucleotide sequences showed clear “IFITM"-like struc-
tures based on conserved regions observed in other species. All mammalian IFITMs
have conserved transmembrane regions, with the putative ferret IFITM proteins dis-
playing the same AYSVK and ASTAKCLN motifs seen in other species at the transmem-
brane boundaries (22, 43). While the transmembrane and intracellular regions are con-
served, the exact topology of the N- and C-terminal regions in the ferret requires
further work to elucidate. Despite the protein prediction models used suggesting that
the regions are extracellular, topology models for IFITMs in both humans and mice
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have indicated that IFITM3 may possess an intracellular N-terminal domain (3), yet mouse
IFITM1 may have two intracellular domains at its N terminus and C terminus (44).

Despite most commonly being associated with respiratory pathogen defense in the
lungs of humans, IFITMs have been associated with antiviral protection in a range of
tissues in the murine model. For example, IFITM3 has been show to protect the heart
from HI1N1 infection in the mouse model during systemic infection (45), while infection
with HON2 elicited upregulation of murine IFITM1 and IFITM3 in tissues such as the kid-
ney, brain, and liver (6). Through assessing basal IFITM expression in multiple tissues of
the ferret body, we were able to show that IFITMs are expressed at various, but detect-
able, levels in different tissues, highlighting these genes’ function as important initial
protection against a broad array of viral threats due to their basal expression in virus-
susceptible tissues. Furthermore, the high basal expression of these genes in the lung
tissues was a good rationale to use ferret lung epithelial cells in the stimulation studies
to validate the function of these genes, which were already highly expressed prior to
stimulation.

Our experiments show that ferret IFITM genes are stimulated during interferon-
driven responses as shown in other mammalian species (15). Interestingly, these genes
appear to continue to be activated for prolonged periods after IFN stimulation, with
continued upregulation of these genes still evident after 72 h. This is despite initial
induction of ISGs often occurring as early as the 2 h time point (46), suggesting that
these proteins can act as sustained responders, provided IFN is present in the system.
Our studies also show that these genes are also upregulated in the presence of HIN1
influenza virus, though in both experiments it was intriguing to note that, at a tran-
script level, IFITM1 was the most greatly upregulated by fold change but had the low-
est transcript level. While less highly upregulated, IFITM2 and IFITM3 showed greater
transcript levels, even at a basal level with no stimulation, than what was seen after 24
h of influenza virus infection for IFITM1. This may be suggestive of IFITM1 having a dif-
ferent role or mechanism of action in the antiviral response to influenza, which has
also been shown in the case of other viruses which enter via endosomes such as Zika
viruses (47, 48), or that it may need lower levels of expression to enact antiviral func-
tion. Moreover, most influenza-related studies tend to focus on IFITM3, which is com-
monly shown to exhibit the greatest anti-influenza properties and may affect the anti-
body response to influenza viruses (13, 15, 49, 50). As such, the differences in these
two proteins gives an idea of how IFITMs provide broader antiviral protection, as
IFITM1 is more effective against viruses that enter via the cell membrane, such as filovi-
ruses, due to its localization on the cell surface compared to IFITM3 in the endosome,
which is more effective against enveloped viruses (1, 8, 11, 48). Further research is
required to confirm the membrane localization of these novel proteins to confirm
these functional differences.

Identification and classification of the IFITM gene family in ferrets contributes to our
understanding of the ferret model of human influenza and gives insight into an impor-
tant I1SG which may play a role in how this model is used. This study fills that knowl-
edge gap while also providing a framework for future investigations into other antiviral
genes not yet investigated in the ferret genome.

MATERIALS AND METHODS

Ethics and processing of ferret tissues. All procedures involving ferret tissues were reviewed and
approved by the Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australian
Animal Health Laboratories (AAHL) Animal Ethics Committee (AEC no. 1926) and were performed in ac-
cordance with the Australian Code for the Care and Use of Animals for Scientific Research (7th edition
2004).

Ferret tissues were aseptically collected and homogenized using a FastPrep-48 grinder and lysis sys-
tem (MP Biomedicals, Irvine, CA, USA). Briefly, homogenized tissues were lysed using the MagMAX-96 vi-
ral RNA isolation kit lysing/binding solution, and then RNA was extracted as per the manufacturer’s
instructions using the KingfisherFlex magnetic particle processor (Thermo Fisher Scientific, Missouri,
USA).

Cell culture. Ferret lung epithelial cells (FRL) were explanted and transformed by infection with ade-
novirus 5 (ATCC, Manassas, VA, USA). The transformed FRL epithelial cells were propagated and cloned
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TABLE 1 Quantitative real-time PCR primer sequences (5' to 3')

Gene Forward Probe Reverse

IFITM1 GCCAAGTGCCTGAACATCTGT CTGACCACTGTATCTGTTGT GCCACCACTCTCCTTCATAACC
IFITM2 CAACGCCCAGCCCTTCT CCCTGATACCCACGCCG TCCTCCTTGAGCATCTCGTAGGT
IFITM3 GGGCCTCCTGCTGACCAT CGTTCATCATCCTTTTTGTCA CGGAATCATCAGCGATCCA

by limiting dilution. The FRL cells were given for this study by Tuck-Weng Kok, University of Adelaide
(tuckweng.kok@adelaide.edu.au). FRL cells were cultured in Dulbecco’s modified Eagle medium supple-
mented with 2 mM t-glutamine, 10 U/ml penicillin/streptomycin, nonessential amino acids (1x), 0.5 mM
B-mercaptoethanol, HEPES, and 10% fetal calf serum (HI-FCS) (Gibco, Thermo Fisher Scientific, Missouri,
USA).

Viruses. The influenza virus A/WSN/1933 (H1N1) used in this study was propagated by allantoic cav-
ity inoculation of specific-pathogen-free (SPF) embryonated chicken eggs aged between embryonic
days 9 and 11. The virus stock was titrated in chicken eggs, and the 50% egg infectious dose (EID,,)/ml
was calculated according to Reed and Muench (51).

Stimulation of FRL cells with IFN and virus. For stimulation assays, 0.5 x 10° cells/ml of FRL cells
were plated into 24-well plates, and either 0.5 wg/ml of ferret IFN-« (generated in-house, CSIRO) or influ-
enza virus (multiplicity of infection [MOI], 1) was added to the stimulation wells. Cells were harvested,
and RNA was extracted at 2, 4, 8, 24, 48, and 72h poststimulation using a RNeasyPlus kit (Qiagen,
Hilden, Germany) as per the manufacturer’s instructions.

3’ RACE PCR. Partial coding sequence for IFITM2 was amplified using the 3’ RACE system for rapid
amplification of cDNA ends kit (Thermo Fisher Scientific) as per the manufacturer’s instructions. Briefly,
cDNA was generated from ferret RNA with a dC-tail, and this cDNA was amplified using IFITM2 forward
primer (5’-ATGAGCCACAACGCCCAG-3’) and the adaptor primer provided in the kit. These products
were separated by gel electrophoresis and sequenced to obtain the full-length transcript.

Quantitative real-time PCR (qRT-PCR). PCR was performed using a StepOnePlus real-time PCR sys-
tem and the comparative threshold cycle (C;) method according to manufacturer’s instructions (Applied
Biosystems, Foster City, CA, USA). Relative gene expression was calculated using mean values obtained
from AACT. These C, values were fitted to a theoretical standard curve equation, n= 101332 where n
is the copy number, Ct is the C; value obtained from the gqPCR run, and Cn is the cycle number in the
run procedure. For relative gene expression, copy numbers were expressed as copies/10° copies of
GAPDH (.., Ncyokine/Naarory X 1,000,000). For fold change, AACT values for control samples were stand-
ardized to 1, and changes in cytokine levels were assessed as AACT, /AACT, Primers for fer-

test sample) (control)*
ret GAPDH were obtained from sequences developed by Carolan et al. (52), and primers for ferret IFITMs

were designed from sequences obtained in this study (Table 1).
Statistics. Time course data were analyzed by one-way analysis of variance (ANOVA), using a Tukey's
multiple-comparison test to assess differences between each time point.
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Chapter 6: Concluding Remarks

The ferret has been used as an animal model for investigating human respiratory diseases
since the 1930s, with several distinct advantages over other animal models (346). Despite
being more difficult to manipulate and house compared to mice due to their size and
temperament, ferrets display more comparable clinical signs to humans following influenza
virus infection such as fever, sneezing and nasal discharge, whereas these symptoms are not
observed in mice (346-349). Moreover, ferrets can be infected with naturally occurring viral
isolates from humans whereas mice often require the viruses to be adapted, and ferrets can
also readily transmit virus between animals (346, 350, 351). Thus, ferrets are an incredibly
powerful tool for studying pathogenesis and transmission of novel and zoonotic respiratory
viruses which threaten human health (93, 145, 348, 352). However, there is still a paucity of
data surrounding the immune responses in ferrets, and thus to improve the model for future
studies, more detailed analyses of how ferret immune cell subsets traffic and counteract vira
infection is required. The work presented in this PhD thesis aims to further our understanding
of the ferret model and how it can be used to assess the mammalian immune response to
high consequence respiratory viruses, as well as guide vaccination development to assist in

overcoming the pandemic threat that these viruses bring.

The work presented in Chapter 3 (published in Frontiersin Immunology, 2020) aimed to gain
a greater understanding of the immune cell dynamics of the ferretin the context of an avian
influenzavirusinfection, in this instance A/Anhui/1/2013(H7N9) virus. To achieve this, acohort
of ferrets was infected with the H7N9 virus and examined across a seven-day time period, and
clinical data such as weight, temperature and blood data were taken every second day.
Following humane euthanasia, tissues were harvested, and immune cell subsets were
analysed by flow cytometric analysis to assess how ferret lymphocytes traffic in response to
the infection. This study demonstrated that the LPAI H7N9 virus could cause variable disease

outcome, as one ferret showed far worsened disease progression compared to the others in
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the cohort. Variability in disease outcome has previously been reported for other H7N9 strains
(401), but not for this human-infecting strain which typically only causes mild clinical signs in
the ferret model (37, 54, 93), as well as in outbred mice (402). Despite this, the outbred nature
of these animals may still be a factor, as several genetic factors such as IFITM and MHC
mutations have been correlated with worsened disease outcomes in humans (310, 336).
Indeed, A/Anhui/1/2013(H7N9) infected humans have shown a variety of outcomes such as
those observed in this study, though little is known as to the true cause or causes for the

worsened disease outcome seen in humans.

This worsened disease progression correlated with a lack of viral clearance and lower Hl
titres, which was evident in the histopathological findings where the ferrets euthanised at
earlier timepoints had more severe lung pathology and virus evident in the nasal passage. A
novelfinding in this study was the time dependent decrease in two pro-inflammatory cytokines
in the blood of the severely affected ferret, with IFNy and IL-6 transcript levels showing stark
decreases compared to the other ferrets at the day 5 timepoints, a surprising observation
given worsened disease is usually correlated to increases in these cytokines (354). Thus, this
study provides further insight into the complex nature of AlV pathology, showing a variable
disease correlate to previous work which has often had a focus on drastic increases in

cytokines through hypercytokinemia.

This study further aimed to classify immune cell subsets which may have influenced disease
outcomes. For Al viruses, worsened disease progression is often associated with aloss in T
cells populations, with marked declines in both mice and chickens following HPAI infections
with H5 subtype viruses (375, 403). Whilst this trend is less commonly observed in LPAI,
human cases of H7N9 with severe outcomes also see decreases in T cell numbers (404).
However, the ferrets in this cohort did not exhibit any notable decline in T cells other than an
initial drop at day 1 post infection for CD8* T cells, which is consistent with the transient
lymphopeniaobservedinthe ferret modelfor seasonalinfluenzastrains (361), suggesting that

our study has been able to show that low-pathogenicity AV have similar cytotoxic T
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lymphocyte kinetics to more commonly-used strains, giving us confidence in the model for
immune cell analysis. CD4* T cells were also found to be significantly higherin the spleen and
lungs of the infected ferrets, whilst a trend towards higher CD8* T cells in the lungs was

suggestive of an active T cell immune response occurring at the site of infection.

While T cell subsets have previously been investigated in ferrets in a seasonal infection
context (359), there has been very few studies that have looked into APCs in this model,
despite APCs being recognized as highly important innate cells in the pro-inflammatory
response against Al viruses in the mouse model (405). This study is the first to assess APC
migration and dynamics in the ferret model, focussingon CD11b* and MHC-I1I* cells. Double-
positive cells (CD11b*MHC-I11*) were generally higher in the tissues of infected animals, and
as such we termed these cells to be a more “mature” or “activated” phenotype based on
studies in the ferret (361) and in the mouse (175), whilst suggesting the CD11b*MHC-II- cells
to be more “immature” myeloid cells rather than granulocytes due to the lack of a pro-
inflammatory response inthesetissues (172).As such, itappeared that the timing of the innate
immune response was also important, as the ferrets euthanised at earlier timepoints had a
more “immature” phenotype compared to those ferrets which lasted the full seven days. Those
ferrets which lasted the full trial without clinical signs showed less CD11b*MHC-II- cells in the
spleen and more CD11b*MHC-II* cells in the lymph node, suggesting of an active phenotype
wherein activated cells migrate to the lymph node, and less activated cells remain in the
spleen. The results of this analysis provide a novel interrogation of ferret APCs, giving an
insight into their activation pathways and how they traffic following activation during viral
infection. Given the limited antibodies available for use in the ferret model, these results give
a framework for future work to assess APCs to emerging respiratory viruses, an area greatly
lacking in the ferret context, and therefore more closely align our understanding of these cells
to what occurs during human infections Thus, this study provided new insights into the way
immune cells traffic in the ferret, in the first in-depth analysis of these cells in the context of an

AlV infection, and build on the very limited knowledge we have of staining for and assessing
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ferretimmune cells. Furthermore, assessment of these cells under PC3 conditions will provide
a guide to future studies looking to assess the ferret cellular immune response to emerging

respiratory viruses of high human consequence.

Based on the establishment of investigating immune responses in an AlV ferret model
(Chapter 3), Chapter 4 assessed the ferretimmune response to the novel SARS-CoV-2 and
one of its vaccine candidates, the ChAdOx1-nCoV-2019 vaccine developed by AstraZeneca
on The Jenner Institute’s adenovirus vaccine platform. This study involved ten times more
ferrets than the H7N9 study, allowing for greater statistical power across multiple ferret
cohorts. Furthermore, the trial had great implications in assessing the immune response
generated by the ChAdOx1-nCoV-2019 vaccine, and whether a single dose or a prime-boost
regime was more effective at protecting against SARS-CoV-2. The first major finding of this
study was that a prime-boost vaccination regime produced greater protective immune
responses against SARS-CoV-2 infection, as the two doses elicited a greater Ig response in
the blood when assessed by FACS analysis, suggesting that a prime/boost regime would be
the best way forward for vaccination rollouts to elicit a strong antibody response. Furthermore,
an intramuscular injection produced a significant increase in MHC-I11* cells, suggesting that
two doses of ChAdOx1-nCoV-2019 vaccine injected into the muscle provides the greatest
neutralising antibody response in the circulation. Activated B cells were also present in higher
levels in the draining lymph node of prime-boost ferrets inoculated intranasally, suggesting
that while both inoculation routes effectively induce aB cell response, the intranasal method
may elicit a greater antigen-specific response in the draining lymph node as is commonly seen
in other vaccine models (406), providing another challenge for rational vaccine design given

the strong prevalence and preference for intramuscular vaccination.

While inducing a protective humoral response against viral infection is a critical function of
vaccinations, in recent years there has been an increasing focus on how vaccines can also
elicita T cell response to combine both aspects of the adaptive immune response for greater

overall protection (407, 408). This is particularly the case for SARS-CoV-2 vaccination

149



strategies, considering that T cells have been shown in multiple studies to be key mediators
of protective immunity against coronaviruses (408-411). The work conducted in this Chapter
showed that prime-boost vaccinationinduced a greater CD8* T cell response in the circulation,
an important finding given dampened CD8* T cell responses have been linked to worsened
disease outcomes in severe COVID-19 cases (388, 389, 412). Supported by the ELISpot data
showing increases in IFNy-producing cells, the prime-boost strategy appears to elicit a Thl
type immune response similar to that seen in other animal models assessing this vaccine
(149), and is an important finding given CD8* T cell depletion and Th2 response skewing has
been associated with severe disease outcome in SARS-CoV patients (413). APC data also
supports the idea of a Thl response being produced as CD14+*CD11b*cells were also found
in higher proportions in the circulation of prime-boost ferrets, with these speculated to be
monocytes or dendritic cells which have previously been shown to be pro-inflammatory
modulators of Th1l immunity in a CpG adjuvanted protein vaccine model in the murine system
(391). Given the increased focus on vaccines eliciting Th1l immunity (400, 414, 415), these
data indicate that the prime/boost vaccination regime is providing not only a strong humoral
response, but the desired T lymphocyte activation and action required for effective viral

immunity.

This ferret study increased our knowledge of the ferret immune response to res piratory
viruses and their vaccine candidates, providing a wealth of data surrounding immune cell
trafficking on ascale not previously seen in this model. Furthermore, the study provided critica
insight into how prime-boost vaccination regimes can be used to successfully induce a
protective immune response against SARS-CoV-2. The data from this trial suggests that two
intramuscular injections of the ChAdOx1-nCoV-2019 vaccine is sufficient to elicit both a strong
neutralizing antibody response and aCD8* T cell response, and thus for the vaccine rollout of
ChAdOx1-nCov-2019 giving two doses rather than one will be critical for inducing sufficient
protection. While this vaccine shows sufficientimmunogenicity and protection against SARS-

CoV-2, incidences of thrombosis with thrombocytopenia syndrome (TSS) marked by blood clots
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causing serious vaccine side effects and mortality have negatively swayed public perceptions
about this vaccine, and lead to the vaccine to not be recommended to Australians under the age
of 60 due to an increased risk of developing TSS despite the very low incidence rates (416, 417).
Given the issues both medically and from a public perspective surrounding this technology, as well
as the low incident rates making investigationinto TTS in the ferret model almostimpossible, future
pandemic responses may opt against using this adenoviral vector technology, though a ‘mix -and-
match’ strategy may be able to mitigate some of the risk. Indeed, one study suggests that using a
heterologous vaccine strategy of ChAdOx1-nCOv-2 followed by a dose of the Pfizer BNT 162b2
MRNA vaccineinduced comparably strong immune responses to ahomologous approach of either
ChAdOx1-nCov-2019 or BNT162b2, suggesting that this may be a strategy to use in future to
maximise the effectiveness of vaccine candidates (418). Regardless, this study may assist in
guiding the vaccination rollout of one of the leading vaccine candidates to assist in curbing the
influence of the ongoing COVID-19 pandemic. A manuscript draft is currently in preparation

for this body of work.

To further delve into the ferret immunobiology, Chapter 5 (published in Journal of Virology,
2021) aimed to define the IFITM gene family in the ferret. Given the anti-viral properties of
IFITMs in preventing respiratory virus infections (340, 419, 420) (Chapter 1 section 10,
published as a review in Frontiers in Immunology, 2018), the lack of information regarding
IFITMs in the gold-standard ferret model for human respiratory virus disease was concerning.
Thefactthat mutations in these genes can confer greater riskto respiratory viruses (330, 421)
suggested that this was a key immune gene that required classification in this model. The
IFITM locus was found in the ferret genome through the already identified common flanking
genes PGGHG and B4GALNT4, as well as a proposed coding sequence for IFITM5. Within
this genomic region, three novel coding regions were identified based on in silico analysis,
with putative coding sequences representing IFITM1 and IFITM3, and a newly identified
sequence confirmed by 3’ RACE PCR to be that of ferret IFITM2. Sequence analysis at both
a nucleotide and amino acid level confirmed these genes as homologues to IFITMs seenin

other species, whilst conserved transmembrane boundaries suggest a high level of
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conservation amongst IFITM proteins. A set of novel gPCR assays were then developed to
assess how these transcripts were expressed, and these assays were able to confirm that the
IFITM transcripts identified were upregulated in the presence of both IFN o and influenzavirus,

confirming the identity of these genes as the suspected interferon-stimulated genes.

Further work will be undertaken to assess whether, in conjunction to their interferon-
stimulated gene (ISG) properties, these novel IFITM genes exhibited anti-viral properties.
Preliminary studies (beyond the scope of PhD thesis) have generated aCRISPR-Cas9 system
to selectively disrupt the IFITM genes of ferret cells using sgRNAs designed specifically for
each gene to generate knockout (KO) cell lines. Future directions will be to analyze these KO
celllines via PCR and Inference of CRISPR edits (422), as well as stimulating these KO cells
with influenzavirus to check for greater infectivity. These data provide a framework for not
only future studies into ferret IFITMs, but ferret immune genes as a whole, with this
investigation being one of the firstin-depth analyses of aferret anti-viral gene family conducted
in the literature. The design of the sgRNAs is crucial to successfully producing a KO cell line,

which needs to be verified at the protein level in future studies.

Overall, this PhD thesis provides novel insights into the ferret model of human respiratory
disease and the immune responses occurring in the ferret against emerging respiratory
pathogens. Investigations of the immune cell dynamics occurring in the ferret following H7N9
avian influenza virus infection resulted in an increased knowledge of the trafficking of
lymphocytes, and particularly APCs, thereby providing the first in-depth study of the
immunology of avian influenza viruses in ferrets. The work conducted in this initial study
allowed for a transition into a larger-scale SARS-CoV-2 study, with these techniques used in
a trial assessing the efficacy of the ChAdOx1-nCoV-2019 in the ferret model. This study used
the antibody panel developed inthe H7N9 study to showthat a prime -boost vaccination regime
elicits the strongest protective immune response against SARS-CoV-2 for both humoral and
T cell mediated immunity, results which helped to guide the vaccination scheme for use at a

population level to vaccinate against the pandemic virus. These studies provide new and
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unigue immunological insights into how the ferret model can be used in the future, whilst
classification of ferret IFITM genes adds another piece of information to better understand this
vitally important animal model. This PhD thesis gives critically needed new insights into this
model and how it can be used for studying respiratory viruses, which is of huge importance

given their ability to spread rapidly and cause severe human disease.
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The emergence of zoonotic strains of avian influenza (Al) that cause high rates of mor-
tality in people has caused significant global concern, with a looming threat that one
of these strains may develop sustained human-to-human transmission and cause a
pandemic outbreak. Most notable of these viral strains are the H5N1 highly pathogenic
Al and the H7N9 low pathogenicity Al viruses, both of which have mortality rates above
30%. Understanding of their mechanisms of infection and pathobiology is key to our
preparation for these and future viral strains of high consequence. Al viruses typically
circulate in wild bird populations, commonly infecting waterfowl and also regularly enter-
ing commercial poultry flocks. Live poultry markets provide an ideal environment for the
spread Al and potentially the selection of mutants with a greater propensity for infecting
humans because of the potential for spill over from birds to humans. Pathology from
these Al virus infections is associated with a dysregulated immune response, which
is characterized by systemic spread of the virus, lymphopenia, and hypercytokinemia.
It has been well documented that host/pathogen interactions, particularly molecules of
the immune system, play a significant role in both disease susceptibility as well as disease
outcome. Here, we review the immune/virus interactions in both avian and mammalian
species, and provide an overview or our understanding of how immune dysregulation
is driven. Understanding these susceptibility factors is critical for the development of
new vaccines and therapeutics to combat the next pandemic influenza.

Keywords: avian influenza virus, zoonosis, H7N9, H5N1, highly pathogenic avian influenza virus

EMERGENCE OF AVIAN INFLUENZA (Al) VIRUS INFECTION
IN HUMANS

Influenza A viruses have consistently posed a major threat to human health, both through seasonal
infections and pandemic outbreaks (1). Al viruses have contributed significantly to this,and in recent
years, highly pathogenic AI (HPAI) viruses have emerged as a major zoonotic threat. Al viruses
naturally circulate in wild bird populations, including but not limited to, ducks and waterfowl, and
can spill over to poultry birds such as chickens. Other than a few novel strains isolated in bats, all
influenza A subtypes have been found in aquatic birds, which act as natural reservoirs for the viruses
(2). These viruses typically replicate in the gastrointestinal and upper respiratory tract of both these
natural hosts and chickens, and typically present as subclinical to mild disease (3, 4). Based on these
clinical signs in chickens, these influenza viruses are classified as “low pathogenicity AI” (LPAI)
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infections (5). Although many Al viruses circulate without caus-
ing serious disease, other viral subtypes can lead to more severe
outbreaks within birds. Birds infected with these subtypes have
more severe pathogenesis and rapid disease progression, often as
the result of dissemination of the virus into tissues peripheral to
the gastrointestinal and respiratory tracts. This type of infection
in chickens defines the subtypes as HPAI (5). Highlighting the
importance of HPAI viruses, recent outbreaks of HPAI H5N6
in China and the Philippines have caused approximately 37,000
bird deaths and 400,000 more culled at an economic cost of
nearly $USD40 million (6, 7), and novel strains of H7 viruses
such as H7N4 continue to cause sporadic outbreaks (8). While
such outbreaks represent a significant economic burden to the
poultry industry, of greater concern is the potential for HPAI
viruses to cross the species barrier into mammals, especially
humans.

Despite there being a broad range of Al subtypes, fortunately,
only a very select subset of these have been shown to infect
humans with highly pathogenic consequences (9). The first
known HPAI infections in humans were highlighted by the
outbreak of H5N1 avian-derived influenza in Hong Kong in
1997, leading to 6 deaths from 18 confirmed cases (10). Since
then, sporadic outbreaks of H5N1 have had highly pathogenic
consequences in humans, resulting in over 450 deaths from
approximately 900 cases (11-13). The emergence of the avian-
derived H7N9 strain infecting humans was first described in
March 2013 in Chinas Yangtze River Delta, which has since
caused 613 deaths out of 1,566 human cases throughout most
of China as of January 2018 (14). This viral subtype is of a
particular concern, as unlike H5N1, which is highly pathogenic
in chickens and humans, H7N9 typically presents as an LPAI
in chickens, but causes a high mortality rate in humans (40%),
similar to that seen for H5N1 infections. H7N9 is one of several
LPAI viruses in the H7 family capable of human infections, with
viral transmission usually only acquired through close contact
with host species (15-17). However, for reasons that are still
unclear, H7N9 has greater transmissibility and more severe
disease outcomes in humans than any other H7 viruses (18, 19).
Thus, differences in clinical presentation across species, coupled
with the potential of viruses such as H7N9 to cause a pandemic
outbreak via evidence of human-to-human transmission (20),
makes understanding the mechanisms by which these viruses
cross the species barrier and become highly pathogenic in
humans a critical area of investigation. Here, we discuss recent
findings relating viral fitness to host susceptibility factors to
understand how HPAI phenotypes are developed. We also
outline how clinical manifestations following infection with
LPAI or HPAI strains across different species provide further
insights into the mechanisms underlying disease severity and
susceptibility.

CLINICAL MANIFESTATIONS OF DISEASE
IN DIFFERENT SPECIES

Human cases of Al infection have become increasingly common
since outbreaks of H5N1 in the late 1990s and accentuated by

a dramatic increase in H7N9 infections during the recent “fifth
wave” of epidemic infections in China (21-23). These viruses
were commonly contracted by people in regular close contact
with live poultry markets (24, 25), where outbreaks of Al viruses
in chickens can be common yet go largely unnoticed, especially
in the case of H7N9 infections. Despite the vast diversity of Al
viruses, predominantly only viruses from three hemagglutinin
(HA) subtypes have been recorded to naturally infect humans:
H5Nx viruses, most notably H5N1; H7Nx viruses such as H7N9;
and HINX viruses, commonly HON2. HONx strains present as
LPAl infections in birds and have less severe symptoms in human
hosts compared to H5 and H7 strains (26-29). Despite this, as
HON2 viruses are regularly found co-circulating with H5N1
and H7N9 with assortment frequently occurring between these
viruses in poultry there is a real possibility of a novel HPAI strain
emerging from these subtypes (30, 31). While there have been
isolated cases of human infections with other subtypes, such
as H10 (32), and H6 viruses which have been discussed as a
potential precursor to H5N1 with pandemic potential (33-38),
H5/H7/H9-subtypes of Al remain of greatest concern for human
infections and potential pandemics. Thus, understanding the
clinical manifestations of these viruses in avian hosts is needed
for our understanding of why these viruses are considered such
a threat.

In the case of LPAI, infections tend to localize in the mucosal
surfaces of the gastrointestinal tract of infected birds and
although often asymptomatic, chickens may present with mild
clinical signs following infection. These include excess mucus
and congested tracheae, watery droppings, and mild respiratory
inflammation, with rarely any other signs of respiratory disease
associated with influenza infections (3, 26, 39, 40). Highest viral
titers typically occur 2-3 days after infection with limited gross
lesions evident, allowing the virus to replicate and be excreted
into the environment with little to no effect on the host animal
(41, 42). Interestingly, ducks can exhibit even more limited clini-
cal signs following LPAI infection than chickens (43). Thus, it is
interesting to note that even in avian hosts, there is a range of
clinical severity to LPAI viruses, with chickens showing more
moderate/severe signs compared to waterfowl infected with LPAI.

In contrast to LPAI viruses, HPAI viruses have the ability to
induce severe disease and cause devastating outbreaks with high
mortality rates in poultry (44, 45). In chickens, H5N1 causes
acute illness with high levels of viral shedding and clinical signs
such as dehydration, nasal discharge, and lesions in many tissue
types (46-48). While LPAI infections tend to remain within the
fecal-oral tract of infected birds, HPAI infections are often iden-
tified by virus spreading systemically to multiple tissues (49).
Suzuki and colleagues (50) described the pathology of H5N1
infections in chickens, finding that clinical signs progressed from
milder signs such as feather ruffling and depression behavior,
to the more severe outcomes of hemorrhaging and edema in
multiple tissues. These birds also showed severe respiratory
distress not seen in LPAI infections (50). By contrast, ducks can
present with a wider range of symptoms following infection with
HPAI H5N1, with experimentally infected ducks having clinical
signs as mild as depressive behavior without any other complica-
tions (51). Ducks may also show severe signs such as those seen
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in chickens, with common outcomes including neurological
spread and hemorrhaging in the body extremities. In addition,
Yamamoto and colleagues have also found that domestic ducks,
unlike chickens, show corneal opacity following H5N1 infection
and less severe hemorrhaging compared to chickens (52, 53).
Likewise, wild ducks have been shown to exhibit less severe
signs following H5N1 infection compared to other gallinaceous
birds including domestic ducks, despite showing high levels of
viral shedding consistent with an HPAT infection, which may
suggest their role as a key reservoir species (48).

Avian influenza viruses also have the ability to infect pigs,
which are housed in close proximity to human populations. Pigs
often act as a “mixing vessel” for influenza viruses, which are
able to reassort and thus infect humans (54, 55). While this is
particularly the case for low pathogenicity viruses, there has been
little evidence to suggest that pigs can contract highly pathogenic
strains such as H5N1 and H7N9 to any great level, with H5N1
strains isolated from pigs in China found to be attenuated from
the HPAI form (56). Although there have been no confirmed
cases of H7N9 infection in pigs (57), H7N9 can replicate, cause
pathology, and transmit among pigs during in vivo studies at
low levels (58-60), as well as replicate in swine respiratory tis-
sue in vitro, reinforcing the idea that pigs could still act as an
important reservoir species for mammalian-adapted H7N9 (61).
Of particular concern, reports of H7N2 infection in pigs (62)
suggest that as the frequency of H7Nx cases increases, the likeli-
hood of an H7N9 virus infecting pigs and potentially gaining
stable mammalian transmissibility is a genuine possibility.

Studies in ferrets as a model for human infection have shown
that mammalian-adapted AI viruses typically localize to the
respiratory tract (63), however, these viruses have can have a
limited ability to transmit via droplets (64-66). H5N1 viruses
cause acute illness in the upper respiratory tract of ferrets with
symptoms such as nasal discharge, high temperatures, and
weight loss due to dehydration, and worsened pathogenesis, as
highlighted by lung damage due to extensive infiltration of the
lung tissue by inflammatory cells (18, 67, 68). H7N9 can also
cause severe respiratory distress in this way, with lengthened
time until viral clearance contributing to viral transmission and
the substantial inflammation in the lungs of ferrets (69). Severe
infections may cause complications such as viral pneumonia due
to the breakdown of lung endothelial barriers, which contributes
to this systemic spread and may lead to encephalitis or other
neurological issues (18, 70). However, systemic spread to the
central nervous system is more commonly associated with HPAI
H5NI1 than LPAI H7NO (68).

Symptoms following human infection with AI are similar to
those observed in the ferret model. Less severe cases present as
more typical influenza infections, with symptoms such as fever
and coughing among those commonly associated with influenza-
related illness (16, 71). However, these viruses can cause severe
respiratory illness following infection in the lungs, which may
manifest as atypical viral pneumonia and acute respiratory
distress syndrome, and often patients who have contracted these
infections die from respiratory failure (72, 73). Furthermore,
much like in birds, dissemination of the virus away from the site
of infection leads to other complications such as organ failure,

encephalitis, and internal bleeding due to tissue destruction
(10, 71, 74), all of which contribute to the lethal nature of these
viruses. A summary of the varying degrees of clinical manifesta-
tions between the different species is depicted in Figure 1. These
trends, including the ability for an LPAT Al viruses such as H7N9
to cause severe fatal disease in humans, is therefore of great
importance to understand the pathology driving the variable
signs and symptoms of these infections across species to best
combat future infections.

PATHOGENESIS OF HPAI INFECTIONS

Several factors appear to contribute to the worsened pathology
observed in HPAI infections when compared with LPAI infec-
tions. One hallmark of HPAI pathogenesis is a rapid and robust
cytokine response, often referred to as a “cytokine storm” or
hypercytokinemia. This build-up of cytokines causes an inflam-
matory environment at the site of infection, leading to immune
cell infiltration. In addition to the hypercytokinemia, there
is a well-established loss of leukocytes, leading to the severe
pathogenesis seen in these infections (75). Recently, the main
factors associated with pathology were further described by
Kuchipudi and colleagues (76). Following infection with H5N1
in vitro, chicken lung cells had increased expression of specific
pro-inflammatory cytokines, particularly interleukins (IL)-6
and IL-8 when compared to cells infected with LPAT H2N3,
suggesting that IL-6 and IL-8 may be key regulators leading
to worsened pathology of HPAI compared to LPAI (76). IL-6
and IL-8 were also found to be significantly upregulated in the
lungs of H5N1 infected ferrets, as well as in peripheral tissues,
including the spleen, heart, and liver (77). Interestingly, this
study also found that IL-6 and IL-8 were downregulated in
the nasal turbinates following infection with pandemic HIN1
virus, which produced a less severe clinical infection compared
to the H5N1 in ferrets (77). These findings were consistent with
studies completed in rhesus macaques, which similarly showed
upregulation of tumor necrosis factor « (TNFa), IL-6, and IL-8
in response to experimentally induced H5N1 infection, along
with an increase in the antiviral interferons (IFNs), findings
which correlate to the severe fever symptoms observed in the
macaques at the peak of the fever response at day six post-
infection (78). Moreover, infections with the recently emerged
HPAI H5NG6 in chickens, which caused human fatalities, was
shown to have a very distinct immune response compared to
other H5NG6 strains by producing much higher levels of IL-6,
IL-8, and other pro-inflammatory mediators such as TNFa
compared to previously identified strains (79). While chickens
and ferrets show similar pathogenesis, conversely, duck lung
cells infected with the same viruses showed a decrease in IL-6
expression compared to the LPAI viruses, while IL-8 remained
unchanged. It suggests that IL-6 may play a pivotal role in the
regulation of AI pathology in birds and, as previously dis-
cussed, ducks typically show lessened disease severity following
H5NT1 infection compared to chickens (Figure 1). Moreover
in humans, H5N1 elicits a similarly robust cytokine response,
with the upregulation of IL-6, IL-10, and TNFa in response to
H5N1 (80).
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FIGURE 1 | Zoonotic influenza pathology is linked to host biology. H5N1, H7N9, and HON2 avian influenza (Al) viruses causing varying degrees of clinical
manifestations across different species is shown against different host and their sialic acid properties. Al viral hemagglutinin proteins selectively and preferentially
bind to sialic residues with either an a-2,3-Gal or a-2,6-Gal terminating sequence on the host cell surface to allow for viral fusion and entry. This represents viral
fitness and is a potential mechanism underlying the degree of disease severity and susceptibility in the different hosts.

As the H7NO virus is classified as an LPAI in chickens, it is
interesting to note that a similar trend was observed when H7N9
of human origin were shown to induce increased production of
pro-inflammatory IL-6 and IL-8 cytokines when compared to
H7NO9 of chicken origin (81). In the same study, it was demon-
strated that IFNA1 production was reduced for the human isolate,
suggesting a possible modulation of the immune response.
In addition, Wu and colleagues also found that H7N9 patients
had higher levels of C-reactive protein expression in their plasma
compared to HIN1 patients, and as C-reactive protein is associ-
ated with broader inflammatory responses, it suggests that this
may be yet another factor alongside these regulatory cytokines
contributing to disease severity (82). A similar pro-inflammatory
response was observed when alveolar macrophages were infected
with H7N9, however, when compared to H5NI1, this cytokine
response was demonstrated to be milder (83). Downregulation
of these inflammatory responses to infection confers a level of
immunity to these viruses in pigs, which hints at how pigs can
act as mixing vessel species for AI without succumbing to severe
disease. Human lung epithelial cells can express 100-fold higher
levels of TNFa compared to pig lung epithelia, with suppressor of
cytokine signaling 3 (SOCS3) identified as a key factor in reduc-
ing levels of TNFa in pig cells (84).

The drivers of cytokine production are resident and infiltrat-
ing immune cells, which release these cytokines in response
to the infection to recruit other immune cells and hinder viral
replication. This occurs following cellular activation and results

in further activation of leukocytes recruited to the area in a
positive feedback loop (85). As pro-inflammatory molecules
are associated with apoptotic pathways in humans, increased
cytokine production is likely to be a contributing factor in the
loss of immune cells, or leukopenia, observed in severe cases of
HPATI infection (55). These pro-inflammatory regulators lead to
upregulation of the death signaling molecule Fas-ligand on the
infected host cell to initiate the caspase-mediated Fas-associated
pathway, in which Fas receptors on the immune cell (part of
the TNF-receptor family) bind to Fas-ligand and subsequently
recruit the Fas-associated death domain (FADD) molecule
(86). FADD interacts with caspase-8, which initiates a signaling
cascade within the immune cell, resulting in the destruction of
cellular components and thus cell death, which may be causa-
tive of the pathology seen in influenza patients (87). Indeed,
both H5N1 and H7N9 have been observed to cause leukopenia
in hospitalized patients (88-90). According to Boonnak and
colleagues, CD8* T cells can be particularly affected by the Fas-
ligand mediated pathway, where Fas-ligand was upregulated on
plasmocytoid dendritic cells during lethal H5N1 infection in
mice, which then lead to apoptosis of influenza-specific CD8*
T cells in the lung draining lymph nodes (86). Furthermore, in
hospitalized H7N9-infected patients during the emergence of
H7N9 in 2013, the persistence of immune cell subsets within the
blood contributed to disease severity and fatal outcomes, with
the continuation of CD38*HLA-DR* CD8* T cell responses
shown to be predictive of fatal outcomes, possibly due to
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longer-lasting inflammatory responses in the peripheral blood
and lung (91). Loss of peripheral blood lymphocytes was also
observed in human seasonal influenza A infections, with these
cell subsets succumbing to apoptosis by the same apoptotic
pathways described for AI viruses (92). In summary, LPAI
versus HPAI viral strains differentially promote the induction of
pro-inflammatory cytokines, which then alter disease outcomes
in different species. The potential mechanisms by which certain
HPAI Al viruses cause more severe disease will be further dis-
cussed in the following sections.

VIRAL FITNESS ACROSS SPECIES

In order for Al viruses to be capable of infecting multiple host
species they require viral adaptations allowing replication in
different host cells, which ultimately increase their genetic fit-
ness and create a sustainably replicating and transmitting virus
(93). It is well established that for zoonotic transmission of Al
viruses, the virus needs to present the appropriate HA binding
specificity to allow viral fusion and entry. Al virus HA proteins
typically have a binding preference for sialic acid residues with
an a-2,3-Gal terminating sequence found on the surface of avian
cells (Figure 1), resulting in restriction to avian cells (63, 94).
Therefore, for Al viruses to gain entry into human cells display-
ing an a-2,6-Gal terminating sequence, modifications to the
HA binding site may be required to allow this new interaction.

One of the commonly associated amino acid substitutions
for LPAI strains converting from avian to mammalian receptor-
specificity is a HA Q226L substitution (58, 95-97). For example,
LPAI HIN2 isolates from birds can adopt a Q226L substitution,
which increases its mammalian receptor binding affinity and
potentially infect mammalian hosts (98, 99). However, with
regards to H7N9 human isolates, Belser and colleagues described
the Q226 bearing Shanghai/l and the L226 bearing Anhui/1 as
binding to largely avian a-2,3-Gal receptor analogs and mixed
a-2,3/a-2,6-Gal receptors, respectively (64). Despite these differ-
ences, infections with each isolate produced effective replication
in the lower respiratory tract of ferrets, suggesting additional
factors are involved in mammalian adaptation. Similarly, this
Q226L mutation has not been commonly observed in the HA of
H5N1 HPAI viruses (100, 101). However, alternative substitu-
tions, HA Q192H and HA I151T, can confer increased ability
for replication in human hosts. Moreover, Herfst and colleagues
demonstrated a closely related change to the HA of H5N1, HA
Q222L, conferring more efficient replication and transmission
in the ferret model (66). Additional to this HA mutation, an
E627K change in the polymerase basic 2 (PB2) protein in H5N1
HPAI was also shown to be critical for transmission in ferrets
(64, 102-105).

In addition to HA-sialic acid binding, key to viral fitness is the
presence of a multi-basic cleavage site (MBCS), which has been
shown extensively with H5N1, that the presence of an MBCS
often dictates the use of the term HPAI (106, 107). The presence
of an MBCS in the HA of influenza A viruses allows HA cleav-
age by additional enzymes such as furin-like proteases, whereas
without an MBCS, the virus relies on only trypsin-like proteases
(108). This flexible range of enzyme activity results in the virus

being able to infect a greater range of cells and can lead to sys-
temic infection (106, 107, 109). Though commonly associated
with H5N1, this motif is seen in other avian-infecting HPAI
viruses such as H7N3, however, these strains are less frequently
transmitted to humans (19, 110). Interestingly, LPAI can also
acquire MBCS motifs, changing the pathogenicity of the virus
from low to high, such as in the case of an H7N8 outbreak in
Turkey in 2016, where an LPAI virus caused a severe outbreak
in the poultry due to the spontaneous addition of an MBCS,
leading to over 800 bird deaths (111). However, the addition
of an MBCS does not guarantee an LPAI virus to increase its
pathogenicity, as recombinant H5 and H7 viruses do not exhibit
HPAI pathology in chickens specifically due to the addition of
an MBCS (112), which suggests that these motifs are one of
many factors contributing to HPAI pathogenesis. H7N9 has
also been shown to be able to obtain an MBCS to become highly
pathogenic in chickens (113). Imai and colleagues showed
increased disease severity of an MBCS-containing H7N9 virus
in the ferret model compared to an LPAI H7N9 virus (18).
However, H7N9 will still cause severe disease without an MBCS
in most human cases, highlighting how unique this virus is in
the AI landscape for its ability to show HPAI-like symptoms
in mammals, while maintaining low pathogenicity in birds.
Similarly for H5Nx viruses, several additional changes in the
H5 HA protein, such as an N158D mutation, also allow greater
replication of the virus in ferrets without the need for an MBCS,
which combined with reassortment with human-adapted HIN1
gene segments shows the potential for these viruses to not only
cross into humans but also cause severe, sustained human infec-
tion without systemic spread (114). This, coupled with H7N9’s
ability to cause severe disease without the requirement of an
MBCS, suggests that while the MBCS still acts as a key virulence
factor for Al viruses, it is not a sole-determining factor for
HPAI in humans.

A key interaction between host and viral proteins is the
interplay between Mx GTPases and viral nucleoprotein (NP),
which may be pivotal in determining viral fitness. Human MxA
and murine Mx1 protein have been shown to confer antiviral
protection against influenza A viruses by interfering with the
ability of NP to localize to the nucleus, inhibiting the viral repli-
cation cycle (115). While many influenza viruses are susceptible
to Mx restriction, changes in the NP have been shown to confer
resistance to this form of protection, particularly in the case of
Al viruses such as H5N1 which shows greater susceptibility to
MxA inhibition than pandemic HIN1 (116, 117). Moreover,
LPAI H7N9 viruses were similarly shown to be affected by Mx1
in infected mice compared to H5N1 by Deeg and colleagues,
who showed that these viruses required human adaptive motifs
in their NPs to evade Mx restriction (118). Interestingly, avian
species such as chickens have been found to have an Mx that does
not display strong antiviral properties, suggestive of why these
avian viruses do not commonly have NP capable of MxA eva-
sion (119, 120). Therefore, while these Al viruses often appear
to cause worsened disease progression due to their differences
to human-infecting strains, in the case of Mx restriction it is a
lack of human adaptation that may provide a level of protection
to mammalian hosts.
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Another key virulence factor elucidated in recent years is
the ability of the non-structural protein 1 (NS1) to aid viral
escape in the host immune system. In avian hosts, NS1 has been
associated with worsened pathology through increases in iNOS
and oxygen-reactive species for both LPAI HIN2 (121) and
HPAI H5N1 (122). However, in contrast in mammals, the NS1
protein has been more closely associated with inhibition of host
IEN responses. Jia and colleagues (123) showed that the H5N1
NS1 protein inhibits IFN production through interference with
the JAK/STAT pathway. They found that expression of NSI in
HeLa cells prevented STAT phosphorylation and upregulated
inhibitors of this pathway to prevent expression of IFNAR and
SOCS3 proteins, which generally upregulate IFN expression
(123). Furthermore, a naturally occurring deletion in the H5N1
NS1 effector domain can attenuate the virulence of the virus in
both chickens and mice, suggesting that this protein is critical in
the ability of H5N1 to suppress host immune antiviral responses
across hosts (124). The pathogenicity of H5N1 in mice is also
affected by the NSI protein, as a single mutation (P42S) con-
ferred greater pathogenicity to the virus by preventing nuclear
factor-kB (NF-kB) and interferon-regulatory factor 3 (IRF3)
signaling, and thus inhibiting IFN responses (125). Interestingly,
in cats the NS1 protein can be associated with blocking NF-kB
and IRF3 signaling in response to the emerging HPAI H5N6
virus, with inhibition of the IFN-f promoter blunting the feline
IFN response (126), suggesting that NS1 may have different
ways of interacting with influenza hosts across species to pro-
duce similar immune suppression. On the other hand, Thube
and colleagues investigated the IFN responses of HPAI H5N1
compared to LPAT H11N1 and suggested that decreased IFN
signaling occurred independently of NS1, suggesting other viral
elements can also induce a reduced antiviral state in cells (127).
It is worth noting that while the NS1 of LPAI H7N9 is inefficient
at binding to CPSF30 (involved in pre-mRNA processing), a
single 1106 M mutation restores CPSF30 binding to NS1 thereby
blocking the expression of host antiviral genes. This renders the
virus more virulent than other LPAI infections (128), which
may explain why H7N9 causes more severe disease in humans
compared to other LPAIs. These results also highlight inhibi-
tion of IFN-activation pathways as an important viral factor in
preventing host immune responses to infection, allowing for
more productive infection and potentially more severe clinical
outcomes.

HOST SUSCEPTIBILITY FACTORS

In addition to the ability of the virus to gain function through
mutation, in recent years there has been an increasing focus on
how host genetic factors can lead to changes in resistance or sus-
ceptibility to influenza A viruses. While many factors have been
identified in preventing influenza A infection, a key which has
come to light for AT host/pathogen interactions is the interferon-
induced transmembrane (IFITM) protein family, which unlike
other factors such as MxA seems to be predominantly the host,
rather than the virus, that seems to control whether the virus is
able to replicate. IFITMs are family of transmembrane antiviral
proteins that are stimulated by the presence of elevated IFN

levels, giving another reason why so many Al viruses attempt
to quash the IFN response (129, 130). The IFITM proteins can
interfere with viral entry to the cytosol via cell membranes
(131), with Brass and colleagues showing that overexpression
of human IFITMs 1, 2, and 3 effectively blocked infection with
several influenza A pseudoviruses (retroviruses expressing
influenza surface proteins), including those enveloped with
H5 and H7 proteins (132). Moreover, IFITM3 specifically
localizes to the endosomes due to phosphorylation of the Y20
tyrosine residue, enabling these proteins to intrinsically target
pH-dependent viral pathways such as that seen with influenza
A viruses (133).

The IFITM3 molecule can play a significant role in mice and
human influenza infections. Mice inoculated with influenza anti-
gen showing higher IFITM3 expression in the lungs developed a
more robust lung tissue-resident memory CD8* T cell response
as well as a longer duration of response even following reduction
of IFN-a, suggestive of this molecule playing a role in not only
innate immunity but also adaptive immunity as well (134). Of
particular note, a single-nucleotide polymorphism (SNP) in the
IFITM3 gene, rs12252-C, has been shown to strongly correlate to
worsened disease progression, as this SNP leads to a truncated
splice-variant that affects the protein’s ability to localize to the
membrane (135, 136). IFITM3 protein dysfunction can be
associated with severe hypercytokinemia and worsened disease
progression in H7N9-infected hospitalized patients. In support,
Zhang and colleagues showed that the rs12252-C mutation
correlated to severe seasonal HIN1 influenza cases in Chinese
populations where the mutation appeared in higher frequencies
(136, 137). However, studies have shown that while this SNP
does affect IFITM3's ability to localize, restriction of the virus
may continue with the variant protein or with a Y20A mutation
to affect the localization of the full protein (138). Furthermore,
a recent study by Makvandi-Nejad and colleagues found that
primary cell lines homozygous for the rs12252-C SNP expressed
the non-truncated mRNA transcript and thus expressed the
wild-type IFITM3 protein at levels greater than 99% when
compared to the truncated versions (139), which may provide
insights into why the rs12252-C mutation appears not to act as a
significant risk factor in Caucasian populations, but perhaps in
the Chinese patients. Moreover, an additional SNP has recently
been identified, rs34481144-A, which affects the promoter for the
IFITM3 gene, resulting in lower IFITM3 expression compared
to hosts without the mutation. Interestingly, both the rs12252-C
and rs34481144-A mutation were found to be non-overlapping,
as the risk allele for one was inherited with the protective allele of
the other, suggesting a multifaceted IFITM response to influenza
A viruses (140).

IFITM1 and IFITM3 distribution in mice has been investi-
gated in the context of HON2 infection, with the distribution
of these proteins correlating with increased restriction of the
virus’ entry into host tissues, due to upregulation in the lungs
and peripheral tissues of BALB/c mice following inoculation.
Interestingly, when infected with a HON2 strain with higher
pathogenicity and ability for systemic spread due to a K627E
mutation (rVkess) in the viral PB2 protein, compared to the
wild-type strain, IFITM3 was upregulated accordingly in the
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brain of rVer-infected mice to combat this virus ability to
cause viral encephalitis (141). IFITM3 responses to H5 and H7
proteins have also been assessed in pigs and bats, with both these
HA subtypes showing restricted entry due to the action of these
IFITM3 proteins (142), suggestive of the broad action of IFITM
molecules across species known to contract and potentially dis-
seminate Al viruses. That IFITMs restrict Al viruses in “mixing
vessel” species (i.e., pigs and bats) suggests that these proteins
may have a key role in preventing the spread of human-infecting
Al viruses through these routes, as well as contributing to these
species showing lessened pathology compared to other mam-
malian species.

The role of IFITMs against Al viruses in avian species has not
been clearly defined, though a study by Smith and colleagues
has shown that chicken IFITM3 (which is “human IFITM]1-
like”) similarly restricts H5 and H7 expressing viruses (143).
However, when chickens were infected with H5N1, expression
of IFITM molecules was not highly upregulated compared to
other human-infecting seasonal strains such as HIN1, with
IFITMs showing the weakest inhibiting effect against H7N9
(144). Hence, IFITM expression in chickens appears to be
limited and does not vary greatly whether the virus is of low
or high pathogenicity. Conversely, the IFITM expression profile
observed in ducks is far more robust and variable between
viral strains, whereby infection with LPAT H5N2 virus was
reported to consistently cause a 3-fold increase in IFITM1, 2,
and 3 expression levels in the lungs and ileum on day one post-
inoculation, while infection with the HPAI H5N1 virus caused
up to a 93-fold increase in IFITM3 expression in the lungs in
a similar time frame (145). Therefore, understanding the dif-
ferences in variable IFITM expression, and the reasons why
chickens mount a lesser IFITM response to influenza viruses,
may prove pivotal in understanding why some birds succumb
to HPAI infection while others survive.

In addition to specific IFITM mutations, broad immunode-
ficiency can lead to worsened pathology and disease outcomes
in humans and animals. For example, immunocompromised
patients who contract LPAT viruses such as HON2 suffer severe
respiratory distress, and though many of these LPAI remain mild
even in immunocompromised patients, HON2 induces stronger
cytokine responses than seasonal influenza viruses (146, 147).
These trends are also observed in avian hosts, in which Nili and
Asasi found that chickens co-infected with other pathogens
such as M. gallisepticum showed worsened clinical signs such as
severe necrotizing tracheitis, leading to a 19% mortality in the
flock (148, 149). Therefore, it is apparent that both the host and
pathogen can contribute to perturbed inflammation and severe
disease outcomes. In addition, in humans, more severe Al sub-
types have been associated with mortalities in very distinct age
demographics when compared to seasonal influenza (Figure 2),
and often manifest in age groups not commonly associated
with immunodeficiency. Fatal cases in children (0-9 years) and
younger adults (10-19 years) were predominantly caused by
HPAI H5N1 infection, with 80.3% of H5N1 fatal cases seen in
people aged 35 or under (12). Interestingly, a similar trend was
observed with the pandemic [pdmHIN1(2009)] strain, which
led to increased infection in younger age groups compared to
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B pdmH1N1
B H7N9
804 @ seasonal
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FIGURE 2 | Age-related mortality trends highlight impact of host-pathogen
relationships. Frequency of age groups of patients who succumb to different
strains of influenza is graphed as a proportion of total fatalities for a given
strain. When we assessed the age of patients who succumb to different
strains of influenza, as a proportion of the total mortalities for a given strain,
trends emerge as to the host susceptibilities. For seasonal influenza, older
patients (>60 years old) were the most susceptible, however, for a variation
on seasonal influenza, pdmH1N1 2009, the age of patients who succumbed
was reduced and included significant mortalities between 20 and 59 years
old. Interestingly, the highly pathogenic Al HSN1 was predominantly fatal in
those under 40 years old, whereas H7N9, a low pathogenicity Al strain,
followed a similar trend to seasonal influenza.

other seasonal strains circulating at the same time (150). An
interesting observation from the 2009 pandemic, however, was
that disease outcomes were more mild in newly weaned ferrets
infected with pdmHI1N1(2009) as well as in younger children,
suggesting the immune response in younger individuals may
have a protective response to this strain (151, 152). Conversely,
seasonal strains of influenza disproportionately impact older
ferrets infected, which display a greater degree of morbidity
and reduced HA and T cell responses (153). This is also true
of human patients also whereby older patients (>60 years of
age) are most susceptible to seasonal influenza strains (80% of
mortality cases). With regards to H7N9 LPAI infections, the
highest mortality was also skewed toward older people, which
is likely due to the propensity for H7N9 cases to be found in
live poultry farmers, typically older men (154, 155). This
emphasizes the dynamic relationship between the pathogen and
the human host, and how different strains of influenza viruses
can lead to differential fatal outcomes across different ages, a
concept further explored by Gostic and colleagues who suggest
that pre-immunity to these viruses may confer differing levels of
protection to Al based on whether they have been exposed to the
viral HA class while still young (156).

While IFITM proteins aim to restrict viral entry, the inter-
action between influenza virus peptides and major histocom-
patibility complex (MHC) molecules is a key host-pathogen
interaction affecting the outcome of disease following initial
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FIGURE 3 | Mechanisms leading to severe clinical outcomes involve both host and pathogen elements. A number of factors have been elucidated to contribute
to the severity of influenza disease outcomes. This include viral fitness elements, such as the presence of a multi-basic cleavage site (MBCS), mutations to the
polymerase basic 2 (PB2) genes, as well as the presentation of hemagglutinin (HA) protein capable of binding to human sialic acids. These viral fitness elements
work in concert with host factors such as modified interferon-induced transmembrane (IFITM) proteins, with reduced ability to combat the virus and MHCI diversity
which can or cannot present the antigen appropriately and efficiently to host T cells. Ultimately, these and other elements lead to changes in production of key
cytokines as well as cellular activation that drives inflammation, cell death, and clinical manifestation of disease.

infection. In humans, MHC molecules are encoded for by the
human leukocyte antigen (HLA) system, with a vast array of
alleles in the genes encoding for the molecules responsible for
the recognition of antigenic peptides. As such, different HLA
subtypes confer different levels of susceptibility to influenza A
viruses, as not all HLA subtypes respond to influenza peptides in
the same way. For example, human populations expressing HLA-
A*02:01 can elicit strong, cross-protective CD8" T cell responses
following presentation of the internally conserved Mlsg
epitope (157-160); this epitope is one of the most immunogenic
influenza peptides observed in humans with HLA-A*02:01
being the most common HLA alleles expressed worldwide (157).
Moreover, individuals lacking common HLA alleles may be at
greater risk of influenza A infections, such as those carrying the
HLA-A*24:02 allele, associated with increased mortality in indi-
viduals infected with pandemic HIN1 virus (161). Indigenous
populations in particular are susceptible to influenza A due to
a lowered prevalence of protective HLA variants toward these
viruses (160). Wang and colleagues suggest that for AI viruses
such as H7N9, MHC-interactions with internally conserved
epitopes from other influenza A strains, such as pandemic HIN1,
may explain why some populations show greater immunity
through cross-reactive CD8" T cell responses than others (72).
However, some H7N9 peptides may have cross-conservation
with human host proteins that the immune system recognizes
as “self,” leading to an attenuated immune response to the virus
and thus worsened disease progression due to T cell-mediated
tolerance (162).

Interestingly, chickens show a restricted repertoire of
MHC alleles compared to other species, and these haplotypes

themselves are poorly characterized. As such, a few studies
have been conducted into characterizing T cell epitopes in
response to H5NI infections, one such study predicting 25
potential T cell epitopes in the NP of H5N1 in four haplotypes
(163). More recently, experiments into epitopes of a specific
haplotype, BF2*15, further characterized NP epitopes that may
lead to protective immunity against H5N1 (164). This limited
repertoire may explain why chickens show more severe clinical
outcomes due to HPAI such as H5N1 compared to waterfowl,
as ducks show extensive diversity in their MHC class I alleles
which allows the immune system greater coverage for viral
variation (165). A recent investigation into duck MHC class I
molecules found that the duck Anpl-UAA*01 complex showed
similar peptide binding properties to HLA-A*02:01 in humans
and as such appears to cover a greater array of influenza A
virus epitopes compared to similar chicken MHC molecules
such as BF2*2101 (166). Furthermore, migratory shorebirds
which act as reservoirs for Al viruses (in particular LPAI
H9N2) show increased diversity in their MHC alleles, likely
as a mechanism for protecting against foreign pathogens that
may be encountered during migration. A study in red knots
found high MHC diversity with 36 alleles detected across eight
birds, which when correlated to their low prevalence of shed Al
virus and high antibody titers to Al viruses, they could mount
effective immune responses toward these viruses, possibly via
cytotoxic T lymphocyte responses recognizing novel peptide/
MHC complexes (167). Based on a culmination of human and
animal evidence, the interactions between the various pathogen
and host factors contributing to human influenza severity are
summarized in Figure 3.

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1812


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Horman et al.

Drivers of Avian Influenza Pathology

CONCLUSION

The emergence of Al viruses is of major concern to the avian and
human population. The lack of pre-existing antibody immunity
and their ability to cause severe disease through multiple host
and viral mechanisms makes these viruses difficult to counter.
Currently, these viruses are yet to effectively replicate and
transmit between humans, however, experiments in ferrets
show that only a few mutations are needed for H5N1 and H7N9
viruses to quickly adapt and become a major pandemic threat
(114, 168). Their ability to pass from birds to mammals com-
monly in contact with humans requires constant surveillance
across all known bird reservoirs to limit the potential threat
of an Al-derived pandemic. Characterization of the interac-
tions between AI viruses and their hosts and how they illicit
different degrees of clinical manifestations across species is of
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ChAdOx1 nCoV-19 (AZD1222) vaccine candidate
significantly reduces SARS-CoV-2 shedding in ferrets

Glenn A. Marsh@®'*, Alexander J. McAuley ®'*, Gough G. Au(®', Sarah Riddell’, Daniel Layton', Nagendrakumar B. Singanallur’,
Rachel Layton', Jean Payne’, Peter A. Durr@®', Hannah Bender', Jennifer A. Barr@®', John Bingham', Victoria Boyd', Sheree Brown',
Matthew P. Bruce', Kathie Burkett', Teresa Eastwood', Sarah Edwards', Tamara Gough @', Kim Halpin', Jenni Harper', Clare Holmes',
William S. J. Horman', Petrus Jansen van Vuren®', Suzanne Lowther', Kate Maynard’, Kristen D. McAuley', Matthew J. Neave',
Timothy Poole', Christina Rootes @', Brenton Rowe', Elisha Soldani', Vittoria Stevens', Cameron R. Stewart', Willy W. Suen’,

Mary Tachedjian', Shawn Todd', Lee Trinidad', Duane Walter', Naomi Watson', Trevor W. Drew @', Sarah C. Gilbert @7,

Teresa Lambe @7 and S. S. Vasan ®'>*

Vaccines against SARS-CoV-2 are likely to be critical in the management of the ongoing pandemic. A number of candidates are in
Phase Il human clinical trials, including ChAdOx1 nCoV-19 (AZD1222), a replication-deficient chimpanzee adenovirus-vectored
vaccine candidate. In preclinical trials, the efficacy of ChAdOx1 nCoV-19 against SARS-CoV-2 challenge was evaluated in a ferret
model of infection. Groups of ferrets received either prime-only or prime-boost administration of ChAdOx1 nCoV-19 via the
intramuscular or intranasal route. All ChAdOx1 nCoV-19 administration combinations resulted in significant reductions in viral loads
in nasal-wash and oral swab samples. No vaccine-associated adverse events were observed associated with the ChAdOx1 nCoV-19
candidate, with the data from this study suggesting it could be an effective and safe vaccine against COVID-19. Our study also
indicates the potential for intranasal administration as a way to further improve the efficacy of this leading vaccine candidate.

npj Vaccines (2021)6:67 ; https://doi.org/10.1038/s41541-021-00315-6

INTRODUCTION

In December 2019, an outbreak of the severe respiratory disease
was first reported in Wuhan, China. The causative agent of this
outbreak was rapidly identified as a novel coronavirus and
denoted severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), responsible for COVID-19 disease' . In less than 12 months
since its identification, SARS-CoV-2 has spread around the world
and has been responsible for over 64 million infections and 1.5
million deaths worldwide as of December 2020%. Safe and
effective vaccines and therapeutics will be essential for mitigating
viral spread and for bringing the pandemic under control. Of the
vaccines currently in development for COVID-19, the adenovirus
vector-based candidate, ChAdOx1 nCoV-19 (AZD1222), is in late-
stage clinical development, with Phase Il trials in multiple
countries currently underway®. As of January 2021, this vaccine
has been approved by regulatory agencies in the UK and India for
emergency use in humans®.

ChAdOx1 nCoV-19 is based upon the Jenner Institute’s
adenovirus vaccine platform that utilises a replication-deficient
Simian adenovirus vector engineered to express an antigen of
interest’. This virus vector-based approach has been successfully
used previously to generate several vaccine candidates against
other infectious diseases including Middle-East respiratory syn-
drome coronavirus (MERS-CoV). A single dose of ChAdOx1 MERS
was capable of protecting Rhesus macaques from infection and
reducing MERS-CoV shedding in camels®®. Phase | clinical trials of
this vaccine candidate demonstrated the induction of robust
antibody and T-cell responses'®.

The ChAdOx1 nCoV-19 vaccine encodes the SARS-CoV-2 Spike
protein, the main protein found on the surface of the virus, and
after immunisation is subsequently expressed as an immunogen'".

Administration of ChAdOx1 nCoV-19 to Rhesus macaques following
a prime or prime-boost regimen induced a balanced humoral and
cellular immune response. Following the challenge, vaccinated
animals had a lack of pneumonia and a reduction in virus load in
bronchioalveolar lavage fluid and the lower respiratory tract when
compared to unvaccinated macaques'?. Clinical trials have shown
the vaccines to have an acceptable safety profile and are capable of
inducing both humoral and cellular immune responses with recent
data demonstrating efficacy®'".

SARS-CoV-2 infection in ferrets most closely models asympto-
matic or mild infection in humans. Infection of these animals is
associated with the shedding of virus from the upper respiratory
tract, with viral RNA detected in clinical samples taken up to day 9
post challenge'® '8, The ferret model is considered to be a
relevant animal model for testing SARS-CoV-2 vaccine candidate
safety, immunogenicity, and efficacy by assessing the level of viral
shedding and the determination of immune responses’®.

We used the ferret model to assess the safety and efficacy of
ChAdOx1 nCoV-19 against SARS-CoV-2 challenge. Ferrets received
prime or prime-boost administrations of ChAdOx1 nCoV-19 as
either an intramuscular injection or intranasal inoculation.
Assessment of the immune response was performed post-
vaccination, pre- and post challenge, and the ability to reduce
viral shedding was also monitored.

RESULTS
Immunogenicity of ChAdOx1 nCoV-19 in ferrets

Eight animals per group (four male and four female) were
administered ChAdOx1 nCoV-19 using a prime-only regimen (28-
days pre-challenge) or a prime-boost regimen (56- and 28-days

'CSIRO Australian Centre for Disease Preparedness, Geelong, VIC, Australia. 2Jenner Institute, Nuffield Department of Medicine, University of Oxford, Oxford, UK. *Department of
Health Sciences, University of York, York, UK. “These authors contributed equally: Glenn A. Marsh, Alexander J. McAuley. ®¥email: vasan.vasan@csiro.au
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Study Outline. Groups of eight ferrets (four male, four female) received either a single (prime) or two (prime-boost) doses of ChAdOx1

nCoV-19 via the intramuscular or intranasal route. An additional four ferrets (two male, two female) were included as mock (PBS) vaccinated
control animals. Samples were collected from all of the animals at the timepoints highlighted.

pre-challenge) either intramuscularly or intranasally with 2.5 x 10"
ChAdOx1 nCoV-19 virus particles per dose, which is half of the
standard human dose (Fig. 1). As controls, four animals were
administered phosphate-buffered saline (PBS) intramuscularly on
days 56 and 28 pre-challenge (two male and two female) with an
additional four animals (two male and two female) on day 28 pre-
challenge. No adverse events or effects on the ferrets’ health were
observed following ChAdOx1 nCoV-19 administration.

To measure antibody levels induced by the vaccine candidate,
serum samples were collected on a weekly basis and neutralising
antibody levels assessed using a standard virus microneutralisa-
tion assay. This assay assessed the ability of the samples to
neutralise 100 TCIDs, of SARS-CoV-2 virus. No virus-neutralising
antibodies were detected in control animals (Fig. 2a, b).

Prime-only intramuscular administration of ChAdOx1 nCoV-19
reliably induced detectable neutralising antibodies prior to
challenge, which was boosted by the challenge. Prime-only
intranasal administration did not reliably induce detectable
neutralising antibodies in the serum prior to challenge and,
following challenge, only 75% of animals had measurable
neutralising antibodies (Fig. 2b).

Administration of a boost dose of ChAdOx1 nCoV-19 by either
route led to a sharp increase in neutralising antibody levels in all
ferrets 7 days after the second vaccination, which then declined
prior to the challenge. Integrated analysis of the neutralisation
data demonstrated that the administration of a boost dose of
ChAdOx1 nCoV-19 increased the overall neutralisation levels in a
similar manner regardless of the administration route (Fig. 2c).

Consistent with McAuley et al?*, six serum samples per
administration route were selected from available pre-challenge
samples collected on study days 35 and 42 from the prime-boost
animals. Each serum sample came from a different animal. Triplicate
virus microneutralisation assays were performed with each serum
sample against three Australian SARS-CoV-2 virus isolates: VICO1,
SA01 and VIC31. Compared to the reference sequence for SARS-
CoV-2 (Wuhan-Hu-1; NC_045512.2), these isolates have the following
mutations in S: VICO1—S247R; SAOT—no mutations; VIC31—D614G.
Analysis of the results by route of administration revealed that
neutralisation titres were greater in the animals that had received
two doses of ChAdOx1 nCoV-19 via the intramuscular route (overall
median titre 320) compared to those who received doses via the
intranasal route (overall median titre 160; P < 0.001) (Fig. 3).

A mean neutralisation titre was calculated for each serum/
isolate combination from the log,-transformed data. For animals
that received intramuscular administration of ChAdOx1 nCoV-19,
the overall mean neutralisation titres (blue bar) were within
twofold of one another for each virus isolate, whilst for animals
that received the intranasal administration, the overall mean
neutralisation titre (red bar) was approximately 2.3-fold lower

npj Vaccines (2021) 67

against the D614-containing SA01 isolate than the D614-
containing VICO1 or the G614-containing VIC31 (Fig. 3). The mean
neutralising titre against SAOT was significantly lower (P < 0.01) for
each administration route. The reason for this variability is unclear,
but we conclude that it is not directly due to the D614G mutation
in the Spike protein given the similarity of neutralisation titres
against VICO1 and VIC31.

Peripheral blood mononuclear cells (PBMCs) were isolated from
the blood of ferrets on days —4 and 5, relative to virus challenge
(study days 24 and 33 for prime-only animals; study days 52 and 61
for prime-boost animals). Due to an unexpected reaction at virus
challenge, resulting in the euthanasia of two prime-only control
ferrets (described in more detail below), values for only two prime-
only control animals were obtained. Circulating interferon-gamma
(IFNy)-producing leukocytes were measured by IFNy ELISpot (Fig. 4).
None of the study groups had a significant change in IFNy-positive
PBMC levels between pre- and post-challenge samples. At day 5
post challenge, a significantly higher number of IFNy-producing
cells were observed in the intramuscular prime-boost group
compared to the equivalent prime-only animals (P < 0.01). No other
significant differences were observed.

Clinical signs following challenge

No clinical signs attributable to viral infection were observed
following intranasal challenge with 3 x10* TCIDs, SARS-CoV-2
VICO1. None of the animals showed signs of fever (determined by
subcutaneous transponder temperature readings) or weight loss,
with ferrets remaining bright, alert and responsive throughout the
course of the study. Haematological and clinical chemistry analysis
of pre- and post-challenge samples revealed no values outside
expected ranges. Importantly, no evidence of immune enhance-
ment was observed in either the prime-only or prime-boost
animals for either route of administration.

On day 28, immediately following the virus challenge of the
prime-only animals, two control animals that received a single PBS
placebo vaccination were euthanised due to a severe unexpected
reaction. On day 56, during the challenge of prime-boost animals,
acute unexpected reactions were observed in several animals, one
of which was severe enough to warrant euthanasia. Affected
ferrets showed varying degrees of respiratory distress, and
necropsies were performed on euthanised animals. Histopatholo-
gical assessment of respiratory tissues suggested an underlying
allergic process. Root cause analysis identified the challenge
inoculum as the triggering agent, with a commercial canine
vaccine (Protech” C3) administered to the ferrets as husbandry
prophylaxis against canine distemper virus identified as the
priming agent. Further analysis suggested an active immune
response to a component(s) of FBS contained in both the C3

Published in partnership with the Sealy Institute for Vaccine Sciences
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vaccine and the SARS-CoV-2 challenge inoculum?®. The investiga-
tion found that the ChAdOx1 nCoV-19 vaccine candidate was not
implicated in the unexpected reaction, and the observed reaction
did not affect the study outcomes for the remaining ferrets.
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Virus shedding following challenge

Nasal wash, rectal and oral swab samples were collected at the
prescribed time points of the study (Fig. 1). None of the samples
collected pre-challenge (study day 24 for prime-only animals; day
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Fig. 2 Serum virus-neutralisation titres against SARS-CoV-2. Individual ferret serum samples were tested using a virus microneutralisation
assay with a twofold dilution series starting at 1:10, with the neutralisation titre stated as the highest dilution of serum leading to 100% virus
neutralisation. a Mean titres were calculated for each study group from log,-transformed data and plotted with SEM. Green vertical lines
represent dates of ChAdOx1 nCoV-19 administration, whilst red vertical lines represent virus challenge at study day 28 or 56 for the two
cohorts, respectively. The dark green horizontal line represents the limit of detection of the assay. b Neutralising titres for individual ferrets
were presented in a heatmap with vaccine administration and challenge dates represented with green and red lines, respectively. ¢ Integrated
analysis of neutralisation titres from prime-only and prime-boost administrations. Neutralisation titres from prime-only animals were
combined from study days 7, 14, 24 and 40, whilst neutralisation titres from prime-boost animals were combined from study days 35, 42, 52
and 70. These represent the same timeframe relative to the challenge date. For both intramuscular and intranasal administration of ChAdOx1
nCoV-19, the increase in neutralisation titre from a boost dose is similar, as indicated by the almost-parallel linking lines. The vertical lines with
error bars represent the mean and standard error of the mean (SEM) from log,-transformed data.
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Fig.3 Comparative neutralisation of D614- and G614-containing isolates. Six serum samples from prime-boost animals were selected from
study day 35 and 42 samples per administration route. Microneutralisation assays were performed for each sample using three Australian virus
isolates containing D614 (VICO1, SA01) or G614 (VIC31) in the Spike protein. Triplicate titres were obtained for each serum/isolate
combination, with log,-transformed mean values plotted as individual data points. Mean titres were calculated for each isolate/route of
administration based upon log,-transformed data, which were plotted as blue or red lines, depending on the route of administration. Error
bars represent SEM, **P < 0.01.
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Fig. 4 IFNy-producing PBMC levels pre- and post challenge. PBMCs were isolated from blood samples taken on days —4 and 5, relative to
challenge, for quantification of circulating IFNy-producing cells by ELISpot assay. Prime-only animals had few IFNy-producing cells, whilst
prime-boost animals had greater numbers. Comparison of intramuscular prime-boost with prime-only post-challenge results demonstrated
statistical significance (**P < 0.01). Horizontal lines represent mean and SEM.

52 for prime-boost animals) had detectable levels of SARS-CoV-2 E
RNA, as determined by RT-gPCR.

Viral RNA loads (log;o SARS-CoV-2 E copies/mL) for each sample
collected post challenge are presented in Fig. 5 for days 3, 5, 7 and
9 post challenge. These time points correspond to study days 31,
33, 35 and 37 for prime-only animals, and study days 59, 61, 63
and 65 for prime-boost animals. No virus shedding was detected

npj Vaccines (2021) 67

in any ferret samples collected on day 11 or 14 post challenge
(study days 39 and 42 for prime-only animals; study days 67 and
70 for prime-boost animals; data not shown).

Compared to the control animals, average levels of virus
shedding (as determined by RT-qPCR) in nasal-wash and oral swab
samples were lower for each ChAdOx1 nCoV-19 Study Group.
These reductions were statistically significant (P < 0.05) in nasal-

Published in partnership with the Sealy Institute for Vaccine Sciences
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Fig. 5 Viral load in nasal-wash and rectal and oral swab fluids as determined by RT-qPCR. RNA was extracted from samples collected on
days 3, 5, 7 and 9 post challenge (study days 31, 33, 35 and 37 for prime-only animals; days 59, 61, 63 and 65 for prime-boost animals), and was
analysed in duplicate using RT-qPCR assay detecting SARS-CoV-2 E RNA. Black points represent mean RNA copy number of the duplicate
reactions for individual ferrets. The columns represent mean RNA copy numbers for each group, error bars represent SEM and the green lines
are the limit-of-detection for the assay. Where no viral RNA was detected by RT-qPCR, a data point has been plotted at 3.9. Statistical analysis
was performed by one-tailed t test, with statistical significance indicated by an asterisk (P < 0.05).

wash samples on days 3, 5 and 7 post challenge, and oral swab
samples on days 3 and 5 post challenge (Fig. 5). Administration of
both prime and boost doses of ChAdOx1 nCoV-19 demonstrated a
trend towards lower levels of shedding than prime-only admin-
istration, however, this trend was not statistically significant.

Virus isolation was attempted on PCR-positive samples, with
only a single day 3 post-challenge nasal-wash sample from a
prime-only, intranasal administration ferret positive for infectious
virus. The infectious virus load in this sample was too low for a
TCIDso/mL titre to be calculated.

Published in partnership with the Sealy Institute for Vaccine Sciences

Histopathological assessment of tissues

No evidence of viral-induced disease associated with the SARS-CoV-
2 challenge was detected in any of the ferrets at the end of the trial.
Moreover, no SARS-CoV-2 antigen labelling was detected by
immunohistochemistry in the tissues examined (lung, spleen,
tongue, nasal turbinate, pharynx, trachea, heart and retrophar-
yngeal lymph nodes; data not shown as all negative). Minimal-to-
moderate neutrophilic infiltrates were frequently present in the
tracheal epithelium, bronchi, and terminal bronchioles of ferrets
from all groups (including controls) and were considered incidental.
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Small numbers of ferrets had minimal-to-moderate eosinophilic
infiltration of the tracheal mucosa and peribronchial interstitium.
This change was present in animals from all groups and was
unrelated to ChAdOx1 nCoV-19 administration. In animals eutha-
nised immediately following unexpected reactions, eosinophilic
airway inflammation was associated with pronounced mucosal
oedema, implicating an acute allergic or anaphylactic response to
the virus inoculum. No evidence of a reaction to either
intramuscular or intranasal vaccine administration was observed
in any animal.

DISCUSSION

Safe, effective and widely available vaccines will be instrumental
in managing the ongoing SARS-CoV-2 pandemic. As of February
2021, there are over 240 COVID-19 vaccine candidates in
development, with 63 undergoing clinical evaluation?'. ChAdOx1
nCoV-19 has previously been tested in a rhesus macaque model of
SARS-CoV-2 infection, where vaccination was demonstrated to
prevent pneumonia but not nasal shedding of the virus'? The
objective of this study was to use a second animal model of SARS-
CoV-2 infection and further evaluate the safety and efficacy of
ChAdOx1 nCoV-19. Importantly, this study was the first to propose
and investigate an alternative COVID-19 vaccination route
(intranasal) which is of relevance given SARS-CoV-2 is a respiratory
pathogen, and the results from this study have led to subsequent
human clinical trials for this candidate??.

All vaccine treatment groups presented statistically significant
reductions in virus loads in nasal-wash and oral swab samples
compared to control animals, demonstrating a vaccine-induced
reduction in viral shedding. Animals that received prime-boost
administration regimens had no statistically significant reductions
in viral loads compared to animals that received prime-only
administration of ChAdOx1 nCoV-19. This observation is in
agreement with the previous studies investigating ChAdOx1
nCoV-19 efficacy in rhesus macaques'2.

Neutralising antibody titres were generally higher in prime-
boost animals and animals that received intramuscular adminis-
tration of ChAdOx1 nCoV-19, which is to be expected as these
studies measured serum neutralising antibody titres. Indeed, pre-
challenge neutralising antibody titres were very similar between
the prime-only animals and prime-boost animals that had
received only a single dose. The Challenge of prime-only animals
led to a boost-effect in neutralising antibodies, whilst this effect
was not observed following the challenge of prime-boost animals.
This would suggest that the third dose of ChAdOx1 nCoV-19
would likely not further-increase neutralising antibody levels, at
least in the ferret model.

The lower serum neutralising titres measured in animals that
received intranasally administered ChAdOx1 nCoV-19 compared
to intramuscular administration can likely be explained through
the induction of a more localised mucosal immune response
compared to the systemic response induced by peripheral
inoculation, as previously demonstrated with influenza vaccines®,
Future studies (such as ref. ) to look at the induction of mucosal
immune responses following intranasal administration are
strongly recommended, as only 25% (2/8) of animals that received
prime-boost intranasal administration of ChAdOx1 nCoV-19 had
detectable viral RNA in nasal-wash and oral swab samples on day
3 post challenge (compared to 75% (6/8) and 43% (3/7) positivity,
respectively, in samples from prime-boost intramuscular-adminis-
tered animals). Moreover, there no detectable viral RNA in any of
the wash or swab samples for animals in the intranasal group on
subsequent days.

The neutralising ability of vaccine-induced antibodies following
intramuscular or intranasal prime-boost administration appeared
not to be substantially affected by the D614G mutation that has
arisen in the SARS-CoV-2 Spike protein. This is in agreement with
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studies looking at other vaccine candidates and post-challenge
immune sera®*2%, Whether vaccine efficacy will be affected by
emerging mutations within neutralising epitopes in the receptor-
binding domain remain to be determined.

ELISpot analysis of IFNy-producing cells pre- and post challenge
demonstrated that only the intramuscular prime-boost animals
demonstrated a post-challenge increase compared to both prime-
only groups, with no groups presenting significant change post
challenge compared to pre-challenge levels.

Overall, ChAdOx1 nCoV-19 induced effective immune responses
capable of reducing viral load in nasal-wash and oral swab
samples. No unexpected reactions were observed following
vaccination by either route. The results of this study complement
and support parallel preclinical investigations in non-human
primates and have supported regulatory applications for human
clinical trials where preclinical evaluation in two animal models is
expected®'?. The demonstration of a greater reduction in viral
shedding following intranasal administration of ChAdOx1 nCoV-19
warrants further clinical investigation.

MATERIALS AND METHODS
Cells and viruses

The SARS-CoV-2 isolates hCoV-19/Australia/VIC01/2020 (VICO1), hCoV-19/
Australia/SA01/2020 (SA01) and hCoV-19/Australia/VIC31/2020 (VIC31)
were obtained as Passage 1 material from the Victorian Infectious Diseases
Reference Laboratory (VIDRL; Melbourne, VIC, Australia)?’. The SA01 isolate
was made available courtesy of SA Pathology (Adelaide, SA, Australia).
Virus propagation was performed in Vero E6 cells from BEI Resources
(Manassas, VA, USA) for VICO1 and the European Collection of Animal Cell
Cultures (ECACG; Porton Down, UK) for SAO1 and VIC31, with cells grown in
DMEM supplemented with 2% foetal bovine serum (FBS), 10 mM HEPES,
100 U/mL penicillin, 100 pg/mL streptomycin, and 250 ng/mL amphotericin
B (all from Thermo Fisher Scientific; Scoresby, VIC, Australia). The virus
stocks were characterised and demonstrated to have >99.9% sequence
identity to the Wuhan-Hu-1 reference sequence (GenBank NC_045512.2),
with no significant contaminants detected.

Approval for animal studies

This study was reviewed and approved by the Animal Ethics Committee
(AEC) at the CSIRO Australian Centre for Disease Preparedness (AEC 2004),
in compliance with Australian national and state legislation pertaining to
the use of animals in research. Challenge of animals with SARS-CoV-2 was
performed under physical containment (PC)-4 conditions.

Study design
This was a randomised, placebo-controlled study assessing ChAdOx1
nCoV-19 as a vaccine candidate against SARS-CoV-2 compared to a control
(PBS). ChAdOx1 nCoV-19 was assessed by two different routes of
administration, intranasal (i.n.) and intramuscular (i.m.). The study was
carried out as a block design with two sex-matched cohorts of 20 outbred
ferrets of ~4 months of age (total of 40 animals, 20 male and 20 female)
that had previously received prime and boost doses of the canine C3
vaccine (Protech C3; Boehringer Ingelheim, Ingelheim am Rhein, Germany)
as part of prescribed prophylaxis against canine distemper virus infection.
Prior to administration of ChAdOx1 nCoV-19, ferrets were implanted with
a LifeChip Bio-Thermo transponder (Destron Fearing; Eagan, MN, USA).
Subcutaneous temperature, rectal temperature and body weight was
recorded for each animal, and pre-challenge serum samples were obtained.
On vaccination days, ChAdOx1 nCoV-19 stocks were diluted with sterile
PBS to a concentration of 2.5 x 10'° virus particles per 100 uL. Sterile PBS
was used as a placebo for unvaccinated control animals. The prepared
material was then administered as either an intramuscular injection into
the rear thigh muscle or dropwise to alternating nares, 100 pL per animal.
Ferrets were monitored daily for 3 days post-administration for any
reaction to ChAdOx1 nCoV-19. Following ChAdOx1 nCoV-19 administra-
tion, the ferrets were anaesthetised on a weekly basis to allow for the
collection of serum samples to assess antibody responses (study days O, 7,
14 and 24 for prime-only animals; study days 0, 7, 14, 21, 28, 35, 42 and 52
for prime-boost animals).
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At challenge (study day 28 for prime-only animals; study day 56 for
prime-boost animals), all animals were intranasally-exposed to a target
dose of 3 x 10* 50% Tissue Culture Infectious Dose (TCIDs) of SARS-CoV-2
VICO1. Following the challenge, the ferrets were assessed at least once-per-
day (twice daily for days 2-12 post challenge) for the presence of clinical
signs, such as reduced interaction, fever (microchip temperature) and
respiratory disease. On days 3, 5, 7, 9 and 11 post challenge (study days 31,
33, 35, 37 and 39 for prime-only animals; study days 59, 61, 63, 65 and 67
for prime-boost animals), ferrets were anaesthetised for collection of nasal
wash, oral and rectal swab samples, as well as for the measurement of
rectal temperature and body weight.

On study day 42 (for prime-only animals) or study day 70 (for prime-
boost animals), ferrets were bled and had shedding samples collected,
representative of day 14 post challenge. Over the following 3 days for each
group of animals, ferrets were euthanised, and samples of the lung, spleen,
tongue, nasal turbinate, pharynx, trachea, heart, and retropharyngeal
lymph nodes were collected at necropsy for analysis.

Determination of viral RNA load in samples

RNA was isolated from tissue, swab and nasal-wash samples using a
MagMAX-96 Viral RNA Isolation Kit (Thermo Fisher Scientific) on a
Kingfisher Flex instrument (Thermo Fisher Scientific). SARS-CoV-2 RNA
load was determined by a quantitative real-time polymerase chain reaction
(RT-gPCR), with each sample tested in duplicate using a modified assay
targeting the viral E gene: forward primer 5-AGTACGAACTTATGTACTC
ATTCGTT-3/; probe and reverse primer from Cormann et al.?®. Copy
numbers for individual samples were calculated using cycle threshold (Cy)
values as SARS-CoV-2 E gene copies per mL or per g, with an equation
established from standard curve data using a synthetic DNA standard of
known copy number.

Virus-neutralisation assay

All serum samples were heat-inactivated (56 °C + 2 °C for 30-35 min), then
tested as a single replicate using a virus microneutralisation assay (VNT).
Twofold dilutions of each serum sample were prepared in DMEM and 100
TCIDso SARS-CoV-2 VICO1 was added. After 1 h incubation at 37 °C/5% CO,,
the virus:serum mixtures were combined with Vero E6 cells (ECACC) and
returned to the incubator. At 3 days post-infection, cytopathogenic effects
were assessed. The virus-neutralisation titre was expressed as the
reciprocal value of the highest dilution of the serum that showed 100%
inhibition of virus replication.

For the comparison of neutralisation titres against D614- and G614-
containing SARS-CoV-2 isolates, six serum samples each were selected at
random from the intramuscular and intranasal prime-boost animals
collected at study day 35 or 42. No animal provided more than one
serum sample. Each serum/isolate combination was tested in triplicate in a
VNT as described above. A mean neutralisation titre was calculated for
each of the combinations based upon the triplicate values using log,-
transformed values.

ELISpot assay

Blood was collected in lithium heparin tubes at time points pre- and post
challenge (study days 24 and 33 for prime-only animals; study days 52 and
61 for prime-boost animals). Red blood cells were lysed using an
ammonium chloride-based red blood cell lysis buffer. The remaining cells
were washed with PBS and counted using a Miltenyi Scepter 2.0 with a
60-um tip (Miltenyi Biotech; Bergisch Gladbach, Germany). Ferret IFNy
ELISpot plates (Mabtech; Stockholm, Sweden) were prepared following the
manufacturer’s instructions. Briefly, plates were washed with sterile PBS
five times and 200 uL DMEM containing 10% FBS was added to the
required wells. The plates were incubated at 37°C/5% CO, for 30 min,
followed by removal of the medium and addition of 200 pL cell suspension
(1.25x 10* cells/well) to each of the required wells. The plate was then
sealed and incubated at 37 °C for 24 h. At the end of the incubation, cells
were removed and the plates were washed five times with 200 pL sterile
PBS. Detection antibody and streptavidin-ALP were separately diluted
1:1000 in PBS with 0.05% FBS. In total, 100 pL detection antibody was
added to each well and was incubated at room temperature for 2 h. The
samples were washed five times with 200 uL sterile PBS, and 100 pL
streptavidin-ALP was added per well. The plate was incubated at room
temperature for 1 h. At the end of the incubation, the samples were again
washed five times with 200 pL sterile PBS per well, and 100 pL substrate
solution was added. The plate was incubated at room temperature until
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distinct spots emerged on the membrane. Once spots were clear, the
plates were washed extensively with tap water to remove the substrate
solution and halt the reaction. The plate was left to dry at room
temperature for 30 min before being read using an AID vSPOT Spectrum
ELISpot Reader (Autoimmun Diagnostika; Stra8berg, Germany).

Histology

Samples for histological and immunohistochemical analysis were collected
into 10% neutral-buffered formalin and processed by routine histological
methods. Tissue sections of 4 um were stained with haematoxylin and
eosin for histological assessment. On consecutive sections, antigen
retrieval for immunohistochemistry was performed using the Dako PT
Link (Agilent Technologies; Glostrup, Denmark) and Dako EnVision FLEX
Target retrieval solution, pH 9 (Agilent Technologies). For retrieval, tissues
were heated at 97 °C for 20 min, followed by cooling to 65 °C. Endogenous
peroxidases were quenched using a 3% H,0, solution. The sections were
then incubated for 60 min with a polyclonal rabbit antibody against SARS-
CoV-2 nucleocapsid protein (Sino Biological; Beijing, China) at a 1:8000
dilution, then with EnVision FLEX horseradish peroxidase-labelled second-
ary antibody and 3-amino-9-ethylcabazole (AEC) chromogen (Agilent
Technologies). Sections were rinsed between each step with Tris buffer, pH
7.6. Slides were counterstained with Lillie-Mayer haematoxylin.

Statistical analysis

To assess the effect of the D614G mutation and the two vaccine
administration routes on the log, neutralisation titre, a two-way mixed-
effects analysis of variance (ANOVA) was performed, with the three test
replicates being treated as a random effect. For the post hoc analysis to
detect significant factor-level differences, pairwise comparisons were
performed using Tukey’s adjustment. These analyses were performed in
R 4.0, using the nlme v3.1 package for the mixed-effects ANOVA modelling,
and multicomp v1.4 for post hoc comparisons.

Analysis of statistical significance in the ELISpot and viral shedding data
was performed using Student’s T test in GraphPad Prism v9.0.0.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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