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Abstract

During infection with respiratory viruses, destruction of the lung epithelium is due to
cytopathic viral effects in host cells, and damage generated by the ensuing inflammatory
immune response. Host response pathways that protect or exacerbate lung tissue damage are
not fully understood, particularly with regard to the impact on lung regeneration during
recovery from disease. Type I (IFN-a and IFN-) and III (IFN-A) interferons are host-produced
cytokines exerting pleiotropic antiviral, antiproliferative, and immunomodulatory effects in
target cells. Here, we examine the effects of type I and III IFN on lung repair during recovery
from influenza. We show that IFN signalling specifically induced in respiratory epithelial cells
disrupts epithelial proliferation and differentiation during lung repair. IFN-A drives these
effects most potently, activating p53-dependent cell cycle arrest. Disruption of lung repair
processes results in exacerbated lung tissue damage, compromised protective barrier function,
and increased susceptibility to bacterial superinfections. Owing to the pathogenic potential of
aberrant host immune responses, including IFNs, these pathways require tight regulation by
host factors to limit tissue damage. This includes the environmental sensor aryl hydrocarbon
receptor (AHR), which has been shown to enhance barrier immunity, promote disease tolerance,
and suppress IFN production during viral infection. Using genetic models to increase the
availability of natural AHR ligands, we show that the AHR induces signals in lung barrier
tissues to reduce pulmonary damage and dampen inflammation. Tissue-protective pathways
induced by the AHR appear to occur independently from AHR-dependent regulation of IFN
production. Taken together, our data highlights the importance of timing and regulation in
generating protective antiviral immunity and lung barrier protection, in order to prevent the

development of pathogenic, tissue-damaging responses.
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Chapter 1 Introduction

Chapter 1. Introduction
1.1 Respiratory viruses: an overview

Respiratory infections are the leading cause of mortality by communicable diseases
globally, accounting for approximately 4 million deaths per year (World Health Organization
(WHO), 2018). Respiratory viruses account for approximately half of these infections (Legand
et al., 2013). Viruses that play an aetiological role in human respiratory disease include
influenza virus, coronaviruses, respiratory syncytial virus (RSV), and rhinoviruses. Typical
symptoms include a persistent cough, muscle aches, fever, rhinorrhoea and pharyngitis.
However, exacerbation of respiratory viral disease can result in severe clinical manifestations,
including pneumonia, acute respiratory distress syndrome (ARDS), bronchiolitis in young
children, otitis media, myocarditis, encephalitis, gastrointestinal symptoms, asthma and
chronic obstructive pulmonary disease (COPD) exacerbations, chronic lung damage, and
multi-organ failure.

Respiratory viral diseases often occur in seasonal cycles. Evidence indicates that both
environmental factors, such as changes in temperature and humidity, as well as changes in host
behavioural patterns, are determinants of respiratory viral epidemics (Moriyama, Hugentobler
& Iwasaki, 2020). The economic burden of respiratory viral infections is significant. Direct
costs arise through expenditure on health care, treatments, and vaccination programmes, whilst
indirect costs occur due to reduced productivity owing to a loss of working days (World Health
Organization (WHO), 2016). In the United States alone, estimated costs are over $87 billion
per year for seasonal influenza (Molinari et al., 2007).

In addition to reoccurring seasonal epidemics, novel zoonotic respiratory viruses
harbour pandemic potential. In the decade following the turn of the millennium, emerging
respiratory viruses resulted in several global outbreaks: the severe acute respiratory syndrome
coronavirus-1 (SARS-CoV-1) outbreak in 2003; the Middle East respiratory syndrome
coronavirus (MERS-CoV) outbreak in 2014; and the 2009 swine flu pandemic. Lack of prior
exposure to novel respiratory viruses, and therefore a lack of pre-existing immunity upon
exposure, renders the majority of the global population susceptible following zoonotic
transmission. Additionally, the speed in which respiratory viruses spread in an era of
globalisation, increased population densities, and frequent air travel, dramatically increases the
risk of global transmission. In 2018, on the 100th anniversary of the 1918 influenza pandemic,

Victor Dzau, president of the National Academy of Medicine, spoke of the threat emerging
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Chapter 1 Introduction

viruses pose to society, stating, “The world is ill-prepared for another influenza pandemic”
(Ogawa, Nicholson & Shah, 2019).

These warnings were realised following the emergence of a novel coronavirus in the
Hubei province of China, late 2019 (Zhu et al., 2020; Wang et al., 2020a; Zhou et al., 2020a).
The virus, named severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), is
genetically similar to the SARS-CoV, with the two coronavirus strains sharing approximately
75 to 80% of their genomes (Zhou et al., 2020a). SARS-CoV-2 infection causes coronavirus
disease 2019 (COVID-19). The majority of infected individuals are either asymptomatic or
experience mild disease. Patients exhibiting moderate or severe disease typically suffer from
pneumonia or hypoxic respiratory failure following progression to ARDS (Guan et al., 2020;
Wu & McGoogan, 2020). The COVID-19 crisis was declared a pandemic by the World Health
Organisation (WHO) on March 11, 2020. Governments and local authorities implemented
global health measures in an effort to curb the spread of SARS-CoV-2, resulting in an
unprecedented situation whereby billions of people simultaneously remained indoors. Direct
and indirect consequences of the COVID-19 crisis are yet to be fully realised, with over 32
million cases and more than 1 million deaths worldwide at the time of writing, in addition to a
severe impact on the global economy that greatly surpasses that of the 2008—09 financial crisis.

The continued threat of future influenza or coronavirus pandemics underlines the
importance of furthering our understanding of respiratory viral infection biology. Unanswered
questions remain concerning the variation in disease severity between susceptible individuals,
between certain demographics but also within particular demographics. Mounting evidence
implicates both host-intrinsic genetic factors and environmental influences in determining the
balance between protective and pathologic immune responses. Lack of an available vaccine or
specific antivirals during the emergence of novel zoonotic viruses highlights the importance of
generating and implementing effective host-directed therapeutic strategies. This requires an
understanding of the processes underlying protective antiviral immunity, disease tolerance, and

harmful immunopathological responses, during respiratory viral infection.
1.2 Influenza

1.2.1 Influenza A viruses

Influenza is an acute respiratory viral disease caused by influenza virus infection.
Influenza viruses belong to the Orthomyxoviridae family that includes influenza A, B and C

viruses. Influenza A virus (IAV) infection is the predominant cause of influenza disease in
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Chapter 1 Introduction

humans, and uniquely circulate in humans, domestic animals (including pigs and poultry), and
wild migratory birds (Webster et al., 1992). Wild birds, in particular water birds, are the natural
reservoir of IAV strains, with avian influenza viruses preferentially replicating in intestinal
epithelial cells, mostly resulting in asymptomatic infection. IBV also circulates in humans, and
generates seasonal epidemics (Paules & Subbarao, 2017).

Smith, Andrewes, and Laidlaw first isolated IAV in ferrets in 1933 (Smith, Andrewes
& Laidlaw, 1933). Influenza viruses are enveloped negative-sense single-strand (ss) RNA
viruses. The IAV genome is segmented, containing eight RNA segments encoding up to eleven
viral proteins: viral nucleoprotein (NP), matrix protein (M1), membrane protein (M2), non-
structural proteins (NS1 and PB1-F2), nuclear export protein (NEP), three RNA polymerase
subunits (PB1, PB2, and PA), and viral glycoproteins (haemagglutinin (HA), and
neuraminidase (NA)). The viral RNA segments, together with nucleoproteins and the
polymerase subunits, make up the viral ribonucleoprotein (VRNP) complex. IAV subtypes are
determined by expression of the antigenically variant HA and NA proteins on the viral surface.
To date, there are 18 identified HA subtypes and 11 NA subtypes, and the specific combination
of these surface proteins denominates each AV strain (e.g. HIN1, H3N2).

The evolution of influenza virus strains typifies the host-pathogen arms race. The
influenza RNA polymerase enzyme is error prone owing to a lack of proofreading activity,
resulting in a high rate of mutation of approximately one error per replicated genome (Drake,
1993). Therefore, influenza viruses gradually accumulate mutations in HA and NA proteins in
a process known as antigenic drift, allowing evasion of antibody- or T cell-mediated immunity
induced through prior infection or vaccination (Webster ef al., 1992). The process of antigenic
drift necessitates the continuous monitoring of circulating viruses for antigenic changes in
human and animals through influenza virus surveillance programmes, to help predict AV
subtypes for vaccine development before seasonal epidemics.

Pandemic IAV strains are antigenically distinct to seasonal epidemic strains, and are
closely associated with a process known as antigenic shift. Antigenic shift occurs when two
[AV strains reassort their segmented genome within a host, producing an antigenically distinct
strain. Swine express both avian and human influenza receptors in their respiratory tracts (Ito
et al., 1998), and can therefore act as a “mixing vessel” for multiple IAV strains from different
origin, as was the case for the 2009 swine flu pandemic (Pappaioanou & Gramer, 2010).
Pandemic influenza occurs once every 10 to 50 years. Since the beginning of the 20" century,
four human influenza pandemics have occurred from swine or avian origin: HIN1 Spanish flu

pandemic of 1918, H2N2 Asian flu pandemic of 1957, H3N2 Hong Kong pandemic of 1968,
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and the HIN1 swine flu pandemic of 2009. In the years following a pandemic, emerging
pandemic AV strains often drift antigenically and replace or co-circulate with existing strains.
Currently, pandemic 2009 HIN1 IAV co-circulates with H3N2 IAV in humans.

Direct zoonosis of antigenically diverse [AV strains from avian or swine origin is rare,
and largely restricted to specific geographical regions where such strains are more prevalent
and there is increased human contact with infected swine or poultry (de Wit & Fouchier, 2008;
Krammer et al., 2018). Avian HSN1 and H7NO9 AV strains can cause severe disease in humans
(Uyeki & Cox, 2013), however reported cases of human-to-human transmission have been
limited (Van Kerkhove et al., 2011). The first detection of HSN1 IAV in humans occurred in
1997 in Hong Kong, and there have since been a confirmed 861 cases of human infection
reported in 17 countries (World Health Organization (WHO), 2020). The emergence of a novel
H7N9 TAV in China has since resulted in 1,568 confirmed cases of human infection (World
Health Organization (WHO), 2020). Avian [AV strains are associated with highly pathogenic
influenza and mortality rates as high as 60% for HSN1, and 20% for H7N9, causing respiratory
and multi-organ failure in infected individuals (Abdel-Ghafar et al., 2008; Wang et al., 2017,
Poovorawan et al., 2013). The increased prevalence in human hosts furthers the possibility of
avian [AV reassortment with seasonal strains, or adaption to allow efficient transmission
between humans. As few as five amino acid substitutions are required for HSN1 IAV to become
transmissible in ferrets: a host often used as a model to study human influenza virus
transmission (Herfst et al., 2012). Therefore, highly pathogenic avian influenza poses a

significant pandemic threat.

1.2.2 Influenza virus life cycle

The significant threat respiratory viruses pose to society and global health is in large
part due to their efficiency in person-to-person transmission. Human influenza viruses
preferentially bind to sialyloligosaccharides terminated by a N-acetylsialic acid linked to a
galactose by an a-2,6-linkage expressed mainly by epithelial cells of the upper respiratory tract
(Rogers & Paulson, 1983). Influenza transmission therefore occurs via the respiratory route,
thus increasing the likelihood for person-to-person transmission. Virus particles released by an
infected individual are more easily spread through coughing, sneezing, or talking, in contrast
to viruses transmitted only by direct contact with bodily fluids, for instance Ebola virus.

Transmission occurs via three routes: large (>10 um) droplet particles depositing on the
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mucosal surface of the upper airway epithelium; small (<5 um) aerosols by inhalation; and by
direct or indirect contact transmission, via the transfer of virus particles in a mucus membrane
(Killingley & Nguyen-Van-Tam, 2013).

Influenza virus tropism is dictated by tissue expression of different linkages
sialyloligosaccharide receptors. a-2,6-links are expressed in humans by both upper airway and
alveolar epithelial cells enabling human influenza virus entry, whilst a-2,3-linkages, expressed
by epithelial cells lining the avian gastrointestinal tract, are also found on human alveolar
epithelial cells (Shinya et al., 2006). Absence of a-2,3-links in the human upper respiratory
tract may explain the limited human-to-human transmission of avian influenza viruses, yet
expression in the lower alveolar epithelium may contribute to the increased severity of disease
caused by avian influenza virus strains. Swine express both a-2,6-linked and a-2,3-linked
sialyloligosaccharide receptors in their respiratory tract, and are therefore susceptible to both
avian and human influenza virus infection, and can act as an intermediary host for reassortment
of multiple strains of different origin (Ito et al., 1998).

Influenza virus entry is mediated by the viral envelope protein HA binding to sialic acid
residues on respiratory epithelial cells. HA-mediated binding triggers virus internalisation via
endosomal uptake. The low endosomal pH triggers a conformational change in HA, allowing
fusion of the viral envelope with the endosome. The low pH also opens the M2 ion channel
resulting in acidification the inner contents of the viral particle, triggering the release of the
viral genetic material (eight vVRNPs) into the cytoplasm, which are then subsequently imported
to the host cell nucleus for viral transcription and replication. Viral RNA polymerase initiates
transcription of viral RNAs generating a positive sense intermediate, which serves as a template
to transcribe negative-strand mRNAs. Viral mRNAs are capped and polyadenylated before
nuclear export into the cytoplasm, mediated by viral M1 and NEP proteins, and migrate to the
plasma membrane by endosomal recycling. Host cell machinery-dependent translation
synthesizes new viral proteins, which are assembled at the plasma membrane together with
new VRNPs. Finally, viral budding from the plasma cell membrane results in the formation of
a newly formed virion, with NA facilitating viral release and spread by catalysing the
hydrolysis of sialic acid residues on the cell surface to prevent HA binding. Influenza virus
replication and budding triggers cell death, contributing to respiratory epithelial damage and

lung pathology.
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1.2.3 Influenza disease in humans

Each year, there are an estimated 1 billion cases of influenza globally, 3—5 million of
which are severe (World Health Organisation (WHO), 2019). Recent modelling estimates the
global annual influenza-associated respiratory mortality rate is approximately 290,000—
645,000 deaths per year from 1999-2015 (Tuliano et al., 2018). Onset of symptoms usually
occurs after an initial incubation period of 24-48 hours. Clinical manifestation of seasonal
influenza ranges from asymptomatic infection or upper respiratory tract illness, to severe
disease with infected individuals exhibiting viral pneumonia, ARDS, and secondary infection
by bacterial pathogens.

Epidemic seasonal influenza is associated with increased severity and high death rates
in the very young (<2 years old) and in the elderly (>65 years old), owing to an under-
developed or aging immune system, respectively. Younger children are also important in
enhancing community influenza transmission, in part due to limited pre-existing immunity and
high virus titres (Antonova et al., 2012). Indeed, vaccination of children reduces the incidence
of severity in elderly (Cohen, Chui & Naumova, 2011). Additional risk factors include
pregnancy, obesity, medical comorbidities, and immunosuppression or immunodeficiency
(Peteranderl, Herold & Schmoldt, 2016).

Pandemic influenza can be associated with increased virulence, owed at least in part to
a degree of immunological naivety amongst the global human population. The Spanish flu of
1918-19, caused by an HIN1 IAV, was the most deadly influenza pandemic in modern history,
infecting approximately one-third of the global population and resulting in at least 50 million
deaths (Taubenberger & Morens, 2006). Incidentally, the term “Spanish” flu is a misnomer, as
the virus did not originate in Spain. Rather, the neutrality of Spain during World War I meant
increased Spanish media coverage of the deadly pandemic, as opposed to censorship of the
outbreak in warring nations. Simultaneous outbreaks across North America, Asia, and Europe
makes the exact origin difficult to place (Taubenberger, 2006). The 1918 flu was deadly, with
mortality rates of those infected exceeding 2.5%, as opposed to 0.1% in other influenza
pandemics (Taubenberger, 2006). Individuals experiencing severe disease following 1918
HINT infection often displayed viral pneumonia, with autopsies at the time revealing massive
pulmonary damage (Rello & Pop-Vicas, 2009). A subset of patients died within a week of
symptom onset, highlighting the degree of virulence and lethality of this pandemic influenza

virus. A review of autopsies published during the pandemic suggested the leading cause of
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mortality was secondary bacterial superinfection (Chien, Klugman & Morens, 2009),
exacerbated by the fact that antibiotics were not available at the time.

The subsequent three influenza pandemics were significantly less deadly in nature. The
1957 H2N2 and 1968 H3N2 influenza pandemics each resulted in over 1 million deaths, and
the 2009 HINI pandemic causing approximately 280,000 influenza-associated deaths
(Honigsbaum, 2020; Peteranderl, Herold & Schmoldt, 2016). An important trend with
pandemic influenza is the altered distribution of cases and mortalities by age. Whilst seasonal
epidemic influenza particularly affects the very young and the elderly, pandemic influenza is
associated with increased severity in young adults. Peak mortality during the 1918 pandemic
was at the age of 28 in the United States of America and Canada 1918 (Gagnon et al., 2013),
whilst approximately 50% and 80% of lethal cases were in people below the age of 65 during
the 1968 and 2009 pandemics, respectively (Honigsbaum, 2020; Karageorgopoulos et al.,
2011; Dawood et al., 2012). Additionally, avian IAV H7N9 and H5N1 infections and severity
in humans also differ according to age distribution (Qin et al., 2015; Cowling et al., 2013).

Reasons as to why there is a “pandemic age shift” are not fully understood (Simonsen
et al., 1998; Taubenberger & Morens, 2006). One hypothesis suggests an age-associated
immunological protection depending to prior virus exposure. A recent study using statistical
modelling revealed that immunological imprinting occurs in age groups following exposure to
a virus, conferring protection against later emerging viruses of the same or related subtype
(Gostic et al., 2016). During the HIN1 1918 pandemic, it is predicted that the susceptible age
group (20—40 year olds) had suboptimal immunity owing to mismatched immunological
imprinting, having been exposed to an H3 virus in the 1890s, as opposed to older generations
who were thought to have prior exposure to an H1 variant (Worobey, Han & Rambaut, 2014).
Additionally, during the 2009 HIN1 pandemic very few younger individuals had cross-reactive
antibodies, compared to those born before 1980 (Hancock et al., 2009). Alternative hypotheses
consider aberrant immune responses in driving pathology and enhancing disease severity. For
instance, younger individuals displaying dysregulated pathogenic cellular immunity owing to
cross-reactivity following previous exposure (Shanks & Brundage, 2012), or excessive
immune cell signalling and production of proinflammatory cytokines (i.e. “cytokine storm”) in
young adults with a robust and fully competent immune system (Kobasa et al., 2007; Gagnon

et al., 2013).
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1.2.4 Animal models of influenza

In order to study the complex physiological processes underpinning respiratory viral
infection, including interplay between immune, respiratory, and circulatory systems, a
mammalian host is required. Whilst still with its limitations, animal models provide an
invaluable tool in which to study aspects of influenza biology in vivo, including transmission,
viral kinetics, host immunity, vaccinology, therapeutic effectiveness (both antiviral and host-
directed immunotherapy), tissue repair, and bacterial superinfection. Animal models used to
study influenza biology include mice, rats, hamsters, guinea pigs, ferrets, domestic swine, mini-
pigs, and non-human primates.

The success of an animal model for influenza research depends on its capacity for viral
entry and replication. Ferrets have long been used as a model for human influenza virus
infection owing to similarities in their lung physiology, including similar distribution of sialic
acid glycans in the respiratory tract. Human AV strains attach to ferret respiratory epithelial
cells via the a-2, 6 glycosidic linkage to sialic acids (Herlocher et al., 2001). Ferrets display
similar clinical signs and progression of influenza disease to that in humans, with IAV
manifesting in the upper airway respiratory tract before developing a febrile illness (Maher &
DeStefano, 2004). They support replication of human influenza viruses, and can therefore be
used to study transmission via aerosol droplets (Belser, Katz & Tumpey, 2011). Their size also
allows for the effective measurement of parameters including pulse, temperature, and
respiratory rate. Additionally, ferrets are a useful tool to study host immunity to influenza virus
infection, displaying remarkable similarity and overlap to humans in their cellular immune
response (Maher & DeStefano, 2004). The main drawback with ferrets as a model for human
influenza, apart from limited analytical tools available, is their size, cost and husbandry
requirements, therefore increasing the difficulty to perform experiments in large numbers.
Similar to ferrets, guinea pigs are susceptible to human influenza virus strains, supporting viral
replication and transmission (Bouvier & Lowen, 2010). Their small size enables easier
handling, housing, and performance of experimental work. However, unlike ferrets, guinea
pigs do not display typical clinical signs of human influenza disease. Nonhuman primates,
including rhesus macaques, are also used to study host immunity following IAV infection
owing to high-degree of genetic and physiological similarities with humans. However,
performing biomedical research on rhesus macaques renders significant ethical concerns, in
addition to their substantial cost of husbandry and maintenance, which resultantly reduces the

number in experimental groups.
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Laboratory mice are the most widely used mammalian model for biomedical research,
with their usage dating back to the early twentieth century. Advantages include their low cost,
small size, and ease of handling and housing, which has enabled the generation of numerous
commercially available inbred strains and independent breeding on-site at biomedical research
institutes across the globe, with C57BL/6 (B6) or BALB/C strains the most commonly used.
The ease of maintenance coupled with our increasing ability to manipulate mice genetically
has resultantly led to the generation of a wide-range of knockout, knock-in, and transgenic
mice. In the context of influenza virus infection, this is an invaluable tool to study the host
immunity in a mammalian host, through the genetic depletion or modification of specific cell
populations and proteins. This can also be achieved through an expansive range of
commercially available mouse-specific immunological reagents, including antibodies and
recombinant proteins.

The main drawback with mouse influenza models is the requirement for mouse-adapted
influenza strains in order to establish infection and viral replication (Bouvier & Lowen, 2010).
Commonly used influenza virus strains in mice include the HIN1 influenza A/Puerto Rico/8/34
(PRS) isolate from the 1930s, and the X31 strain composed of HA and NA genes of the
[IAV/Hong Kong/1/1968 H3N2 on a PR8 background (Bouvier & Lowen, 2010). Mice display
dissimilar clinical signs compared to humans, presenting with anorexia, hunching, piloerection,
and hypothermia, as opposed to febrile illness (Bouvier & Lowen, 2010). Additionally,
influenza virus infection in mice usually manifests as a lower respiratory tract infection and
viral pneumonia, as opposed to the initial establishment of upper airway infections in humans.

A significant caveat to consider when using inbred laboratory mouse strains is their
lack of a functional Mx1 protein; a crucial interferon (IFN)-inducible influenza virus restriction
factor in both mice and humans (Stacheli et al., 1986; Haller et al., 2015). Defects of the Mx1
gene in inbred laboratory mice are due to nonsense mutations and large deletions, resulting in
their increased susceptibility to influenza viruses of the same strain and dose, in contrast with
wild mice (Haller et al., 1979; Stacheli et al., 1988). Indeed, the lethal dose of a murine 1918
HINT1 virus increased over 100-fold in BALB/c mice expressing a functional Mx/ allele
targeted into the Mx1 locus (Tumpey et al., 2007). Even the introduction of the intact mouse
Mx1 gene leaves the infection system imperfect, as there was no co-evolution between

pathogen and host, as is the case in natural pairings.
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1.3 The immune response to influenza virus infection

1.3.1 Barrier immunity & viral recognition

The innate immune system functions primarily to prevent infection, or reduce the
impact and limit the spread of invading pathogens, therefore buying time for the host to
coordinate highly specific cellular responses of the adaptive immune compartment. The innate
arm also is also crucial for the initiation of adaptive responses, providing signals necessary to
activate cellular and humoral immunity. The skin provides front-line protection against
invading pathogen, operating as both a physical barrier and a hub of skin-associated immune
cell interactions (Matejuk, 2018). Mucosal surfaces are thin permeable barriers continuously
exposed to the external environment to allow physiological activity, for instance gas exchange
in the respiratory tract, and food absorption in the gastrointestinal tract. Mucosal sites therefore
lack skin-associated protection, and instead depend on compartmentalised mucosal immunity
and specialised barrier epithelial cells to defend internal tissues against any potentially harmful
substances or microorganisms.

Respiratory virus diseases, like influenza, spread via virus inhalation or droplet
transmission, and therefore, infection establishes in the upper airway respiratory tract. The
respiratory epithelium forms a tight physical barrier, maintained by tight and adherens junction
proteins forming cell-to-cell junctions, thus providing a barrier to virus entry and preventing
dissemination in the airway submucosa (Whitsett & Alenghat, 2015). Barrier protection is
enhanced by the production of cell-associated and secreted mucins, large glycoproteins
produced by goblet and club cells lining the airways that compose mucus layers. The mucus
gel layer prevents pathogen adhesion to cell surfaces, including respiratory viruses like
influenza, enhancing their clearance via the mucociliary ‘escalator’ (Voynow & Mengr, 2009).
Influenza virus infection induces mucin production (Vareille et al., 2011), and mice over
expressing one of the major secretory mucins, MUCSAC, have increased protection against
influenza virus infection (Ehre et al., 2012).

In vertebrates, the initiation of an innate immune response to pathogen is enabled by
self/nonself discrimination. The ability to recognise ‘microbial nonself”—molecular patterns
unique to pathogens—allows the host to discern between “infectious nonself” and “non-
infectious self” (Medzhitov & Janeway, 2002). Innate responses are also initiated by detection
of danger-associated molecular patterns (DAMPs): endogenous danger molecules released

from infected, damaged, or dying cells. This includes misplaced self, such as ssSRNA in the
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cytosol. The detection of ‘danger’ signals forms the basis for ‘The danger theory’, pioneered
by Polly Matzinger, which claims that self-constituents can trigger an immune response if they
are deemed to be ‘dangerous’ (Matzinger, 2002). Viral detection occurs through the recognition
of pathogen-associated molecular patterns (PAMPs) by germline-encoded pattern recognition
receptors (PRRs). Viruses are intracellular pathogens, and therefore intracellular host-encoded
PRRs detect influenza viruses upon virus entry into the cell. Retinoic acid-inducible gene-I
(RIG-I) is a cytosolic helicase that detects ss viral RNA in influenza virus infected cells.
Discrimination from self ssRNA by RIG-I is achieved by the recognition of a 5’-triphosphate
group in uncapped viral RNA (Hornung et al., 2006; Pichlmair ef al., 2006). One study suggests
RIG-I detection of ssRNA occurs in antiviral stress granules, providing one possible
explanation for how a cytosolic sensor detects influenza virus which replicates in the nucleus
(Onomoto et al., 2012). Following viral recognition, the RIG-I helicase domain binds to ATP,
inducing a conformational change resulting in the exposure of its caspase associated
recruitment domain (CARD) (Luo et al, 2011). RIG-I CARD is then modified, including
TRIM25- and RING finger protein (RIPLET)-dependent ubiquitination (Gack et al., 2007; Gao
et al., 2009), which enables its interaction with the signalling adaptor mitochondrial antiviral
signalling protein (MAVS) (Jiang et al., 2011). RIG-I recruitment to MAVS triggers the
downstream activation of transcription factors, including interferon regulatory 3 (IRF3), IRF7,
and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), and subsequently
production of antiviral cytokines, including type I and III interferons (IFN) (Kato et al., 2006).
RIG-I is crucial for influenza virus detection and IFN production in infected epithelial cells,
fibroblasts, alveolar macrophages, and conventional dendritic cells (cDCs) (Kato et al., 2005;
Rehwinkel et al., 2010; Crotta et al., 2013).

The importance of RIG-I-dependent viral sensing and subsequent antiviral programme
induction is highlighted by the fact that viruses have evolved mechanisms in order to evade
these pathways (Garcia-Sastre, 2017). This includes IAV NSI1 protein, which functions to
inhibit host innate immunity through several mechanisms. IAV NS1 protein inhibits RIG-I
signalling by binding TRIM25 and preventing its E3 ligase activity (Gack et al., 2009).
Influenza virus NS1 also prevents host gene expression by posttranscriptional inhibition of
RNA processing and trafficking (Qiu & Krug, 1994). For instance, IAV NS1 directly interacts
with the cellular 30 kDa subunit of CPSF, an essential component of the 3’ end processing
machinery of cellular mRNAs, resulting in the prevention of mRNA termination and

polyadenylation (Nemeroff et al., 1998). IAV NSI1 is therefore an important influenza
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virulence factor, allowing viral replicarion in IFN-competent systems (Garcia-Sastre et al.,
1998). The divergence in NS1 amino acid sequences between influenza virus subtypes may
affect protein function and ultimately the degree of viral strain pathogenicity. Recombinant
[AV strains expressing heterotypic NS1 proteins from IBV, ICV and IDV strains have impaired
viral fitness, suggesting IAV NS1 contributes to its increased pathogenicity in vivo (Nogales
etal., 2019).

The nucleotide-binding oligomerisation domain (NOD)-like receptor family member
NOD-leucine rich repeat (LRR) and pyrin domain-containing 3 (NLRP3) inflammasome
complex also detects viral PAMPs in the cytosol (Allen et al., 2009). Inflammasomes are
multiprotein complexes composed of an NLRP innate recognition receptor, the adaptor ASC,
and pro-caspase 1 (Martinon, Burns & Tschopp, 2002). Inflammasome activation triggers pro-
caspase 1 processing into its active form, which then cleaves pro-interleukin (IL)-1p and pro-
IL-18 for production and secretion of the proinflammatory cytokines IL-13 and IL-18,
respectively (Agostini et al., 2004). NLRP3 also mediates antiviral protection by inducing
caspase 1-dependent cell death (also known as pyroptosis) in virally infected cells: a pathogen
inducible inflammatory mode of cell death to limit viral dissemination (Bergsbaken, Fink &
Cookson, 2009). NLRP3 is expressed by myeloid cells including DCs, neutrophils,
macrophages and monocytes (Thomas et al., 2009), and additionally in human bronchial
epithelial cells (Pothlichet ef al., 2013). NLRP3 is initially activated by PRRs like RIG-I,
priming it for expression of the genes encoding IL-1p and IL-18. Following priming, NLRP3
detects DAMPs, including endosomal injury, aberrant ionic fluxes driven by [AV M2 activity,
and mitochondrial injury, triggering IL-1P and IL-18 processing and production (Zhao & Zhao,
2020). Additionally, it has recently been shown that the IFN-inducible protein ZBP1 detects
influenza virus proteins NP and polymerase subunit PB1, triggering NLRP3 inflammasome
activation (Kuriakose et al., 2016). ZPB1 also recognises viral Z-RNAs produced following
[AV replication, resulting in nuclear envelope rupture and necroptosis (Zhang et al., 2020).
Similar to IAV-mediated suppression of RIG-I, the importance of NLRP3 inflammasome
activity is made evident by the ability of IAV protein NS1 to suppress NLRP3 function
(Moriyama et al., 2016), in that evolutionary pressure promotes viral adaption for evasion of
certain host antiviral responses.

Toll-like receptors (TLRs) are a family of transmembrane PRR. The host recognises
viral PAMPs and DAMPs via endosomal TLR3, TLR7, and TLR8. TLR3 recognises double-
stranded (ds)RNA in endosomes. However, the replication cycle of influenza viruses does not

generate dSRNA (Pichlmair et al., 2006), and so therefore, it is thought that TLR3 recognises
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RNA structures in infected cells taken up by phagocytosis (Schulz et al., 2005). TLR3-
dependent recognition of viral RNA triggers downstream signalling via TIR-domain-
containing adaptor protein inducing IFNB (TRIF), leading to IRF3- and NF-kB-dependent
production of IFNs and proinflammatory cytokines, respectively. TLR3 is expressed in DCs,
macrophages, and airway epithelial cells (Le Goffic et al., 2007). TLR7 is expression is
predominantly expressed in human and murine plasmacytoid dendritic cells (pDCs) and B cells,
and human monocytes (Chattergoon et al., 2014; Hornung et al., 2002), recognising ssSRNA
taken up in endosomes (Lund et al., 2004; Diebold et al., 2004; Heil et al., 2004). TLR7
mediates downstream signalling via the adaptor protein myeloid differentiation factor 88
(MYD88) (Lande et al., 2007; Honda et al., 2005), which activates the transcription factors
IRF7 and NF-«B for the production of IFNs and other proinflammatory cytokines, respectively
(Lund et al., 2004). TLRS is expressed in the endosomes of human monocytes and
macrophages, whereby recognition of viral ssSRNA induces production of IL-12 (Ablasser et
al., 2009).

The complexity of the innate immune recognition network has begun to unravel over
the last two decades, yet further work is required to decipher the relative contribution of
individual PRRs in influenza-related antiviral immunity. One study has shown mice deficient
for MYDS8S, and therefore TLR7-dependent signalling, have impaired antiviral protection
following influenza virus infection (Seo et al., 2010), however another found no difference in
mortality compared to WT controls (Le Goffic et al., 2006). The contribution of TLR3 to
protective antiviral protection is unclear, as TLR3 deficient mice have improved survival
relative to WT controls, displaying reduced inflammation and lung pathology, despite
improved viral control (Le Goffic et al., 2006). In primary murine airway epithelial cells (AEC),
the primary site for influenza virus infection, RIG-I/MAVS-dependent signalling alone was
shown to be important for IFN production (Crotta et al., 2013). Additionally, mice deficient
for NLRP3, caspase 1, or IL-1R, have increased mortality following influenza challenge
(Thomas et al., 2009). These data suggest the importance of cytosolic influenza virus sensing,
which may reflect early viral recognition in infected upper respiratory epithelial cells in
mounting a robust immune response. However, potential redundancy between individual PRR
pathways may overshadow findings in mice deficient for individual signalling components. In
addition, the lack of a functional Mx1 protein in inbred mouse models may dilute protective
antiviral immunity in PRR knockout mouse studies. Indeed, 7lr7"Mavs™”~ double knockout

mice carrying functional Mx/ alleles are highly susceptible to influenza infection, relative to
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individual knockout mice (Pillai ef al., 2017). Therefore, further research in both animal and
human influenza models is required to dissect the contribution of innate recognition pathways

in generating protective antiviral immunity.

1.3.2 The influenza cytokine response

Following viral detection, the ensuing proinflammatory cytokine and cellular response
functions to limit viral dissemination. Activation of IRF and NF-kB transcription factors and
the NLRP3 inflammasome triggers production of antiviral type I (IFN-o and IFN-, also known
as [FN-o/f or IFN-I) and III IFNs (IFN-A or IFN-III) (discussed in detail in the next section),
proinflammatory cytokines, and chemokines. Cytokines are a diverse family of secreted
extracellular signalling molecules with pleiotropic effects, enabling both innate and adaptive
arms of the immune response. Chemokines orchestrate the recruitment of immune cells to the
site of infection or secondary lymphoid tissues (lymph nodes, for instance) via chemotaxis.
Influenza cytokine and chemokine responses operate quickly, promoting inflammation and the
coordination of multiple modules of the immune response simultaneously. The non-specific
manner in which innate immunity operates aids the host’s ability to respond quickly following
viral recognition, however this can have detrimental consequences for the host. The link
between aberrant innate responses and the severity of influenza disease has been shown in
macaques infected with a highly pathogenic reconstructed 1918 HINI virus, triggering
extensive immune cell signalling and hypercytokinemia, along with significant lung tissue
damage (Kobasa et al., 2007).

In recent years, studies have begun to characterise the cytokine profiles of human
influenza cases, in an attempt to identify pathogenic factors and biomarkers indicative of
disease severity (Fiore-Gartland et al., 2017; Dunning et al., 2018; Gao et al., 2013; De Jong
et al., 2006). This includes IL-6, a pleiotropic cytokine with both pro- and anti-inflammatory
properties (Hunter & Jones, 2015). Elevated levels of IL-6 have been detected in the plasma of
fatal influenza patients (De Jong et al., 2006; Paquette et al., 2012), yet its role in influenza
pathology is unclear. Studies in mice have identified a role for IL-6 signalling in exacerbating
influenza-induced lung damage (Dienz et al., 2012; Lauder et al., 2013), whilst others found
no effect (Paquette ef al., 2012). Tumor necrosis factor-o. (TNF-a) is another proinflammatory
mediator implicated in influenza disease pathology; a cytokine with a range of

proinflammatory effector functions, mediated by induction of NF-«B activity. Despite the
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antiviral functions of TNF-a (Seo & Webster, 2002), its activity is associated with pathology
in murine influenza (Peper & Van Campen, 1995; Belisle et al., 2010).

Proinflammatory cytokines, like TNF-q, IL-1 family members, IL-6, and type I IFNs,
signal via an amplification loop, triggering further transcription factor activation and cytokine
production (Biondo ef al., 2019). This feedforward inflammatory circuit can lead to unchecked
cytokine signalling and immune cell recruitment (Brandes et al, 2013), inducing a
phenomenon known as “cytokine storm” and the perpetuation of inflammatory immune
responses, ultimately inducing immunopathology and lung damage (Guo & Thomas, 2017;
Tisoncik et al., 2012). Conversely, cytokine storm-associated immunopathology can occur as
a result of impaired innate responses and improper viral control, resulting in prolonged immune
activation (To et al., 2010). Therefore, host protection depends on a balanced innate response
in order to control viral replication, whilst limiting the harmful effects of excessive

inflammation.

1.3.3 Roles of the endothelium and epithelium in influenza immunity

As the primary site for viral infection and replication, respiratory epithelial cells play a
crucial role in initiating early influenza responses. In addition to the aforementioned barrier
and viral sensing functions, respiratory epithelial cells coordinate early immune cell
recruitment through the production of cytokines and chemokines. In situ hybridization
identified epithelial cells as a key producer of type I IFNs in vivo following influenza virus
infection (Jewell et al., 2007). These findings were corroborated by an independent study using
an IFN-B-luciferase reporter mouse, which identified epithelial cells and macrophages as the
main producers of early type I IFN (Kallfass et al., 2013). In addition, epithelial cells are a
major source of type III IFNs, highlighting the importance of barrier cells in promoting type I
and III-dependent antiviral immunity (IFN-mediated antiviral immunity will be discussed in
detail in the following section) (Jewell et al., 2010; Crotta et al., 2013).

In an effort to limit pathogen spread, respiratory epithelial cells orchestrate immune
cell recruitment and transmigration to infected tissue sites. NLRP3-dependent IL-1f3
production by epithelial cells promotes protective antiviral immunity through neutrophil
recruitment (Niu et al., 2019; Pothlichet et al., 2013). Similarly, CCL2 production by alveolar
epithelial cells directs monocyte recruitment and transepithelial migration following influenza

virus infection (Herold et al., 2006). To protect against potentially harmful proinflammatory
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myeloid responses, alveolar epithelial cells express CD200, a ligand for the inhibitory receptor
CD200R expressed by alveolar macrophages (Snelgrove et al., 2008). Mice lacking CD200
exhibited pathogenic proinflammatory immunity, and increased influenza susceptibility
(Snelgrove et al, 2008). Recent evidence also suggests that respiratory epithelial cells
indirectly coordinate adaptive immune responses to influenza virus infection by modulating
DC function. Granulocyte-macrophage colony-stimulating factor (GM-CSF) produced by
infected alveolar epithelial cells promotes DC expansion and activation, crucial for T cell-
mediated antiviral protection (Unkel et al., 2012). Additionally, IFN-A signalling in respiratory
M cells induces thymic stromal lymphopoietin (TSLP) synthesis, which in turn primes
migratory CD103" DCs for germinal centre reactions and IgG1 and IgA production (Ye et al.,
2019).

The endothelium, in close proximity to the respiratory epithelium, maintains vascular
integrity and barrier function at steady state. Treatment of mice with a spingosine-1-phosphate
(S1P1) receptor agonist triggered the reduction of cytokine and chemokine production by lung
endothelial cells during influenza, suggesting a role for the endothelium in coordinating early
inflammatory responses (Teijaro et al., 2011). In addition, activation of both the endothelial
and epithelial barriers by cytokines like TNFa and IL-1f induces the upregulation of adhesion
molecules, including ICAM-1 and E-selectin, important for chemokine-dependent leukocyte

transmigration (Oslund & Baumgarth, 2011; Herold et al., 2006; Guo & Ward, 2002).

1.3.4 Innate immune influenza response

Alveolar macrophages are lung-resident phagocytes that line the inner epithelial
alveolar surface. At a ratio of roughly one alveolar macrophage for every three alveoli
(Westphalen et al., 2014), they are the most abundant immune cell in the respiratory tract. Their
proximity in relation to the lung epithelium and air spaces allow their sentinel function against
inhaled pathogens (Laskin ef al., 2011). In naive mice, alveolar macrophages are derived from
foetal progenitors seeded during embryonic development (Guilliams et al, 2013), with
additional contribution by bone marrow (BM)-derived monocytes during adult life (Gibbings
et al., 2015; van de Laar et al., 2016). Alveolar macrophages promote viral clearance through
phagocytosis of [AV-infected epithelial cells (Tumpey et al., 2005; Schneider et al., 2014;
Hashimoto et al., 2007). Uptake of infected dead cells leads to viral PAMP recognition,

triggering alveolar macrophage activation and the production of proinflammatory cytokines,
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including type I and III IFNs, TNFa, IL-6, and CC chemokines, a process important for the
coordination of early influenza responses in mice and humans (Wang et al., 2012; Tate et al.,
2010; Chen et al., 2018; Cheung et al., 2002; Hogner et al., 2013; Kallfass et al., 2013). Genetic
mouse models which lack alveolar macrophages, or depletion by clodronate liposome,
increases the susceptibility of mice to influenza virus infection (Tate et al., 2010; Cardani et
al.,2017; Schneider et al., 2014). Additionally, specific alveolar macrophage depletion in pigs
increases influenza disease severity (Kim ef al.,, 2008), indicating their importance in
controlling viral infection.

Influenza-infected epithelial cells produce CCL2 and TNFa, promoting the recruitment
and transepithelial migration of proinflammatory CCR2" BM-derived monocytes (Herold et
al., 2006; Serbina & Pamer, 2006). BM-derived monocytes contribute to alveolar macrophage
replenishment in situ (Gibbings ef al., 2015; van de Laar et al., 2016; Aegerter et al., 2020),
however, can also be associated with proinflammatory immunopathologic responses. Primary
human monocyte-derived macrophages infected with H5SN1 influenza virus produce high
levels of proinflammatory cytokines, such as IFN-f and TNFa (Cheung et al., 2002). In
addition, monocyte-derived macrophages may exacerbate lung damage via tumor necrosis
factor-related  apoptosis-inducing ligand (TRAIL)-dependent induction of apoptosis in
alveolar epithelial cells (Herold et al, 2008). Indeed, the reduced recruitment of
proinflammatory monocytes in CCR2 deficient mice correlates with reduced lung damage
during influenza virus infection (Lin et al., 2008; Herold et al., 2008), and exacerbates bacterial
superinfections (Ellis et al., 2015).

cDCs serve as immune sentinels, situated proximal to the respiratory epithelium where
they continuously sample the airway lumen via protruding dendrites through epithelial cell
tight junctions (Nelson et al, 1994; Jahnsen et al., 2006). Similar to monocyte-derived
macrophages, monocyte-derived cDCs are recruited to the lung in a CCR2 dependent manner
during influenza virus infection (Lin et al., 2008; Serbina & Pamer, 2006). cDCs are defined
as professional antigen-presenting cells that migrate upon antigen detection to draining lymph
nodes in a CCL19/21-CCR7 dependent manner, to initiate T cell activation for specific
adaptive immunity (Heer et al., 2008; GeurtsvanKessel et al., 2008). cDC activation promotes
antiviral immunity through the production of both type I and III IFNs (Osterlund et al., 2005).
Additionally, cDCs are crucial for the maintenance of influenza-associated tertiary lymphoid
structures in the lung following influenza virus infection through chemokine production

(Geurtsvankessel et al., 2009).
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pDCs are important in antiviral immunity owing to their capacity to rapidly produce
large amounts of type I (Cella et al., 1999; Siegal et al., 1999) and type III (Yin et al., 2012;
Coccia et al., 2004) IFN. pDCs are produced in the BM, originating from a common DC
progenitor (Naik et al, 2007), maturing upon release into the periphery where they
continuously recirculate through lymphoid organs (Reizis, 2019). pDCs have high expression
of PRR sensors, and recognise influenza virus PAMPs via endosomal TLR7 (Lund et al., 2004;
Diebold et al., 2004; Jewell et al., 2007). However, murine models of pDC deficiency indicate
that they are dispensable for influenza virus control (Wolf et al., 2009), possibly because
macrophages and epithelial cells are primary IFN producers following infection (Kallfass et
al.,2013). In fact, pDCs may promote lung pathology through excess production of type I IFNs,
as depletion of PDCA-1" cells, including all pDCs, decreased IFN-associated inflammation in
129 mice (Davidson et al., 2014).

Neutrophils, the most abundant myeloid cell, continuously patrol the host in search for
microbes to phagocytose and kill, representing a key component of innate immune defence.
Influenza virus infection results in the production of neutrophil chemoattractants: KC, MIP-1a,
MIP-2, IL-8, and IP-10 (also known as CXCLI1, CCL3, CXCL2, CXCLS8, and CXCLI10
respectively), triggering the rapid recruitment of neutrophils into the lungs, within the first 3
days following infection (Wareing et al., 2007; Tate et al., 2011). Neutrophils clean up infected
epithelia and cellular debris by phagocytosis, however owing to their non-specific and
proinflammatory functions, neutrophil activity and recruitment is associated with increased
pathology and lung damage during influenza disease. Neutrophils produce reactive oxygen
species (ROS) for phagocytic killing, including O>™ and H»O;, through NADPH oxidase
activity. However, ROS production has been linked with increased pulmonary inflammation
and lung damage following influenza virus infection (Vlahos et al., 2011). Evidence indicates
that pulmonary neutrophilia promotes barrier disruption, with excessive and continuous
neutrophil egress from the vasculature into infected alveoli disrupting tight junction integrity
and thus contributing to ARDs progression (Zemans, Colgan & Downey, 2009). Additionally,
neutrophil extracellular traps (NETs) have been identified in areas of lung tissue injury,
contributing to influenza-induced viral pneumonia (Narasaraju et al., 2011). Early neutrophil
activity may be beneficial for viral control, as early or prophylactic antibody-mediated
neutrophil depletion resulting in increased mortality of infected mice (Tumpey et al., 2005;
Tate et al., 2011). However, other studies have found no effect following neutrophil depletion
(Davidson et al., 2014). In addition, excessive neutrophil activity, particularly in response to

highly virulent influenza virus strains and late during the course of infection, promotes lung
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pathology and inflammation in mice (Kulkarni et al., 2019; Narasaraju et al., 2011; Perrone et
al., 2008; Brandes et al., 2013). In humans, network analysis and expression profiling of
influenza patient samples correlates excessive neutrophil activity with severe disease (Brandes
etal.,2013; Tang et al., 2019).

Natural killer (NK) cells are innate lymphocytes with targeted antiviral function, owing
to their ability to recognise and kill virally infected cells (Colonna, Jonjic & Watzl, 2011).
Populations of tissue-resident NK cells exist in the lungs of healthy humans, in addition to
lymphoid tissues, the liver, gut, uterus and in the peripheral blood (Carrega & Ferlazzo, 2012).
Contrary to cytotoxic T cells, NK cells do not require antigen exposure to mediate their
cytolytic effects (Kiessling, Klein & Wigzell, 1975). Instead, NK cells integrate signals from
a system of activation and inhibitory receptors to discern self from non-self. Activation
receptors detect viral-ligands, or aberrant expression of self-ligands on virally infected host
cells, also known as “induced-self” (Raulet, 2003; Lanier, 2008). NK cell activation is further
regulated to achieve self/nonself discrimination by its inhibitory receptors, which interact with
self-major histocompatibility complex (MHC)-I (Valiante NM et al., 1997). Infected cells
downregulate MHC-I in an attempt to avoid recognition by CD8" T cells, and NK cell
inhibitory receptors detect this “missing-self’, which is thought to provide subsequent
“licensing” for activation (Kim et al., 2005). NK cell activation induces targeted antiviral
cytotoxicity and the production of proinflammatory cytokines (Rajasekaran et al., 2016). The
role NK cells play during influenza virus infection is unclear, with mixed findings arising from
studies in mice. For instance, Ncrl™~ mice lacking NK cells have an increased susceptibility
to influenza virus infection in both the 129 and B6 backgrounds (Gazit et al., 2006), indicating
a protective role. However, recent studies have shown influenza virus infected mice are better-
protected following NK cell depletion (Abdul-Careem et al., 2012; Zhou, Juang & Kane, 2013).

A recurring theme innate influenza immunity research is conflicting reports regarding
the relative contribution of individual cell types in host protection. The dynamic and
multifaceted nature of innate immune pathways during acute respiratory viral disease adds
complexity to our understanding of the mechanisms that regulate disease progression.
Collectively, studies indicate the importance of innate immune cell activity and recruitment in
early viral control, whilst prolonged or aberrant signalling is associated with immunopathology,
lung damage, and increased disease severity. Factors underlying these discrepancies are linked
to both extrinsic factors, such as the AV strain pathogenicity, and intrinsic host-factors,

including genetic susceptibility and demographics.
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1.3.5 Adaptive immune responses in influenza

A principal function of the innate immune system is to provide cytokine and antigen
signals for initiation of pathogen-specific responses of the adaptive immune compartment.
Innate protection also limits viral spread, thus, buying time for the initiation of adaptive
immune pathways that require more time to manifest. Influenza virus infection is lethal in
recombinase-activating gene (RAG) deficient mice that lack mature T and B cells (Wu et al.,
2010; Davidson et al., 2014), highlighting the importance of the adaptive immune compartment
in viral clearance and host protection. Following uptake of viral antigen, lung-resident cDCs
migrate to draining lymph nodes in a CCR7-CCL19/21 dependent manner in search for
antigen-specific naive T cells (Heer et al., 2008). Exogenously sourced antigen taken up in
endosomes via phagocytosis are presented by ¢cDCs on MHC-II to naive CD4" T cells, whereas
viral antigen detected in the cytosol following viral infection of cDCs are presented to naive
CD8" T cells on MHC-I (Neyt & Lambrecht, 2013; Hargadon et al., 2011; Manicassamy et al.,
2010). Additionally, CD103" c¢DCs (also known as ¢cDC1s, XCR1" in humans) are efficient at
a process known as cross-presentation, allowing the presentation of exogenous viral antigen on
MHC-I complexes (Helft ez al., 2012), which is essential to induce naive CD8" T cell activation,
and generate effector cytotoxic T lymphocytes (CTLs) (Joffre et al., 2012; Jung et al., 2002).
Activated CD4" T cells are skewed towards a type 1 T helper (Th1) profile owing to a virally-
induced cytokine milieu, mainly antigen presenting cell production of IL-12, which in turn
produces IL-2, IFN-y and TNFa (Szabo et al, 2000). IFN-y and IL-2 promotes CTL
differentiation and expansion, respectively (Whitmire, Tan & Whitton, 2005; D’Souza &
Lefrancgois, 2003). CTLs are potent antiviral effector cells, producing antiviral cytokines like
IFN-y, and target virally infected cells for killing by perforin-granzyme, Fas-ligand (FasL), or
TRAIL dependent mechanisms (Brincks et al., 2008; Topham, Tripp & Doherty, 1997).

B cells contribute antiviral protection as early as the point of infection, through innate-
like B cell production of “natural” IgM antibodies during steady-state (Baumgarth et al., 2000),
which promote viral clearance via activation of classical complement pathway (Jayasekera,
Moseman & Carroll, 2007). Antigen-stimulation of B cells occurs mainly in respiratory tract
draining lymph nodes, inducing naive B cell differentiation into short-lived plasma cells as part
of the extra-follicular B cell response, producing class-switched IgM, IgG, and IgA antibodies
(Sealy et al., 2003). The generation of memory B cells and high-affinity antibody producing
long-lived plasma cells occurs following a germinal centre reaction, dependent on signals from

antigen-primed T follicular helper cells (Tru). The kinetics of the extra-follicular B cell
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response correlates with the peak of primary influenza virus infections and the onset of
recovery (Kavaler et al., 1991), suggesting that this fast-responding humoral response is
important in viral clearance. This is in contrast with the germinal centre reaction which occurs
closer to the resolution of infection, and plays an important role in immunological memory,
forming the basis for vaccine-induced protection, along with memory CD8" T cells (Lam &
Baumgarth, 2019; Pizzolla & Wakim, 2019).

A swathe of studies in the 80s and 90s attempted to dissect the relative contribution of
humoral (B cell) and cellular (T cell) responses to protective immunity in murine influenza
models. CTL deficient mice are able to clear influenza virus infection, but clearance is delayed,
and linked with increased mortality (Bender ef al., 1992; Eichelberger et al., 1991). Similarly,
depletion of CD4" T cells does not affect viral clearance, however mice lacking both CD4" and
CD8" T cells are incapable of influenza virus clearance (Wells et al., 1981). Studies in uMT
mice deficient for B cells have produced contradicting results, with some reporting that T cell-
mediated immunity provides antiviral protection in these mice (Topham & Doherty, 1998;
Epstein et al., 1998), whilst others claiming a humoral response is required for viral clearance
(Graham & Braciale, 1997; Mozdzanowska, Maiese & Gerhard, 2000; Lee et al., 2005).
Collectively, these studies highlight an overlap between the humoral and cellular immune
responses in providing antiviral immunity, with functional redundancy likely depending on the

IAV strain and the severity of infection.

1.4 Type I and III interferons

Interferons provide front-line protection against viral pathogens. Prior to their
discovery, it was known that inactivated viruses inhibited the growth of live infectious viruses,
a phenomenon termed “viral interference”, however, the mechanism for this was unclear. Alick
Isaacs and Jean Lindenmann discovered the antiviral activity of interferons over 60 years ago,
when they incubated heat-inactivated IAV with fragments of chick chorio-allantoic membrane,
and observed the release of an “interfering agent” with the capacity to inhibit the growth of
live influenza virus (Isaacs & Lindenmann, 1957). They suitably named this agent interferon
(IFN), setting the foundations for an entire field of antiviral research. The effectiveness of IFNs
in providing antiviral host-protection is supported by the presence of an IFN system throughout
evolutionary history, and it is thought that the earliest jawed vertebrates harboured IFN genes

(Secombes & Zou, 2017).
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1.4.1 IFN receptors & signalling

The IFN family is comprised of three classes in mammals: type I IFNs (including IFN-
a and IFN-B, also referred to as IFN-a/B), type II IFNs (IFN-y), and type III IFNs (the IFN-A
subtypes). Type I and III IFNs are best known for their innate antiviral function, whereas the
direct antiviral activity of type II IFN is limited, with IFN-y playing a more prominent role in
coordinating innate and adaptive cellular responses. In humans, type I IFNs are composed of
13 IFN-a subtypes, a single IFN-f, and the less well characterised IFN-g, IFN-t, IFN-k, [FN-
o, IFN-0, and IFN-C (Ivashkiv & Donlin, 2014). Type III IFNs are comprised of four subtypes:
IFN-A1 (IL-29), IFN-A2 (IL-28A), IFN-A3 (IL-28B), and IFN-A4 (Prokunina-Olsson et al.,
2013). Mice harbour two functional IFN-A encoding genes (/fnl2 and Ifnl3) and two Ifnll
pseudogenes (Ifnl1-P1 and Ifnl1-P2) (Lasfar et al., 2006; Wack, Terczynska-Dyla & Hartmann,
2015).

Despite the existence of multiple Type I and IIT IFN subtypes, each class uses its own
single cognate IFN receptor. The type I IFN receptor (IFN-a/B receptor, IFNAR) is composed
of IFNARI1 and IFNAR?2 subunits, and the receptor complex for IFN-A (IFNLR or IL28R)
consists of an IFNLR1 subunit, and the shared IL-10 receptor chain 2 (IL- 10Rp). IFNAR is
expressed on all nucleated cell types, and therefore type I IFNs have widespread functions in
homeostasis and disease, including significant immunomodulatory and proinflammatory
effects (McNab et al., 2015; Ivashkiv & Donlin, 2014). Whereas IL-10RBf appears to be
ubiquitously expressed (Gurney, 2004), the IFNLRI1 subunit is largely restricted to epithelial
cells, such as the respiratory and gastrointestinal barrier sites (Kotenko et al., 2003;
Sommereyns et al., 2008), in addition to human and mouse hepatocytes (Dickensheets et al.,
2013; Diegelmann et al., 2010), and neutrophils in mice (Blazek et al., 2015; Broggi et al.,
2017; Espinosa et al., 2017). The effects of IFN-A-induced signalling are therefore more
targeted, and in the context of respiratory viral disease, localised largely at the site of infection
in epithelial cells.

[FN-receptor binding activates a downstream signalling cascade ultimately inducing
the transcription of interferon-stimulated genes (ISGs): a battery of over 2000 genes that exert
[FN-effector functions, most of which are uncharacterised (Hertzog, Forster & Samarajiwa,
2011). Despite using independent receptors, type I and III IFNs share considerable overlap in

downstream signalling pathways and transcriptional responses (Zhou et al., 2007; Crotta et al.,
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2013; Marcello et al., 2006; Doyle et al., 2006). IFN receptor engagement triggers the
activation of the receptor-associated Janus kinase family members: Janus kinase 1 (JAK1) and
tyrosine kinase 2 (TYK2). JAK1 and TYK2 then phosphorylate tyrosine residues in the
intracellular receptor domain, creating docking sites for the recruitment and subsequent
phosphorylation of signal transducer and activator of transcription 1 (STAT1) and STAT2
signalling molecules (Murray, 2007). Phosphorylated STAT1 and STAT2 heterodimers then
bind IRF9, forming a trimeric complex known as ISG factor 3 (ISGF3), which migrates to the
nucleus binding to IFN-stimulated response elements (ISREs) in the promoter regions of ISGs.
Additionally, IFN-B can uniquely bind, signal, and induce ISG expression through IFNARI,
in an IFNAR2/JAK-STAT-independent manner (De Weerd et al., 2013).

The recent identification of mutations in genes regulating type I and III IFN signalling
in cases of fatal human viral disease makes evident the importance of this pathway in antiviral
protection. Whole-exome sequencing in a 7-year old girl who developed fatal influenza
following primary 2009 HINI1 infection identified heterozygous null mutations in /RF7,
resulting in a significantly dampened type I and III IFN response (Ciancanelli et al., 2015). A
similar case of life-threatening influenza identified a patient homozygous for a loss-of-function
IRF9 allele (Hernandez et al., 2018). Another study identified two individuals with loss-of-
function mutations in /FNARI who developed life-threatening disease following measles,

mumps, and rubella (MMR) vaccination (Hernandez et al., 2019).

1.4.2 Negative regulation

Like all cytokines, IFN responses require regulatory feedback mechanisms to curtail
potentially harmful effects associated with excessive or prolonged signalling. The ability for
IFNs to induce gene transcription is dependent on receptor availability. The ubiquitous
expression of the type I receptor, IFNAR, increases the likelihood of pathogenic inflammation
and tissue damage (Trinchieri, 2010). Type I IFN responses are therefore subject to tight
regulatory pathways, likely owing to evolutionary pressures promoting mechanisms that
dampen type I IFN-associated immunopathology (Ivashkiv & Donlin, 2014; Arimoto et al.,
2018). On the other hand, mechanisms regulating type III IFN signalling are less stringent, as
restricted expression of the IFNLR1 subunit is in itself a form of regulation, allowing targeted
ISG induction by IFN-A mainly at barrier epithelial sites. Interestingly, signals induced by IFN-
A have a slightly delayed yet prolonged kinetic compared to type I IFN (Bolen et al., 2014; Lin
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et al., 2016; Klinkhammer et al., 2018). This extended signal duration can be explained, at least
in part, by the reduced negative feedback mechanisms following IFNLR ligation (Frangois-
Newton et al., 2011). It is important to note however, that whilst mechanisms of type I [FN
control are well defined following decades of research, type III IFN research is still in its
infancy, and is additionally hampered by the lack of a good quality commercially available
IFNLR1 murine antibody.

The primary layer of IFN-o/p signal regulation is the rapid internalisation of the ternary
IFNAR complex following ligand binding (Claudinon, Monier & Lamaze, 2007). So far, it has
not been established how type III receptors are regulated following IFN-A signal transduction.
USP18 is one of the best characterised negative regulators of type I IFN signalling, and is
induced by both type I and III IFN (Malakhova et al., 2006). USP18 is an enzyme that removes
the ubiquitin-like modifier ISG15 from conjugated proteins (Malakhov et al, 2002).
Regulation of IFN signalling is achieved by USP18 competing with JAK1 for IFNAR2 binding,
causing destabilisation of the IFNAR complex and decreased ligand binding (Malakhova et al.,
2006; Frangois-Newton et al., 2011). USP18 deficiency in humans results in IFN-induced
inflammation and type 1 interferonopathy underlying pseudo-TORCH syndrome (Meuwissen
et al., 2016). Additionally, ISG15-deficiency in patients prevents USP18 accumulation,
resulting in IFN-o/B over-amplification and pathogenic inflammation (Zhang et al., 2015),
highlighting the importance of USP18-mediated type I [FN regulation. USP18 has been shown
to inhibit type III IFN responses in a mouse mammary tumor model or if over expressed in
vitro (Blumer et al., 2017; Burkart et al., 2013). However, IFNAR crosstalk was not excluded
in these studies, and in normal physiological settings, USP18 has no effect on IFN-A signalling
(Blumer et al., 2017). Other well-characterised negative feedback mechanisms include
suppressor of cytokine signalling (SOCS) proteins. SOCSI interferes with IFN signalling
through interaction with TYK?2, leading to its degradation (Fenner et al., 2006; Piganis et al.,
2011). SOCS1 has a weak negative effect on type III IFN signalling, (Blumer et al., 2017),
which may be explained by the ability of IFN-A to signal in the absence of TYK2 (Fuchs et al.,
2016). SOCS3 is also able to interfere with type I IFN signalling, but not type III IFN (Song &
Shuai, 1998; Blumer et al., 2017).
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1.4.3 Interferon-stimulated genes

An important component of type I and III IFN activity is the ability to induce ISG
transcription and an antiviral state not only in infected cells, but also in uninfected bystander
cells. The resultant effect is the reduced availability of ‘hospitable’ cells for viral replication,
thus reducing viral dissemination. This is opposed to alternative mammalian cell intrinsic
antiviral mechanisms, such as RNA interference (RNAi), which utilises dicer/argonaute
machinery to mediate viral RNA silencing within an infected cell (Maillard et al., 2013),
operating only within an infected cell. IFN-inducible ISG-mediated protection is initiated
during steady-state conditions, priming the antiviral response prior to a viral infection.
Commensal microbiota-derived signals trigger low level IFN-B production, which induces
tonic IFNAR signals and the basal expression of IFN signalling molecules and PRRs (Gough
et al., 2012). Basal priming calibrates IFN responses for the rapid induction of antiviral
programmes following infection (Abt et al., 2012; Ganal et al., 2012; Kawashima et al., 2013).
Recent studies have shown microbial-derived signals prime tonic ISG induction in the
respiratory epithelium, promoting resistance to influenza virus infection (Steed et al., 2017;
Bradley et al., 2019).

ISG activities encompass a wide range of biological functions to mediate antipathogen
effects. ISG-encoded proteins can be classed into three main groups based on their mechanism
of action: 1) antiviral effectors, interfering with specific stages of the viral life cycle or
degradation of viral nucleic acids; 2) immunomodulatory factors, including cytokines,
chemokines, signal transducing proteins, and transcription factors; 3) proteins modifying host
cell processes, such as metabolism, cell cycle and apoptosis, to prevent or restrict viral spread
from infected cells (Schneider, Chevillotte & Rice, 2014; MacMicking, 2012).

Two examples of important influenza virus restriction factors are Mx and IFN-
inducible transmembrane (IFITM) family proteins. Mx proteins belong to a small family of
dynamin like GTPases, which comprise MxA and MxB in humans and Mx1 and Mx2 in mice
(Haller et al., 2015). Human Mx proteins and mouse Mx2 are cytoplasmic, whereas rodent
Mx1 localises to the nucleus (Pavlovic et al., 1990). This is thought to restrict the antiviral
effects of mouse Mx1 to viruses that replicate in the nucleus. In contrast, human MxA has
broad antiviral activity irrespective of the subcellular site of virus replication (Haller et al.,
2015). MxA restricts influenza virus infection by inhibiting viral NP and PB2 interaction
(Verhelst et al., 2012). The importance of human MxA antiviral function has been

demonstrated in mice expressing the human MX/ locus as a transgene, which displayed
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increased protection against highly pathogenic avian influenza, however, only a moderate
increase in protection against influenza viruses of human origin (Deeg et al., 2017). IFITM
family proteins function by blocking virus entry into cells, and are potent inhibitors of influenza
virus replication (Brass et al., 2009). IFITM3 deficient mice are highly susceptible to otherwise
low-pathogenicity influenza virus, and the same study found a significant number of
hospitalised influenza patients had an enrichment for loss-of-function polymorphisms in the
human [FITM3 gene (Everitt et al.,, 2012), suggesting its importance in human antiviral
immunity.

In addition to inducing an antiviral state in infected and noninfected cells, IFNs
orchestrate innate and adaptive immune processes. This includes propagating the IFN response
itself, as ISGs include several IFN pathway signalling proteins (Ivashkiv & Donlin, 2014).
IRF9 and STATI1 are themselves IFN-inducible, and therefore induction enhances ISRE
binding and IFNAR signalling, respectively (Levy et al., 1990; Hu et al., 2002). IFN-induced
expression of various PRRs and IRF7 augments IFN signalling in a feedforward loop driving
further downstream IFN expression (Levy et al., 2002; Schneider, Chevillotte & Rice, 2014).
Type I and III IFNs rapidly induce IRF1 (Novatt et al., 2016), which helps maintain ISG
expression early during antiviral responses (Panda er al., 2019). Inflammation is further
augmented through IFN-mediated cytokine and chemokine production. For instance, the
production of CCL2 promotes monocyte and dendritic cell recruitment into infected tissues

(Lehmann et al., 2016; Shim et al., 2017).

1.4.4 Antiproliferative & proapoptotic effects of IFNs

The transcriptional programme induced by IFNs includes genes that manipulate the
host cell cycle machinery and induce apoptosis in an effort to limit viral replication and
dissemination in infected host cells (Platanias, 2005; Peteranderl & Herold, 2017; Chawla-
Sarkar et al., 2002). The antiproliferative effects of IFN were first observed in 1962, where it
was shown that a 24-hour IFN treatment reduced the growth of L cells in culture (Paucker,
Cantell & Henle, 1962). Research efforts since have sought to delineate mechanisms by which
[FN-induced signalling inhibits host cell growth. As a result, type I IFNs have a long history
as antitumour therapeutics (Zitvogel et al., 2015; Parker, Rautela & Hertzog, 2016). Following
the observed IFN-A-mediated antitumour capacity against B16 melanoma (Lasfar et al., 2006),
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our increasing understanding in IFN-A biology has led to their inclusion in research and
discussions regarding IFN cancer immunotherapy (Lasfar et al., 2016).

The antitumour potential of IFNs resulted in an expansion of research looking to
characterise the molecular mechanisms regulating growth inhibitory effects. Beginning
roughly 40 years ago, research groups largely studied the effects of IFN treatment in
immortalised cell lines, and have led to several proposed mechanisms by which IFNs disrupt
cellular growth (Parker, Rautela & Hertzog, 2016). Cell cycle progression is coordinated by
cyclin-dependent kinase activity (CDKSs) interaction with their associated cyclins. These
activities are subjected to a further layer of regulation by cyclin-dependent kinase inhibitors
(CKIs) (Sherr & Roberts, 1995). CKI induction by IFN has been described as a mechanism to
inhibit cell cycle progression, often resulting in G; arrest (Roos, Leanderson & Lundgren,
1984; Olle Sangfelt, 2000). IFN-a treatment in a human Burkitt lymphoma cell line induced
expression of the CKI and tumour suppressor protein, p21, causing cell cycle arrest and
accumulation of cells in G phase (Subramaniam & Johnson, 1997). This has been corroborated
by independent studies, in addition to pl5 and p27 induction, following IFN treatment
(Sangfelt et al., 1999, 1997b). Additional described mechanisms of IFN-induced cell cycle
arrest include induction and activation of the tumor suppressor retinoblastoma (RB) protein
(Burke, Bybee & Thomas, 1992; Kumar & Atlas, 1992), and IFN-targeted c-myc suppression
(Einat, Resnitzky & Kimchi, 1985).

The tumor suppressor protein, p53, also known as “the guardian of the genome”, has
also been implicated in growth inhibitory IFN effects in response to cellular stress or oncogene
activity. p53 is activated in response to cellular stress, including DNA damage and oncogene
expression (Vousden & Lane, 2007). Mechanisms by which p53 activity mediates
antiproliferative effects include direct induction of universal CDK/cyclin inhibitors, including
p21 (Brown, Wei & Sedivy, 1997), in addition to specific CDK inhibitors, such as Gadd45,
which targets the Cd2c¢/Cyclin B1 complex at the G2/M checkpoint (Zhan et al., 1999).
Prolonged type I IFN treatment induces p5S3 mRNA and protein in WT mouse embryonic
fibroblasts (MEFs), in an IRF9 dependent manner (Takaoka et al, 2003). Chromatin
immunoprecipitation (ChIP) using an anti-STAT2 antibody revealed that p53 induction is
regulated by ISGF3 complex binding to p53 ISRE sequences, thus, regulating antitumour [FN
responses (Takaoka et al., 2003). Interestingly, the IRF1 transcription factor has tumor
suppressor function (Tanaka et al., 1994), and p53/p21-dependent cell cycle arrest is IRF1-
dependent following DNA damage (Tanaka et al., 1996). Therefore, IRF1 activity may have
implications in [FN-p53 interplay. Additionally, prolonged IFN-B treatment induces a p53-
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dependent senescent cell cycle arrest in normal fibroblasts (Moiseeva et al., 2006). IFN-
induced p53-dependent cellular senescence or apoptosis is associated with activation of the
ATM/CHK2 DNA damage signalling pathway (Moiseeva et al., 2006) and the p53-p16/p21
axis (Yu et al., 2015). However, these findings are largely correlative, and the precise
downstream mechanism by which IFN-induces p53-dependent inhibition of cellular growth
remains to be determined.

IFN-induced apoptosis has been shown to occur both dependent and independent to
IFN-induced cell cycle arrest (Subramaniam et al., 1998; Sangfelt et al., 1997a). In the former,
combined propidium iodide and TUNEL staining, measuring DNA content and apoptosis-
related DNA fragmentation respectively, indicated G arrest preceded apoptosis following IFN
treatment, indicating cells underwent programmed cell death following cell cycle progression
failure (Subramaniam et al., 1998). Similar to the activation of antiproliferative effects, there
are multiple mechanisms described for the induction of apoptosis by IFN. IFNs are capable of
inducing both cell intrinsic and extrinsic apoptosis. Cell intrinsic apoptosis involves
mitochondrial disruption and subsequent cytochrome c¢ release. In malignant cells, IFN-a
treatment induced caspase-8 dependent mitochondrial cytochrome c release (Thyrell et al.,
2002). Similar effects were observed following prolonged IFN treatment in WISH cells,
independent from death receptor (DR) activation (Apelbaum et al., 2013). Additionally, recent
studies identified ISG54 as a key regulator for cell intrinsic apoptosis (Reich, 2013;
Stawowczyk et al., 2011). Cell extrinsic apoptosis is mediated by ligation of cell surface death
receptors by TNF family members, such as TNF, TRAIL, or FasL. DR ligation induces Fas-
associated death domain-containing protein (FADD) recruitment and activation of caspase-8,
which results in further caspase activation and ultimately hallmark apoptosis, including DNA
fragmentation. Type I IFN treatment triggers upregulation of proapoptotic proteins, including
Fas, FasL. and TRAIL (Chawla-Sarkar, Leaman & Borden, 2001; Kayagaki et al., 1999; Choi
et al., 2003). The antiviral benefits of IFN-induced apoptosis have been shown in influenza
virus infected murine fibroblasts, where IFN treatment sensitised infected cells to FADD-
dependent apoptosis, thus limiting viral replication (Balachandran et al., 2000).

The complexity underlying activation and regulation of growth inhibitory IFN signals
as opposed to antiviral responses contributes to the lack of a well-defined mechanism(s),
particularly in normal physiological conditions. Contributing factors regulating the IFN-
dependent activation of antiproliferative pathways will be discussed in further detail later, in
the short introduction to chapter 4. This complexity is exacerbated by the dynamic and

multifaceted nature of ISG induction, as revealed by global analyses comparing IFN signatures
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in human and mice across multiple cell types (Mostafavi et al., 2016). A recent study looking
at ISG—protein interactions highlighted another layer of intricacies, as the team characterised
104 ISG interactions using a global mass-spectrometry-based survey, and identified 1,401

cellular binding partners engaging in 2,734 interactions (Hubel ef al., 2019).

1.4.5 Pathogenic potential of IFN during respiratory viral disease I: influenza

Early in vivo studies in murine influenza models suggest a functional redundancy
between the type I and III IFN systems. Single IFN receptor deficient mice (Ifnarl™ or
IfnlrI”") have been shown to be resistant to influenza virus infection, with viral control
comparable to WT mice (Price, Gaszewska-Mastarlarz & Moskophidis, 2000; Mordstein et al.,
2008). Type I and III IFN redundancy was confirmed in mice deficient for both type I and III
receptors (Ifnarl™ Ifulrl”~ double-knockout) (Mordstein et al., 2008), and in BM chimeric
mice lacking IFN signalling specifically in epithelial cells (Crotta ef al., 2013). In both contexts,
IFNR deficiency resulted in inefficient viral control and and dramatically increased influenza
susceptibility. As discussed earlier, the importance of both type I and III IFN protection in
human influenza is made evident by the susceptibility of patients carrying mutations in crucial
IFN signalling components (Ciancanelli ef al., 2015; Hernandez et al., 2018).

In the past decade or so, emerging evidence has begun to challenge the dogma that IFN
signalling is strictly beneficial during viral infection. A direct link between IFN signalling and
pathogenesis during viral infection was first shown in chronic lymphocytic choriomeningitis
virus (LCMYV) infection (Teijaro et al., 2013; Wilson et al., 2013). IFNAR blockade using an
alFNAR antibody resulted in enhanced CD4" T cell-dependent viral clearance (Teijaro et al.,
2013; Wilson et al., 2013). The link between IFN and lung damage during acute influenza was
established when it was observed that type I IFN signalling induces TRAIL expression on
inflammatory monocytes (Hogner et al., 2013), which promotes alveolar epithelial damage
through engagement of DRs during influenza virus infection (Herold et al., 2008). A definitive
link between type I IFN signalling and influenza pathology was confirmed in a comparison
between highly susceptible 129 mice and their B6 counterparts (Davidson et al., 2014). 129
mice were shown to produce significantly higher levels of both type I and type III IFN
compared to B6 mice, and for a longer duration. This was shown to be detrimental, as IFNAR
deficient 129s had improved survival and reduced lung damage compared to WT controls,

independent from viral burden (Davidson et al., 2014). This is significant, as it provides in vivo
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evidence of IFN-I-dependent immunopathology, in a context of excessive IFN signalling.
Mechanistically, IFN-I produced by pDCs in 129 mice drove proinflammatory cytokine
production and the recruitment of TRAIL" inflammatory monocytes contributing to epithelial
disruption (Davidson et al., 2014). Type I IFN has additionally been linked with increased
susceptibility to S. pneumoniae bacterial superinfection during influenza. IFN-o/B suppresses
antibacterial responses through inhibition of CXCL1/2-dependent neutrophil recruitment and
blocking IL-17 production by yd T cells (Li, Moltedo & Moran, 2012; Shahangian et al., 2009).

Immunopathology associated with excessive IFN-I signalling led to an interest in the
targeted antiviral function of type III IFN (Introduction Figure 1). Aside from activity in
neutrophils (Blazek et al., 2015; Broggi et al., 2017; Espinosa et al., 2017), IFN-A signalling is
thought to be restricted to epithelial cells in mice, and therefore provides targeted ISG induction
in the epithelium during respiratory viral infection. Thus, IFN-A lacks the pathogenic
immunomodulatory effects described for type I IFN (Davidson ef al., 2014). Both IFN-a and
IFN-A treatment administered early during the course of influenza virus infection were
effective in controlling viral replication in B6 mice expressing functional Mx1, however only
IFN-A provided protection (Davidson et al, 2016). Instead, IFN-a treatment promoted
pathogenic inflammation similar to that observed in 129 mice, and increased lung tissue
apoptosis (Davidson et al., 2016). It was recently suggested that I[FN-A plays a non-redundant
role in mild influenza virus infection through the inhibition of early viral replication (Galani et
al., 2017). Galani et al. found IFN-A induces an antiviral programme in neutrophils and
epithelial cells, as opposed to proinflammatory activation induced by type I IFN. IFN-A has
also been shown to be important in controlling viral replication in the upper airways of mice,
which was shown to block influenza transmission (Klinkhammer et al., 2018). Collectively,
evidence in murine influenza models suggests IFN-A is the more protective antiviral cytokine,
lacking the immunomodulatory and proinflammatory effects associated with excessive or
prolonged IFN-o/B-induced signalling.

Two important studies sought to characterise the immune response to highly
pathogenic 1918 HINI infection using a reconstructed recombinant virus (Kash et al., 2006;
Kobasa et al., 2007). Kash et al. found the 1918 strain induced significant type I [FN induction
in mice compared to less virulent strains (Kash et al., 2006). In rhesus macaques, Kobasa et al.
found that the reconstructed 1918 influenza virus infection triggered fatal ARDS, accompanied
by significant lung tissue disruption and haemorrhaging, inflammatory immune cell infiltrate

and prolonged cytokine production. Expression data analysis of bronchial tissues revealed a

45



Chapter 1 Introduction

dysregulated type I IFN response, characterised by low early IFN gene expression, yet
sustained ISG signals late in the course of infection, implicating persistent IFN signalling in
disease progression (Kobasa et al., 2007). HSN1 avian influenza strains are associated with
even higher mortality rates in humans. Primary human monocyte-derived macrophages
infected with H5N1 IAV exhibited significant proinflammatory cytokine production,
predominantly IFN-B and TNFa (Cheung et al., 2002). In both ferrets (Cameron et al., 2008)
and humans (Beigel et al., 2005), HSN1 induces a stronger IFN response than less pathogenic
influenza strains.

Whilst the use of animal influenza models provides important mechanistic insight, it
misses intrinsic and extrinsic components of immune function specific to human influenza
disease. Patient blood and tissue samples have allowed us to begin characterising the immune
profiles of individuals in response to influenza virus infection. Cytokine analysis of serially
collected nasal lavage fluid collection revealed influenza symptom onset correlates directly
with IFN-a production (Hayden et al., 1998). Similarly, peripheral blood gene expression also
detected IFN signalling early during acute influenza virus infection (Zhai et al., 2015). This
likely reflects viral PAMP recognition and early IFN production. Segregating patients into
groups based on symptom characteristics and disease severity is a useful tool in understanding
specific correlations between immune pathways and disease progression. Measurement of
cytokine levels in nasal lavage fluid (Oshansky et al., 2014) and blood expression profiling
(Parnell et al., 2012; Hoang et al., 2014) found a significant IFN signature in the severe
influenza patients. Conversely, a recent blood transcriptomic study found patients with severe

disease had a diminished IFN-related signature (Dunning et al., 2018).
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Introduction figure 1. The type I and III IFN response during respiratory viral infection.

Type I and III IFNs are produced following viral recognition by respiratory epithelial cells and
lung immune cells. Autocrine and paracrine IFN signalling generates an antiviral state in the
respiratory epithelium, through induction of ISGs in infected and bystander epithelial cells.
The IFN-0/p receptor IFNAR is ubiquitously expressed, and therefore type I IFN responses are
associated with enhanced proinflammatory cytokine production and inflammation. The effects
of IFN-A are more targeted, owing to restricted expression of the IFNLR in epithelial cells and
neutrophils, and are therefore thought to be less inflammatory. IFN responses require tight
regulation in order to provide antiviral protection, without the induction of pathogenic
responses that exacerbate lung tissue damage. Created using BioRender.com
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1.4.6 Pathogenic potential of IFN during respiratory viral disease II: COVID-19

Late in 2019, a cluster of pneumonia disease cases emerged with unknown aetiology in
Wuhan, in the Hubei province of central China. Samples from patients experiencing severe
pneumonia were taken to the Wuhan Institute of Virology, where the novel SARS-CoV-2 was
identified as the causative agent of the respiratory disease COVID-19 (Zhou et al., 2020a).
Since, the global scientific community has mobilised to help generate an understanding in
aspects of COVID-19 biology. Given the time taken to generate vaccines or specific antiviral
treatments against a novel respiratory viral disease, pre-developed host-targeted
immunotherapies offer a more immediate therapeutic strategy to reduce morbidity and
mortality, and help ease the burden on global healthcare. SARS-CoV-2 infects cells via the
angiotensin-converting enzyme 2 (ACE2) receptor) (Wan et al., 2020), expressed mainly in
the respiratory epithelium by type II alveolar (AT2) epithelial cells and ciliated cells (Jia et al.,
2005; Qi et al., 2020). Clinical and lung radiological analyses of COVID-19 patients revealed
massive alveolar damage in patients experiencing moderate or severe disease, with individuals
exhibiting progressive hypoxic respiratory failure from ARDS (Qiu et al., 2020; Xu et al.,
2020); the leading cause of mortality in COVID-19 patients (Wu & McGoogan, 2020).
Additionally, histopathological findings in post-mortem lung biopsies revealed neutrophilic
infiltration consistent with superimposed bacterial bronchopneumonia (Tian et al., 2020). A
screen for bacterial species in intensive-care COVID-19 patients found more than 50% of
severe patients recorded bacterial superinfection (Dhesi et al., 2020), indicating a failure of
lung barrier function.

Given the extent to which loss of lung function contributes to COVID-19 morbidity
and mortality, efforts currently underway seek to identify mechanisms propagating lung
damage. Epithelial destruction occurs as a result of both cytopathic viral effects in host cells,
and damage generated by the ensuing inflammatory immune response. The importance of host
resistance to viral replication is still a matter of debate. Some studies have described a positive
correlation between disease severity and viral burden, however others have found no difference
(Liu et al., 2020; He et al., 2020; To et al., 2020; Zheng et al., 2020), suggesting host-intrinsic
factors influence disease outcome. Viral loads were detected at highest levels in throat swabs
at the time of symptom onset before gradually decreasing, resembling influenza kinetics (He
et al., 2020). Interestingly, a recent study found no difference in the viral burden of

asymptomatic compared to symptomatic COVID-19 positive patients (Lavezzo et al., 2020),
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suggesting that aberrant immune responses, rather than cytopathic viral effects, may determine
lung pathology.

The contribution of IFN responses to COVID-19 disease outcome is still unclear. Work
by Stanley Perlman’s group gave early indications into the pathogenic potential of type I [FN
during coronavirus infection using mouse models of SARS-CoV-1 infection. Similar to our
lab’s findings in influenza (Davidson et al., 2014), they show that Ifnar!”~ BALB/c mice have
reduced proinflammatory cytokine production and lung damage, and improved survival
following SARS-CoV-1 infection (Channappanavar et al., 2016). In vitro studies conducted
early during the outbreak show SARS-CoV-2 is [FN-sensitive, with treatment reducing viral
replication in Vero cells (Lokugamage et al., 2020). SARS-CoV-2 infection has been shown
to induce delayed type I and III IFN induction in primary AEC cultures (Pizzorno et al., 2020),
but not in human lung tissues ex vivo (Chu et al., 2020). In one of the first studies characterising
the innate antiviral response to SARS-CoV-2 infection, the tenOever group characterised the
expression profile of serum and post-mortem lung tissue of COVID-19 patients, and found
induction of a proinflammatory cytokine and chemokine profile, yet failed to detect IFNs
(Blanco-Melo et al., 2020). Similar findings were observed following whole-blood
transcriptomic and cytokine profiling of fifty COVID-19 patients, which showed low IFN
production and elevated NF-«B regulated cytokines, such as IL-6 (Hadjadj et al., 2020).
Coupled with the identification of virally encoded IFN-antagonists (Gordon et al., 2020; Konno
et al., 2020), the argument of improper IFN-mediated antiviral protection in COVID-19
patients forms the basis for the use of IFNs therapeutically in ongoing COVID-19 clinical trials.

As the COVID-19 crisis progresses, emerging evidence from patient cohort sample
studies suggests that the role of IFNs in COVID-19 disease is not so clear-cut. In contrast to
the aforementioned studies, a significant IFN signature was identified in the bronchoalveolar
lavage fluid (BALF) of severe COVID-19 patients (Zhou et al., 2020b). High levels of IFN-A
expression have also been detected in the lower airways, but not in naso-oropharyngeal swabs
(Broggi et al., 2020). Additionally, single-cell RNA sequencing of peripheral blood
mononuclear cells (PBMCs) from COVID-19 patients found an IFN signature in CD14"
monocytes (Wilk et al., 2020). In a similar study, comparison of PBMC transcriptomic profiles
between healthy donors, mild or severe COVID-19 patients, and severe influenza patients,
found that monocytes produced type I IFNs in parallel with TNF and IL-1f in severe influenza
and COVID-19 patients, but not in patients experiencing milder COVID-19 disease (Lee et al.,
2020). These findings were corroborated by a study from the Iwasaki lab, who employed
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longitudinal analyses to samples from 113 COVID-19 patients (Lucas et al., 2020). They also
segregate patient samples by disease severity: healthy, moderate, or severe. Interestingly, they
found severe COVID-19 patients maintained elevated expression of both type I and IIT IFNSs,
in addition to proinflammatory cytokines, whereas these cytokines steadily declined in patients

with moderate disease (Lucas et al., 2020).

Discrepancies in IFN detection between individual patient sample studies may be
explained, at least in part, by the timing and location (serum, BALF, swabs) of sample
collection. For instance, the tenOever study failed to detect IFNs in COVID-19 patient sera,
however did detect ISG induction in post-mortem lung tissue (Blanco-Melo et al., 2020),
indicating IFN-dependent signalling. Additionally, differences in the individual susceptibility
to infection may dilute IFN responses in global datasets. Segregation by disease severity
provides useful insight into immunopathological mechanisms or biomarkers of respiratory
viral disease pathogenesis. Further analyses and direct comparison of blood and lung tissue
samples collected at multiple time intervals from patients experiencing various forms of disease
severity would be highly beneficial to further our understanding of COVID-19 disease

progression and pathology, and indeed other respiratory viral diseases.

1.5 Regeneration of the respiratory epithelium

The respiratory system is organised into two major compartments to allow gas
exchange and the vital supply of oxygen to organs and tissues around the body. The upper
respiratory tract functions as a conduit for air intake, composed of the nose, nasal cavity, mouth
and throat (pharynx). The lower respiratory tract consists of the trachea, bronchi (primary,
secondary and tertiary), bronchioles (terminal and respiratory), and the alveoli, where gas
exchange occurs. Respiration requires an interface between the human body and the external
environment, and at this interface, the respiratory system is continuously exposed to inhaled
pollutants, allergen, microbes, and pathogen, including respiratory viruses and opportunistic
bacterial species (Hogan et al., 2014; Vareille et al., 2011; McCullers, 2014). Frontline
protection is provided by a continuous layer of epithelial cells that line the mammalian
respiratory system, whilst simultaneously providing a site for oxygen-carbon dioxide gas

exchange in alveolar sacs. Co-development of the respiratory system with the cardiovascular
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system allows the intimate proximity between alveolar cells and pulmonary capillary
endothelial cells, crucial for blood oxygenation and carbon dioxide removal.

Respiratory viral infection is typically limited to the upper respiratory tract in
asymptomatic individuals or in cases of mild disease. However, spread to the lower respiratory
tract can cause severe disease, resulting in viral pneumonia and ARDS, the latter being the
leading cause of mortality in influenza and COVID-19 patients (Ramos & Fernandez-Sesma,
2015; Wu & McGoogan, 2020). Respiratory dysfunction occurs as a result of damage to the
epithelial-endothelial barrier in the alveolus, induced by either cytopathic viral effects in host
epithelial cells (Short et al., 2016), or damage generated by the ensuing inflammatory immune
response. Epithelial loss and alveolar collapse result in the filling of airspaces with fluid, red
blood cells (RBCs), and leukocytes recruited during an inflammatory immune response. Indeed,
escalation of immune cell signalling and resultant cytokine storm contributes to lung damage
and respiratory dysfunction (Tisoncik et al., 2012), as discussed earlier. Quantification and
characterisation of cellular infiltrate and protein content in the air spaces by BALF extraction
is therefore used as an indication of damage to epithelial and endothelial barriers (Henderson,
1984). Severe cases of respiratory viral disease are often exacerbated by secondary infection
with bacterial species, including Streptococcus pneumoniae and Staphylococcus aureus. In
homeostasis, bacteria colonise the upper respiratory tract, and are maintained in a state of
balance owing to barrier protection and control by tissue-resident immune cells (Vernatter &
Pirofski, 2013). Following infection, barrier dysfunction and virally-induced
immunomodulatory effects enhance the extension of bacteria down into the lower respiratory
tract, with the two pathogens showing remarkable synergy (McCullers, 2014).

At steady state, the mammalian lung has a remarkably low turnover rate and remains
largely quiescent (Herriges & Morrisey, 2014). However, following severe lung injuries, such
as those experienced in severe influenza, the immediate threat to host survival posed by ARDS-
induced hypoxic respiratory failure, sepsis, and potential multi-organ failure, necessitates the
rapid induction of tissue repair. This is enabled by a variety of lung repair programmes that
coordinate the proliferation and differentiation of regional progenitor cells, in order to maintain

lung function.
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1.5.1 Repair of the airway epithelium

Recent single-cell profiling of the human and mouse airways revealed a significant
degree of heterogeneity within airway epithelial cell populations (Montoro et al., 2018;
Plasschaert et al., 2018). The trachea and proximal airways are lined by a pseudostratified
epithelium, composed of multiple cell types of different lineages: progenitor basal cells,
secretory cells, goblet cells (which are rare in mice, but abundant in human airways),
multiciliated cells, and rare or highly specialised cell types such as pulmonary neuroendocrine
cells, brush cells, and the newly discovered ionocytes (Montoro et al., 2018; Plasschaert et al.,
2018; Zepp & Morrisey, 2019). Collective function of these cells constitutes elements of barrier
protection and mucociliary clearance, and is dependent on a fine ratio and distribution of
epithelial cell subtypes (Herriges & Morrisey, 2014). Mucus produced by goblet and secretory
cells forms a layer for trapping inhaled particles, pollutants, and microorganisms. Trapped
particles and microorganisms are shuttled away from the lungs and out of the airways by the
coordinated beating of cilia protruding from the apical surface of multiciliated cells, in a
process known as mucociliary clearance.

Turnover in the adult trachea is very low in homeostasis, however injury induces the
rapid proliferation of basal cell populations to promote tissue repair (Kauffman, 1980).
Quiescence and the response to injury are maintained by signals from local mesenchymal cell
types and extracellular matrix (ECM) that constitute the local niche. Interactions between the
respiratory epithelium and the local niche are important for the induction of tissue repair
programmes. This includes the production of growth factors, such as fibroblast growth factor
10 (Fgf10) by airway smooth muscle cells, which promotes repair following binding to its
receptor Fgfr2 on epithelial cells (Volckaert et al., 2011; Lee et al., 2017).

Progenitor basal cells are marked by expression of Trp63 and keratin 5 (Krt5) (Rock et
al.,2009), however recent findings reveal a heterogeneity within this population and their early
origins in lung development (Yang et al., 2018). Murine intrapulmonary airways lack basal
cells, unlike in humans, where the pseudostratified epithelium containing basal cells continues
down the respiratory tree into intermediate and respiratory airways, and therefore are more
likely to have a more prominent role in airway epithelial recovery. Krt5" basal cells have a high
proliferative and self-renewal capacity, and lineage-tracing experiments confirmed this
population can give rise to all airway cell types (Montoro et al., 2018; Rock et al., 2011; Garcia
etal.,2019). Basal cell commitment to ciliated or secretory cell fate is thought to be determined

by Notch signalling, as inhibition favours differentiation towards multiciliated cells (Mori et
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al., 2015; Pardo-Saganta et al., 2015). Multiciliated cells are a terminally differentiated, non-
dividing cell type (Rawlins & Hogan, 2008). Commitment to the multiciliated cell lineage
requires exit from the cell cycle to allow centriole amplification to produce basal bodies that
provide the foundation for motile cilia (Quarmby & Parker, 2005; Al Jord et al., 2017).
Scgblal® secretory cells on the other hand are capable of self-renewal (Rawlins et al., 2009;
Van Keymeulen & Blanpain, 2012), and can also dedifferentiate to contribute to the basal stem
cell pool (Tata et al., 2013). Additionally, antibody-mediated notch inhibition induces trans
differentiation of secretory cells into multiciliated cell, indicating that these cells also play a

role in maintaining independent cell lineages during repair (Lafkas et al., 2015).

1.5.2 Repair of the distal lung

Lung branching morphogenesis is an embryonic developmental process that produces
branched ductal tree-like structures from conducting airways, creating an extensive tubular
network and formation of the respiratory tree (Zepp & Morrisey, 2019). Termination of
branching morphogenesis coincides with post-natal alveologenesis, giving rise to tiny air sacs,
known as alveoli. Alveoli consist of an alveolar epithelium, a connective tissue layer, and a
continuous capillary endothelium. This intricate structural design is optimised for its
primordial function in gas exchange, as it allows close proximity between air and the
vasculature over a large surface area, which in the human lung comprises approximately 70 m?
(Basil et al., 2020). This is exemplified by measurements of the lung volume constituents
following a deep inspiration: over 80% air, 10% blood, and only 10% tissue (Knudsen & Ochs,
2018). The alveolar epithelium consists of type I alveolar (AT1) and AT2 epithelial cells.
Juxtaposed next to the capillary plexus, AT1 cells have a flattened and squamous morphology,
covering 95% of the gas exchange surface of the lung. AT2 cells produce the lipid-dense
pulmonary surfactant functioning to reduce surface tension and prevent alveolar collapse
during respiration (Bachofen & Schiirch, 2001).

Similar to the airway epithelium, the alveolar niche responds rapidly to injury, and can
regenerate to its entirety within a few weeks (Zepp & Morrisey, 2019). AT2 cells have stem
cell-like function, capable of both self-renewal and AT1 cell differentiation in homeostasis,
and following injury (Barkauskas et al., 2013). Lineage-tracing revealed an Axin2" AT2 cell
sublineage, termed alveolar epithelial progenitors (AEPs), that play a dominant role in alveolar

repair following acute injury induced by influenza virus infection (Zacharias et al., 2018).
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Axin2 is a Wnt signalling transcriptional target, and plays an important role in AT2 activity
during lung alveologenesis (Frank et al., 2016). AEPs are primed for cell cycle entry and
proliferation, responding to Wnt and Fgf7 signals induced by the alveolar niche during repair
(Zacharias et al., 2018). In contrast, AT 1s play a limited role in alveolar epithelial regeneration
(Jain et al., 2015). Lung injury additionally induces a rapid proliferation of resident
microvascular endothelial progenitor cells (Alvarez et al., 2008). Alveolar regeneration is
supported by endothelial cells through production of growth factors, including Vegfr2 and
Fgfrl, which stimulate epithelial proliferation through induction of matrix metalloprotease
MMP14 of epidermal growth factor (EGF)-like ligands (Ding et al., 2011).

A series of recent publications have revealed a contribution of airway progenitor cells
in regeneration of the distal lung. The lower airways of mice lack basal cells, and therefore, it
was previously thought that repair in this region was mediated largely by secretory cells.
However, two recent studies using genetic-lineage tracing systems identified a population of
bronchioalveolar stem cells (BASCs) important for repair of the distal lung (Liu et al., 2019;
Salwig et al., 2019). BASCs are located at the bronchioalveolar-duct junctions, and express
club cell secretory protein (CCSP, or Scgblal) and the AT2 cell marker prosurfactant
apoprotein-C (SP-C) (Bender Kim et al., 2005). Following naphthalene-induced injury—a
toxic aromatic hydrocarbon that ablates club cells once these cells have metabolised it—
CCSP'SP-C* BASCs become activated, and can repopulate club cell, ciliated cell, AT1 cell,
and AT2 cell lineages (Liu et al., 2019). This was also observed, albeit to a lesser extent,
following influenza virus induced damage (Salwig et al., 2019). BASC depletion resulted in
delayed lung regeneration, although full regeneration was eventually observed (Salwig et al.,
2019), indicating that BASCs are not crucial for epithelial recovery.

The first identification of true airway stem cells contributing to alveolar repair followed
the observation of Krt5" cells forming pod-like structures in influenza infected lungs (Kumar
et al., 2011). This was followed by a series of high-impact publications detailing their origin,
function, and importance following lung injury. Lineage-negative p63"Krt5* stem cells are
largely absent in a normal lung, and are thought to migrate from the proximal airways and
proliferate in the lung parenchyma following influenza virus infection, populating heavily
damaged tissue regions (Kumar et al., 2011; Vaughan et al., 2015). These progenitors, also
known as distal airway stem cells (DASCs), have been further characterised as integrin
B4*CD200"Sox2* (Vaughan et al., 2015; Ray et al., 2016), and are preferentially infected by
influenza virus, resulting in suppressed Fgfr2b signalling and impairment of their capacity for

self-renewal (Quantius et al., 2016). p63"Krt5" DASC ablation in mice compromises lung
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regeneration following acute influenza virus infection, causing deficient oxygen exchange
(Zuo et al., 2014). Therefore, it is thought these airway progenitor cells provide crucial support
for lung repair, in order to maintain gas exchange.

A recent study sought to define the molecular signals that govern airway stem cell
expansion in distal lung repair. It is thought that local lung hypoxia, which often occurs
following extensive epithelial necrosis, induces hypoxia-inducible factor (HIF1a)-dependent
Notch signalling, triggering DASC proliferation (Xi ef al., 2017). Notch signalling activates
the Trp63 and Krt5 programme, producing an aberrant keratinised epithelial response and
dysplastic alveolar epithelial repair in regions of severe alveolar damage (Vaughan et al., 2015),
with notch blockade promoting normal AT2 cell differentiation (Xi ef al., 2017). Therefore, it
is thought these airway progenitor cells do not function primarily to promote normal repair,
instead providing fast-responding repair support, in order to prevent alveolar collapse and
significant tissue loss (Xi et al., 2017). Krt5" pods have been identified in humans that have
experienced lung disease or injury, suggesting a mechanism of long-term lung scarring
following respiratory viral infection (Taylor et al., 2018a, 2018b).

A heterogeneity was revealed in DASCs by lineage-tracing experiments, which
identified an additional rare p63"Krt5™ subset traced back to embryonic p63* cells in the main
bronchi, which constitutively express p63, yet switch on Krt5 following damage-induced
migration (Yang ef al., 2018). In addition, a very recent single-cell transcriptomic analysis of
EpCam™B4°CD200" airway cells also identified a population of lineage-negative SP-C~
(therefore excluding BASCs) cells with high expression of MHC class I marker H2-K1
(Kathiriya et al., 2020). This p4"CD200" subset expands and differentiates into AT1 and AT2
cells following bleomycin-induced lung injury in vivo, contributing significantly to alveolar
epithelial regeneration (Kathiriya et al., 2020).

The identification of airway progenitor/stem cell subsets and their roles in lung
restoration highlights the complexity in nature of tissue repair programmes during influenza
infection, particularly when you consider the additional inflammatory milieu in the lung
microenvironment. The contribution of different stem cell populations to types of repair still
require further work, particularly in the context of human lung repair. For instance, how
overlapping are functions of the multiple DASC populations? How do these functions compare
with those of AEP and AT?2 cells, in both acute and chronic lung infections and disease? The
importance in maintaining lung function during an infection gives reason to the multifaceted
nature of responses that regulate tissue restoration, as an over reliance on one system would

likely be detrimental in certain contexts.
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1.5.3 Immune mediators in epithelial recovery

Inflammation also affects lung regeneration, including the promotion of repair
pathways by resident and circulatory immune cells. Following chemical injury or
Nippostrongylus brasiliensis hookworm infection, alveolar macrophages stimulate epithelial
proliferation through the provision of Wnt signals (Hung et al., 2019). Innate lymphoid cells
(ILCs), a group of innate immune cells that lack T or B cell receptors, provide additional
support through direct and indirect cues. CCL2 recruited monocytes following
pneumonectomy-induced lung damage respond to IL-13 produced by ILC2s, skewing
monocyte differentiation into an alternative macrophage phenotype, and promote AEC2
proliferation through ECM remodelling (Lechner ef al., 2017). ILC2s have also been shown to
directly promote tissue recovery through production of the EGF family member, amphiregulin
(Monticelli et al., 2011). Epithelial-derived IL-33 induces ILC2 amphiregulin production
resulting in tissue modelling, with ILC depletion leading to compromised epithelial integrity
and diminished lung function (Monticelli ef al., 2011). Regulatory T cells are also an important
source of amphiregulin during influenza recovery, as selective regulatory T cell deficiency in
amphiregulin exacerbates lung damage and decreases blood oxygen levels (Arpaia et al., 2015).

IL-22 is a cytokine produced by various immune cells, with important roles in mucosal
barrier protection (Rutz, Eidenschenk & Ouyang, 2013). Belonging to the IL-10 family of
cytokines, IL-22 promotes barrier integrity and tissue repair in the both the intestine (Zenewicz
et al., 2008; Pickert et al., 2009) and the lung (Sonnenberg et al., 2010; Barthelemy et al.,
2018) in a STAT3-dependent manner. Similar to the receptor for IFN-A, the IL-22 receptor (IL-
22R) is comprised of the ubiquitously expressed IL-10Rp and a unique IL-22Ral chain largely
restricted to epithelial sites (Gurney, 2004). In fact, IL-22 produced by ILC3s in the intestine
has been shown to promote IFN-A responses to rotavirus infection, through simultaneous IL-
22R and IFNLR signalling (Hernandez et al., 2015). Barrier supporting functions include
promoting epithelial cell proliferation, regulating tight-junction proteins, and the production of
antimicrobial peptides, chemotactic factors, and mucins (Dudakov, Hanash & van den Brink,
2015). In the lung, IL-22 is thought to be produced by NK cells (Guo & Topham, 2010; Kumar
et al.,2013; Xu et al., 2014), NKT cells (Paget et al., 2012), and both yd and conventional of3
T cells (Ivanov et al., 2013; Potocnik et al., 2014). Mice lacking the IL-22R were shown to
have increased pulmonary damage and inflammation following influenza virus infection,
correlating with impaired alveolar (Pociask et al., 2013) and tracheal (Kumar et al., 2013)

epithelial recovery. Treatment with recombinant IL-22 promotes pulmonary barrier function,
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protecting mice against bacterial pneumonia during influenza coinfection, independent from
any antibacterial effects (Barthelemy et al., 2018). Prolonged IL-22 responses can be
associated with pathology (Zheng et al., 2007). In the lung following bleomycin-induced injury
this is driven by IL-17" producing Th17 cells, as IL-22 was protective in this model in 111 7a ™"~
mice (Sonnenberg et al., 2010).

1.5.4 Primary airway epithelial cell cultures — an in vitro model for lung regeneration

To study respiratory epithelial cell functions and regeneration, primary murine and
human AECs can be used as an ex vivo culture system (You et al., 2002; Fulcher et al., 2005).
As discussed previously, progenitor airway cells contribute to repair of both the airway and
alveolar epithelium in vivo. To establish murine AEC cultures, progenitor basal cells are
digested from mouse tracheas and plated on a collagen-coated transwell. Following plating,
basal cells rapidly proliferate, reaching confluence in approximately 7 days. Subsequent
exposure to air (termed air-liquid interface, or ALI) for a further 7 days induces a programme
of further proliferation, enabled by simultaneous cellular morphogenesis, with basal cells
shrinking in size, in addition to basal cell differentiation into secretory and multiciliated cell
subtypes (Hackett et al., 2011; Wu, Zhao & Chang, 1997; Kaartinen et al., 1993). Thus, in
primary AEC cultures, processes of progenitor cell proliferation and subsequent differentiation
into specialised airway epithelial cell subsets encapsulates core components of respiratory
epithelial regeneration in vivo, and therefore provides a physiological model to study this in

culture.

1.6 The aryl hydrocarbon receptor

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor that
coordinates responses to environmental and physiological stimuli. Originally identified as a
dioxin receptor (Poland, Glover & Kende, 1976), AHR was studied for decades in the
toxicology field for its ability to mediate the toxic effects of xenobiotics. However, evidence
indicated a more prominent role in mammalian physiology, not least in relation to its
evolutionary conservation from invertebrates onwards, with 4hr orthologues present in
mammals, amphibians, reptiles and birds (Hahn ef al., 1997), and its widespread expression in

different tissues (Frericks, Meissner & Esser, 2007). Early studies in AHR deficient mice
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supported this notion, with knockout mice displaying abnormalities in the liver, eye, and
vascular system (Fernandez-Salguero et al., 1995; Schmidt et al., 1996; Lahvis et al., 2000),
including consistent development of a patent ductus venosus (Lahvis et al., 2000, 2005). The
first indications of endogenous AHR activity regulating immune function came following the
observation that 4h#~ mice had substantial decreased lymphocyte numbers in secondary
lymphoid tissues (Fernandez-Salguero et al., 1995). Since, research has unravelled numerous
cell type- and context-specific roles for AHR in health and disease. Originally identified as an
environmental xenobiotic sensor, defined AHR roles have expanded to include the
coordination of responses to microbial, dietary, and metabolic stimuli. This includes important
roles in regulating immune responses to infection, at barrier epithelial sites, and in promoting

disease tolerance.

1.6.1 AHR activation

AHR belongs to the Pern-Arnt-Sim (PAS) superfamily of transcription factors, that also
includes HIF proteins which detect and coordinate the response to hypoxia (Kewley, Whitelaw
& Chapman-Smith, 2004). The AHR PAS and basic helix-loop-helix (bHLH) domains are
involved in ligand and DNA binding, respectively (Fukunaga et al., 1995). AHR is maintained
in the cytosol in an inactive state by a protein complex that consists of the 90 kDa heat shock
protein (HSP90), AHR-interacting protein (AIP), the co-chaperone p23, and the c-SRC protein
kinase. AIP and p23 stabilise and maintain cellular AHR levels at steady-state, preventing its
ubiquitination and degradation (Petrulis & Perdew, 2002; Lees, Peet & Whitelaw, 2003), and
HSP90 maintains it in a high-affinity state for ligand binding (Pongratz, Mason & Poellinger,
1992). In addition, AIP additionally enhances its cytoplasmic localisation, and is released upon
ligand binding, therefore exposing its nuclear localisation signal and triggering AHR
translocation to the nucleus (Ikuta, Kobayashi & Kawajiri, 2004). Within the nucleus, the
AHR-ligand complex partners with AHR nuclear transporter (ARNT), also known as HIF 1,
which enables its binding to AHR-responsive DNA sequences called xenobiotic response
elements (XREs) (Yao & Denison, 1992), thus allowing control of target gene expression

(Introduction Figure 2). AHR is also capable of influencing gene expression independent to
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Introduction figure 2. Classic AHR signalling pathway and physiological activities.

The aryl hydrocarbon receptor (AHR) sits in the cytosol complexed to chaperone proteins in
an inactive state. Following ligand binding, AHR translocates into the nucleus where it partners
with ARNT, enabling xenobiotic response element (XRE) binding and the transcription of
target genes which regulate a variety of physiological functions. Regulation of AHR signalling
is achieved through induction of the aryl hydrocarbon repressor protein (AHRR), proteasomal
degradation of AHR, and through induction of CYP1 enzymes which metabolise AHR ligands.
Genetic depletion of CYP1 enzymes results in ligand accumulation and the enhancement of

AHR signalling pathways, highlighting the importance of ligand availability in AHR
regulation. Created using BioRender.com

canonical ARNT partnership and XRE binding. For instance, AHR can control NF-kB activity

by interaction with its various signalling components (Vogel et al., 2007, 2014). In addition

AHR has E3 ubiquitin ligase function, and is capable of inducing proteasome-dependent

degradation of proteins such as the oestrogen receptor (Ohtake et al., 2007)

The best characterised response following agonist activation is AHR-mediated ligand

metabolism, which is achieved by the direct induction of cytochrome p450 (CYP1) enzymes
with monooxygenase activity, including CYP1A1l, CYP1A2, and CYP1B1 (Schrenk, 1998)

In addition to detoxifying effects, ligand metabolism promotes autoregulatory feedback. CYP-

dependent ligand depletion, including both xenobiotics and endogenous ligands, effectively

inactivates the activation signal for AHR, and therefore the level of active nuclear AHR-

ARNT-ligand complexes. An additional layer of regulation is in the direct induction of AHR

repressor (AHRR), which competes with the AHR-ligand complex for ARNT binding,
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therefore operating as a negative regulatory feedback mechanism (Mimura et al., 1999; Sakurai,
Shimizu & Ohto, 2017). Finally, AHR is subject to proteosomal degradation following its
activation (Davarinos & Pollenz, 1999).

Genome-wide RNA- and ChIP-sequencing studies have revealed that AHR responses
vary in a species-, cell-, tissue-, and ligand-specific manner (Tijet et al., 2006; Goodale et al.,
2013; Nault et al., 2013; Dere et al., 2011; Stockinger et al., 2014; Denison & Faber, 2017).
Combined with functional studies in vitro and in vivo, AHR has been shown to regulate a
variety of cellular activities in addition to xenobiotic metabolism (Introduction Figure 2),
including modulation of hormone receptor signalling (Denison et al., 2011), proliferation and
cell cycle (Yin et al., 2016), inflammation, infection and immunity (Stockinger et al., 2014;

Guti¢ Rrez-Va Zquez & Quintana, 2018).

1.6.2 AHR ligands

First discovered as a receptor for 2,3,7,8-tetracholrodibenzo-p-dioxin (TCDD),
numerous other xenobiotic and also physiological AHR ligands have since been identified.
Classic xenobiotic AHR agonists include a wide variety of ubiquitous hydrophobic
environmental contaminants, largely categorised into halogenated aromatic hydrocarbons
(HAHSs), such as polychlorinated dibenzo-p-dioxins and biphenyls, and polycyclic aromatic
hydrocarbons (PAHs) (Nguyen & Bradfield, 2008). Halogenated dioxins usually enter the
environment through industrial activity, such as waste incineration. They are highly stable,
toxic chemicals, and are often extremely potent AHR agonists with high binding affinity. For
instance, in B6 mice, TCDD has a potency of about 1000-fold greater than that of PAHs like
3-methylcholanthrene (3-MC) (Niwa et al, 1975). Therefore, TCDD and other stable
xenobiotics are not easily or rapidly degraded by AHR activity, and often persist in the host
(Bunger et al., 2003). TCDD exposure in humans is associated with a range of toxic effects,
including immunotoxicity, cardiotoxicity, hepatotoxicity, carcinogenesis (Denison et al., 2011),
and it was found to be the chemical agent responsible for chloracne outbreaks in chemical
workers (Stockinger et al., 2014). TCDD was also identified as the toxic contaminant of Agent
Orange used by the U.S. army during the Vietnam war as part of its herbicidal warfare strategy,
and is linked to a range of health problems in U.S. veterans, and Vietnamese citizens, including
sarcomas, lymphomas, and leukaemia (Steele et al., 1990). The extent to which metabolically

stable agonists (i.e. TCDD), but not metabolically labile agonists (PAHs or endogenous
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ligands), exert major toxic effects suggests that this toxicity is a product of a ligand’s capacity
to persistently activate or suppress AHR-target genes (Denison et al., 2011). This is evident in
mice deficient of AHR signalling, which are largely resistant to TCDD-induced toxicity
(Bunger et al., 2003). PAHs represent a large class of classic AHR agonists, however with a
lower AHR-binding affinity compared to TCDD (Nguyen & Bradfield, 2008). Produced
following combustion, PAHs are therefore often released as environmental pollutants
following industrial activity in chimney soot and also diesel exhaust fumes, and are the main
organic constituents of particulate matter. Researchers have therefore begun exploring possible
links between environmental pollutant-induced AHR activation and adverse health effects
(Hidaka et al., 2016). In addition to the direct toxic effects of xenobiotics, AHR-dependent
toxic ligand degradation can produce harmful by-products. For instance, the PAH,
benzo(a)pyrene, is metabolised into a highly DNA-reactive procarinogenic substance
(Shimada & Fujii-Kuriyama, 2004).

In addition to the aforementioned physiological defects in AHR null mice (Fernandez-
Salguero et al., 1995; Schmidt et al., 1996; Lahvis et al., 2000), mounting evidence highlights
a prominent role of AHR activation by endogenous ligands in health and disease (Rothhammer
& Quintana, 2019). A variety of natural AHR ligands have been identified, largely sourced
through dietary indole intake and metabolites of the tryptophan pathways (Guti¢ Rrez-Va
Zquez & Quintana, 2018; Stockinger et al., 2014). Cruciferous vegetables of the Brassica
genus (including broccoli, cauliflower, Brussel sprouts and cabbages) are rich in glucosinolate
glucobrassicin, which is enzymatically degraded to AHR agonist precursors, including indole-
3-carbinol (I3C), and subsequently further metabolised to produce high-affinity AHR ligands
indole-3-carbazole (ICZ) and 3,3’-diindolylmethane (Bjeldanes et al., 1991; Degner et al.,
2009). Also sourced through dietary intake, the essential amino acid tryptophan serves as a
precursor for potent AHR ligands. 90% of dietary tryptophan feeds into the kynurenine (Kyn)
pathway (Seok et al, 2018). Indoleamine-2,3-dioxygenase (IDO) and tryptophan-2,3-
dioxygenase (TDO) enzymes catalyse the conversion of tryptophan to its metabolite Kyn,
which is itself an AHR agonist, although only at high concentrations (Mezrich et al., 2010).
Tryptophan is also upstream of the AHR agonist 2-(1’H-indole-30-carbonyl)-thiazole-4-
carboxylic acid methyl ester (ITE); an endogenous ligand purified from porcine lung (Song et
al., 2002). In addition, exposure of tryptophan to ultraviolet light triggers its photo-oxidation
to the potent AHR agonist, 6-formylindolo[3,2-b]carbazole (FICZ) (Rannug et al., 1987).
Microbial tryptophan metabolism provides additional AHR ligands independent from host-

metabolic pathways. Bacteria expressing tryptophanase convert dietary tryptophan into indole,
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which is then taken up by the host and metabolised in the liver into indoxyl-3-sulfate (I3S)
(Wikoff et al., 2009). Commensal Lactobacillus species provide further AHR ligands via
tryptophan catabolism (Zelante ef al., 2013). Recent studies indicate the importance for
commensal bacteria in sourcing tryptophan-derived AHR agonists to maintain intestinal
homeostasis, with defects linked to the development of pathology in inflammatory bowel
disease (IBD) (Lamas et al., 2016).

The involvement of AHR in such a wide variety of cellular and host responses has led
to speculation on factors that dictate these differential activities, including the importance of
ligand specificity. Collective evidence suggests the differences observed between AHR
agonists in ligand metabolism, receptor binding, and gene expression, influences a biological
response outcome (Beischlag et al., 2008; Denison et al., 2011). This can be thought of with
regard to TCDD-induced toxicity, which is not well defined mechanistically (Sorg, 2014).
Classically, AHR-dependent toxic effects are thought to be linked with the metabolic
persistence of AHR agonists and prolonged activation. However, structurally diverse ligands
can stimulate AHR-dependent gene expression and biological responses similar to that of
TCDD, without the associated toxicity (Denison & Faber, 2017). This tells us that there are
likely further factors that potentiate distinct effects following AHR activation by different
ligands. This might include non-canonical XRE-independent AHR activities (Vogel et al.,
2007, 2014), or differences in AHR-ligand complex structures. Site-directed mutagenesis and
functional analysis of the AHR ligand-binding domain revealed binding of toxic TCDD-like
compounds was different from that of structurally diverse non-toxic AHR ligands (Soshilov
and Denison, 2014). With regard to AHR agonist-induced toxicity, AHR independent effects
may also play a role. Despite the likely dependence of AHR in TCDD-induced toxicity (Bunger
et al., 2003), AHR-independent effects of TCDD have also been described (Park et al., 2005;
Tijet et al., 2006; Patel et al., 2009), which may be equally important in mediating TCDD-
induced toxic effects. This is relevant with regard to physiological AHR functions driven by
endogenous ligands, for instance during an infection. In particular, AHR activities following
prolonged xenobiotic-induced activation may not reflect the physiological outcome following
constitutive activation by endogenous agonists. This is supported by a growing body of
literature generated over the past 15 years, which have identified important novel AHR

functions in vivo, independent to exogenous stimuli activation.
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1.6.3 AHR functions in the immune system

Two breakthrough studies in 2008 recognised the importance of AHR in directly
regulating immune responses. AHR activation was shown to enhance the development and
function of Tn17 cells, increasing their production of IL-17A, IL-17F, and IL-22 (Veldhoen et
al., 2008; Quintana et al., 2008). Tn17 cells are defined by IL-17A production and expression
of the transcription factor RORyt (Ivanov et al., 2006), and are important in defence against
extracellular pathogens, and in the progression of autoimmune inflammatory diseases (Korn et
al., 2009). In addition to identifying a direct link between AHR and the generation of mature
T cells, the relevance of AHR in the context of autoimmunity was also realised. Using a murine
model of multiple sclerosis (experimental autoimmune encephalitis; EAE), it was shown that
AHR deficiency enhanced disease morbidity (Veldhoen et al., 2008). Mechanistically, high
AHR expression in Tyl7 cells compared to naive, Tnl and Tw2 cells, promotes their
differentiation and cytokine production (Veldhoen et al., 2008), which may be induced by AHR
interaction with RORyt, therefore promoting binding at the //22 promoter (Qiu et al., 2012).
Further Tn17 cell support is provided through AHR-dependent suppression of STATI and
STATS signalling, which impair Ty17 cell differentiation (Kimura et al., 2008). Conversely,
AHR also promotes the differentiation of regulatory T cells (Tregs) and type 1 regulatory (Tr1)
cells in a context-dependent manner (Gagliani ef al., 2015; Apetoh et al., 2010; Gandhi et al.,
2010). Regulation of T cell function and polarisation is also mediated indirectly by AHR,
through the modulation of DC function. AHR promotes a feedforward signalling loop in DCs,
through the induction of IDOI1 following its activation, increasing ligand and ligand precursor
availability through Kyn production (Vogel et al., 2008; Nguyen et al., 2010). This pathway is
thought to skew the polarisation of T cells to anti-inflammatory IL-10 producing Tregs
dependent on DC production of TGFB (Mezrich ef al., 2010). Therefore, it is thought AHR is
important in balancing inflammatory antipathogen responses mediated by Tnl7 cells with
regulatory activity, which is potentially significant in the development of inflammatory and
autoimmune diseases in humans (Veldhoen, 2010).

AHR promotes barrier function through regulation of specialised tissue-resident T cell
populations. All yd T cell subsets express AHR, however the Vy3 and Vy5 intraepithelial
lymphocyte subsets in the skin and intestine, respectively, are dramatically reduced in AHR
deficient mice (Li et al., 2011; Kadow et al., 2011). These can be increased in WT mice by
supplementation with the dietary AHR ligand I13C (Li et al, 2011). Functionally, AHR
expression in yd T cells is essential for the production of IL-22, but not IL-17 (Martin ef al.,
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2009), supporting a role for AHR in the maintenance of tissue-resident T cells, and in
promoting protective barrier functions. Other rare lymphoid cells regulated by AHR activity
include RORyt" ILC3s. AHR knockout mice have reduced numbers of intestinal ILC3s,
resulting in increased susceptibility to infection by the extracellular mucosal bacterial pathogen,
Citrobacter rodentium (Qiu et al., 2012; Kiss et al., 2011). Increased mortality in AHR
deficient mice was attributed to a reduction in the number of IL-22 producing ILC3s (Qiu et
al., 2012; Kiss et al., 2011). Mechanistically, subsets of IL-22 producing ILC3s are dependent
on AHR-induction of Notch signalling (Lee ef al., 2012). A unique subset of CD4"1L-22" IL-
17" T cells also depends on AHR for IL-22-dependent protection following Citrobacter
rodentium infection (Basu et al., 2012), and dextran sodium sulphate-induced colitis (Yeste et
al., 2014). The importance of AHR in converting environmental cues to barrier protective
functions is highlighted by the maintenance of intestinal IL-22-producing ILC3s by dietary
AHR ligands (Qiu et al., 2012; Kiss et al., 2011; Schiering et al., 2017).

1.6.4 AHR regulating disease tolerance

Following an infection, host morbidity is determined by tissue damage inflicted by both
the pathogen and the ensuing immune response. Resistance to infection is mediated by reducing
pathogen burden, whilst tolerance reduces the negative impact of an infection on host fitness,
without directly affecting pathogen burden (Medzhitov, Schneider & Soares, 2012). As
discussed in the previous section, the AHR modulates various components of the immune
system, both at a homeostatic level and following infection. The outcome is context-dependent,
and, at least in part, influenced by the manner in which the AHR is activated. Apparent from
studies in AHR deficient mice, it is becoming increasingly clear that dietary- and microbial-
derived signals promote disease tolerance, particularly through the induction of CD4" T cell
and ILC3 production of IL-22, protecting the host against intestinal infection and inflammation
(Qiu et al., 2012; Kiss et al., 2011; Basu et al., 2012; Rothhammer & Quintana, 2019). This is
also true with regard to balancing potentially pathogenic Thl17 responses linked to
autoimmunity (Veldhoen et al., 2008; Quintana et al., 2008) with anti-inflammatory responses
as a result of Treg differentiation (Veldhoen, 2010). AHR also influences this balance
indirectly, as AHR-dependent IL-22 production by ILC3s prevents the expansion of
commensal segmented filamentous bacteria, which is known to promote the generation of Th17

cells (Qiu et al., 2013). In AHR deficient mice this resulted in spontaneous Th17 driven colitis,
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and therefore, the AHR is important in mediating intestinal homeostasis through interactions
with the commensal flora.

Aberrant cytokine production is a hallmark of pathogenic inflammation during
infection. Evidence from studies in AHR deficient mice highlight its role in balancing these
effects, in order to preserve tissues from harmful host response pathways. For instance, AHR
knockout mice challenged with the allergen ovalbumin have significantly increased pulmonary
inflammation, owing to increased DC cytokine production (Thatcher et al., 2016). Ahr™"~ mice
have increased susceptibility to lipopolysaccharide (LPS) challenge, exhibiting a heightened
inflammatory response characterised by excessive IL-6, TNF-a, and IL-12p40 production
(Kimura et al., 2009). Mechanistically, AHR forms a complex together with STAT1 and NF-
kB, leading to suppression at the //6 promoter (Kimura et al., 2009). An eloquent study
describes an AHR-IDO1 pathway that engages in long-term regulation of systemic
inflammation following a secondary LPS challenge in B6 mice, through the induction of a state
of LPS-refractoriness (Bessede et al., 2014). Finally, the AHR is thought to regulate
proinflammatory responses in the central nervous system by suppressing the production of
proinflammatory cytokines by microglia in EAE (Rothhammer ef al., 2018).

By balancing potentially harmful proinflammatory cytokine and cellular responses, the
AHR has important functions in limiting the severity of tissue damage. Therefore, the
physiological regulation of supply of natural ligands has clinical significance. Microbial and
dietary tryptophan catabolites are of known importance in both intestinal and systemic
homeostasis in health and disease, including through AHR-dependent activities (Roager &
Licht, 2018). However, dysfunction is increasingly linked with human inflammatory
pathologies, such as IBD (Lamas et al., 2016; Wikoff et al., 2009; Natividad et al., 2018;
Mellor, Lemos & Huang, 2017).

1.6.5 AHR function at barrier epithelial sites

As an environmental sensor, the high expression levels of AHR at barrier epithelial
sites, such as the lung, gut and skin, is not surprising (Esser & Rannug, 2015). As discussed
previously, following activation by agonists derived from the commensal flora or the diet, the
AHR indirectly promotes barrier immunity by promoting IL-22 production in various immune
cells. Recent studies by Gitta Stockinger’s lab have identified epithelial-specific AHR
pathways that affect barrier function. Specific AHR deletion in intestinal epithelial cells (IECs)
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increased the susceptibility to Citrobacter rodentium infection (Metidji et al, 2018).
Mechanistically, AHR was shown to directly induce expression of the E3 ubiquitin ligases
Rnf43 and Znrf3, which negatively regulate WNT signalling. Dysregulated AHR signalling
resulted in the unrestricted proliferation of intestinal epithelial cells and disrupting barrier
function (Metidji et al., 2018). In an independent study, it was shown that induction of CYP1
enzymes following AHR activation in [ECs in vivo regulates ligand passage to intestinal ILC3s
and Th17 cells (Schiering et al., 2017). Cyplal overexpression specifically in IECs resulted in
the depletion of natural AHR ligands in vivo, thus blocking the supply of ligands from the
intestinal lumen to IL-22 producing immune cells, consequently disrupting barrier protection
following infection. This study importantly shows that AHR activity in epithelial cells
regulates the supply of AHR agonists at barrier sites, where microbial and dietary derived
ligands are more prevalent. In both studies, dietary I3C supplementation reversed the
phenotype in Cyplal overexpression models (Metidji et al., 2018; Schiering et al., 2017).
The plethora of AHR ligands available in the intestine provided by microbial and
dietary sources has likely led to the identification of a number of AHR pathways regulating
intestinal immunity. However, recent evidence suggests AHR also regulates cellular responses
in the lung. AHR was shown to be a crucial factor in AEC differentiation into multiciliated
cells in vitro, through direct induction of cyclin O (Villa et al., 2016). In vivo, AHR deficiency
in mouse embryos led to aberrant cilia formation, indicating its importance in airway
development. Interestingly, this study found that classic CYP1-inducing agonists (FICZ or 3-
MC) impaired cilia formation, whereas exposure to an ALI in AEC cultures, independent from
classic AHR activation, provided the necessary signals for AHR-dependent multiciliogenesis
(Villa et al.,, 2016). This suggests a possibility for ligand-independent AHR activity.
Invertebrate species provide additional evidence for ligand-independent cellular regulation, as
Drosophila AHR orthologues belonging to the bHLH family have physiological function, yet

do not bind xenobiotics (Emmons et al., 1999).

1.6.6 Respiratory viral disease

AHR response pathways during respiratory viral disease have nearly exclusively been
studied in the context of xenobiotic-induced activation after influenza virus infection in mice.
Continuous exposure of the lung to xenobiotics found in air pollution, vehicle exhaust fumes,

and cigarette smoke, may dramatically impact lung physiology through AHR recognition (Sun,
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Zeng & Ni, 2013), impacting host immunity during respiratory viral infection. Paige
Lawrence’s group have performed extensive work characterising the effects following TCDD
treatment in influenza virus-infected mice. TCDD treatment was shown to induce a range of
immunomodulatory effects, including pulmonary neutrophilia (Teske et al., 2005), and
immunosuppressive effects impairing DC (Jin et al, 2010) and CD8" T cell responses
(Lawrence ef al., 2006). TCDD treatment increases morbidity and mortality in influenza virus
infected mice in an AHR-dependent manner, independent from changes in viral burden
(Vorderstrasse, Bohn & Lawrence, 2003; Luebke et al., 2002). This suggests pathogenic
inflammation or pathology driven by TCDD treatment contributes to the increase in
susceptibility, possibly due to enhanced inducible nitric oxide synthase (iNOS) expression in
the respiratory epithelium (Wheeler, Martin & Lawrence, 2013) promoting pathogenic
neutrophilia (Teske et al., 2005).

Whilst these studies are relevant in understanding how toxic agonists signalling through
the AHR may exacerbate respiratory viral disease, whether physiological AHR cues affect lung
immunity is currently unclear. Comparison of responses to various ligand-stimulations
following influenza virus infection indicated that only TCDD increased mortality (Boule et al.,
2018). The effects of exogenous FICZ application were minimal, however this may be as this
particular agonist is rapidly metabolised, and has little efficacy following in vivo
administration (Boule et al., 2018; Wheeler et al., 2014). The toxic and AHR-independent
effects following TCDD treatment makes dissecting relevant pathways difficult following
respiratory viral infection in vivo.

An important study showed the endogenous role of AHR in suppressing type I IFN
production during viral infections (Yamada et al., 2016). In vivo, AHR deficient mice
displayed enhanced IFN- production, with a small decrease in viral titres. Mechanistically,
AHR-mediated TCDD-inducible poly(ADP-ribose)polymerase (TIPARP) induction resulted
in TIPARP-dependent ADP-ribosylation of tank binding kinase 1 (TBK1), a downstream
signalling kinase in the RIG-I pathway. The resultant TBK1 post-translational modifications
are thought to impair RIG-I-mediated viral sensing and IFN production (Yamada et al., 2016).
This study is important in showing for the first time that endogenous ligands signalling through
the AHR influence antiviral immunity following respiratory viral infection.

A potential interplay between Kyn metabolism and antiviral immunity has been
suggested following the observation that influenza induces IDO1 expression through an IFN-
dependent mechanism (Fox et al., 2015; Huang et al., 2013). IDO1 deficient mice display

enhanced CD8+ T cell viral suppression, resulting in improved outcome following influenza
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virus infection (Huang et al., 2013). Additionally, enhanced Kyn biosynthesis has been
observed following influenza virus infection (Boergeling & Ludwig, 2017). Whether
immunosuppressive effects of IDO1 are linked to AHR activity, remains unclear. However, a
significant body of literature highlights the importance of AHR in converting physiological
signals into barrier protective effects and the promotion of disease tolerance. In the context of
pathogenic inflammation in severe cases of respiratory viral disease, for instance induced by
prolonged IFN signalling (Davidson ef al., 2014; Channappanavar et al., 2016), AHR may play

a role in balancing the inflammatory pulmonary environment to limit tissue damage.

Host-specific factors influencing the progression and extent of lung damage are of great
relevance in defining pathological mechanisms during respiratory viral infection. However, it
is not yet known whether this includes immunological processes that directly impact lung tissue
regeneration. The broad aims of this thesis are to better characterise these processes, by
exploring a potential interplay between IFNs, AHR, and the respiratory epithelium, and
understanding whether this interplay affects lung epithelial maintenance during influenza virus

infection.
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Chapter 2. Materials & Methods
2.1 Mice

All animal experiments were approved by the Home Office, UK, under project license
P9C468066, and carried out in accordance with the Animals (Scientific Procedures) Act 1986.
All experiments used male and female mice at 6-12 weeks of age, bred at the Francis Crick
Institute (2016-2020) under specific pathogen-free conditions. For in vivo experiments, mice
were age- and sex-matched where possible, between genotypes and treatment groups. All
genetically modified mice were bred on a C57BL/6J background and maintained as
homozygous lines. 12957 WT mice were used where indicated. Genotypes used for in vivo
experiments were C57BL/6J, Ifnarl™", Ifulrl”" (provided by Anne O’Garra at the Francis
Crick Institute), B6.A2G-Mx1 congenic mice (Stacheli et al., 1985) (a kind gift from Dr Peter
Staeheli at Freiburg University), Cyplal” Cypla2” Cyplbl™~ (Cypl™") triple knockouts
(Dragin et al., 2008), Cyplal ' Cyplbl '~ Cypla2*~ double knockouts, Ahr'~, WTCPlal-cre
and Cypl ™~ @plal-cre mice (Schiering et al., 2017). All AHR-related strains were provided by
Gitta Stockinger at the Francis Crick Institute. Cyplal reporter mice were generated (Schiering
et al., 2017) through the breeding of Cyplal-cre mice (Henderson et al., 2015) with R2rR-
eYFP mice expressing eYFP constitutively under the ubiquitous Rosa26 promoter (Srinivas et
al., 2001). This strain (WT?!a/-¢7¢) was crossed with Cypl~ mice to obtain Cypl '~ Gplal-cre
reporter mice. Tissues for in vitro studies were taken from C57BL/6J, Tp53~~, Ahr”~, and
CypI”~ mice.

To generate BM chimeras, WT, Ifnarl ™", Ifalrl” and Cypl~ mice recipient mice were
lethally irradiated (2x6.5 Gy, 16-hour interval). 3 hours following the second irradiation, mice
were reconstituted with 1x10° donor BM cells from WT or Ifinar! ™~ donor mice (as indicated
in the figures). Mice were maintained on antibiotics (Baytril) for 4 weeks following irradiation.
To allow proper reconstitution of the hematopoietic compartment, irradiated chimeric mice
were left for an additional 4 weeks (8 weeks total following irradiation) prior to experimental

use.

2.2 Influenza viruses

X31 (a gift from John Skehel, MRC-NIMR) and hvPR8-ANS1(1-126) (another kind
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gift from Dr Peter Staeheli at Freiburg University) (Kochs et al., 2009) were grown in the
allantoic cavity of 10-day-embryonated hen’s eggs and were free of bacterial, mycoplasma,
and endotoxin contamination. All viruses were stored at —80°C and were used only once
following thawing. All viruses were titrated on Madin—Darby canine kidney cells. To quantify
virus in naive and infected mouse lungs, quantitative polymerase chain reaction (QPCR) was
performed for the influenza Matrix gene on cDNA from whole lungs, normalized to the

housekeeping gene Hprtl.

2.3 Infections

All infections were performed under light anesthesia (3% isoflurane) intranasally.
C57BL/6] (B6), Ifnarl™", and Ifulrl™", mice were infected with 10,000 TCIDso X31 in 30 ul
PBS, in experiments for data presented in chapters 1 and 2. B6 , CypI™~ and Ahr” mice were
infected with 35,000 TCIDso X31 in 30 ul PBS in experiments for data presented in chapter 3.
B6.A2G-Mx1 mice were infected with 2500 TCIDso hvPR8-ANS1(1-126) in 30 ul PBS (Kochs
et al., 2009). BM chimeric mice (WT>WT or WT->IfnlrI™"") for coinfections were infected
with Streptococcus pneumoniae (TIGR4) (2x10° ¢.f.u. in 30 ul PBS) on day 8 post influenza
virus infection for survival experiments, or on day 12 post influenza virus infection for colony-
forming unit (CFU) quantification. With the exception of BM chimeras, mice were infected at
6—14 weeks of age. Chimeric mice were infected at 16 to 24 weeks of age. Prior to every
infection, body weights were recorded. Following infection, mice were weighed daily in the
morning and monitored for clinical symptoms. Mice reached a clinical endpoint following the
loss of 20-25% of their initial starting weight (dependent on moderate or severe programme of
work protocol), >10% weight loss in 24 hours, or a clinical score >5. For clinical scores, 1
point was given for presentation of the following symptoms: partial eye closure, hypothermia,
piloerection, hunching, laboured breathing, decreased movement, and movement only on
provocation. 2 points were given for an absence of movement on provocation, and 5 points for

middle-ear infection and disrupted balance.

2.4 Mouse treatments

For repair experiments measuring lung epithelial proliferation, in vivo IFN treatments

in WT, Ifnarl~~— WT BM chimeric, and B6.A2G-Mx1 mice were performed every 24 hours
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from days 7 to 10 post infection (4 treatments in total). IFN used for in vivo experiments were
used at equal biological potency based on in vitro titrations in AEC cultures (see below).
Universal IFN-o was a kind gift from Dr Peter Stacheli at Freiburg University, IFN-B was
purchased from PBL, and recombinant mouse IFN-A2 was a kind gift from Rune Hartmann
and Hans Henrik Gad at Aarhus University (Dellgren et al., 2009). On days 7, 8 and 9 post
infection, IFN-o, (8 pg in 200 pul PBS), IFN-B (10° U in 200 pl PBS), and IFN-A2 (2.5 pg in
200 ul PBS) was administered intraperitoneally. On day 10 post infection, IFN treatment was
administered intranasally to ensure activation of respiratory epithelial cells, at the same dose
as intraperitoneal treatments in 50 pul PBS, under light anesthesia (3% isoflurane). To study the
effects of IFN in WT and Cyp/ ™ mice, universal IFN-o. (3 pg in 200 pl PBS) was administered
intraperitoneally on day 4 and 5 post infection. For neutrophil depletion, WT mice were treated
with an a-Ly6G monoclonal antibody (clone 1AS8) or isotype control (IgG2b) (150 pg in 200
pl PBS for both) intraperitoneally from days 5 to 10 post infection. B6 WT mice were treated
intraperitoneally with 400ug (in 200 pl PBS) anti-IFNAR (MAR1-5A3, Bio X Cell) on the day
of infection, or from day 3 post infection, every 48 hours. For lung proliferation and weight
loss experiments in 129S7 mice, anti-IFNAR was administered on days 6, 8, and 10 post

infection at the same dose.

2.5 Diet studies

To measure the effects of AHR ligand-supplemented diet in mice, WT, WT@plal-cre
and Cypl™~ @rlalcre mice were fed purified diet AIN-93M (TestDiet-IPS) or AIN-93M
supplemented with 200mg/kg (200 parts per million). Mice were maintained on diets for four

weeks, including throughout the duration of experiments.

2.6 Primary mouse and human AEC cultures

Isolation and culture of primary murine AECs were performed as previously described
(You et al., 2002). All murine AEC cultures were derived from B6 WT progenitor cells (or
indicated genetically modified mice with a B6 background). In brief, isolation of murine
tracheal progenitor cells was achieved following overnight enzymatic digestion (pronase 3

mg/ml, Roche) at 4°C. Tracheal basal cells were expanded in a T-75 flask to 100% confluence
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with Rho kinase inhibitor Y27632 10 uM (Horani et al., 2013). Following expansion (5 to 7
days), cells were trypsinized and seeded on transwells (10* cells/transwell, unless indicated
otherwise) on 0.4 um-pore size clear polyester membranes (Greiner) coated with a collagen
solution. Cells were grown in submersion until confluent, and then exposed to air to establish
an ALI and induce airway cell differentiation. Primary human bronchial epithelial cells were
purchased from Lonza and cultured according to manufacturer’s instructions. In brief, cells
were expanded in a T-75 flask to 60% confluence and then harvested for seeding onto
transwells at 5x10* cells per transwell. At confluence, liquid was removed from the apical side
to establish ALI. Human AEC samples were sourced ethically and their research use was in

accord with the terms of the informed consents.

2.7 In vitro IFN treatments and titrations

To compare IFN subtypes at equal biological potencies, titrations were performed.
Fully differentiated murine and human AEC cultures were treated with IFN-a, IFN-f, and IFN-
A subtypes for 4 hours at indicated concentrations, and analysed for the induction of indicated
ISGs by qPCR. Dose-response curves were generated to obtain an EC50 for each subtype,
relative to ISG expression at the highest IFN concentration, in order to determine a conversion
factor for equipotency between subtypes. Based on titrations for equal biological potency,
concentration of mouse IFNs used for all other in vitro assays were as follows: 600 U/ml IFN-
a4 (PBL), 1000 U/ml IFN-B (PBL), and 5 ng/ml for both IFN-A2 and -A3 (R&D). Concentration
of human IFNs at equal biological potencies: 1 ng/ml universal IFN-a, (Dr P. Staeheli), 2.3
ng/ml hIFN-B (PBL), 3.3 ng/ml hIFN-A3 (R&D) (Dellgren et al., 2009).

For mouse and human AEC in vitro growth, proliferation, apoptosis assays and RNA
sequencing, IFN treatments were initiated 24 hours post plating on both basolateral and apical
sides, and changed in the media every 48 hours. Unless indicated otherwise, mouse and human
AECs plated at 10* cells per transwell and 5x10* cells per transwell, respectively. In these
conditions, AECs were exposed to an ALI 72 hours post plating (thus, 48 hours post IFN
treatment), even if they had reached confluence prior to this timepoint, for 5 days total (ALI
day —2 to +3). To maintain apical IFN stimulation during ALI exposure, cultures were pulsed
with IFN for 4 hours on the apical side, before liquid was removed. For differentiation assays,

IFN treatment was initiated 48 hours post ALI exposure, for 6 consecutive days.
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2.8 AHR activation in influenza virus infected AEC cultures

For AHR activation in vitro, murine AEC cultures were treated with FICZ (Enzo, 250
nm) and 3-MC (Sigma, 1 um) 24 hours prior to influenza virus infection on the basolateral side,
and maintained until experiment endpoint. 3-MC was changed with the media every 48 hours,
and FICZ was added every 24 hours owing to its increased rate of metabolism. The apical
surface of murine AECs was washed 3x to remove accumulated mucins before influenza
inoculation (PR8 at a MOI of 10~#). Following a 1-hour incubation at 37°C, the virus inoculum
was removed, and infected AECs were returned to culture for a further 48 hours, at which point

RNA was collected (as described below).

2.9 RNA isolation and quantification of transcripts

AEC cultures were lysed in 350 pl of RLT + B-mercaptoethanol. RNA was isolated
using the Qiagen RNeasy mini kit, according to manufacturer’s instructions. Lungs were
harvested and stored in RNALater in —80°C. Lungs were homogenised with a Kinematica
Polytron PT 10-35 homogenizer in 3 ml of RLT buffer (QIAGEN) + B-mercaptoethanol.

To isolate lung immune cells for RNA extraction, whole lungs were collected in
gentleMACS C-tubes in 5 ml AB IMDM, and homogenised using a gentleMACS (Miltenyi
Biotech) according to manufacturer’s instructions. Lungs were digested with DNase I
(50 pg/ml) (Sigma) and Liberase TL (20 ug/ml) Roche at 37°C for 30 minutes, and then further
homogenised by gentleMACS. Lung homogenates were passed through a 70 uM filter, and
centrifuged at 300 x g. for 5 minutes at 4°C prior to red blood cell (RBC) lysis in 5 ml with
0.83% ammonium chloride. RBC lysis reaction was halted by addition of 20 ml AB-IMDM.
To study ISG expression induced specifically by IFN-o/f (confirming effective alFNAR
blockade), lung immune cells were separated from single cell suspensions, with additional
depletion of neutrophils (which express IFNLR in mice) by magnetic-activated cell sorting
(MACS) column separation. Single-cell suspensions were preincubated with anti-FcgRIII/II
(Fc block) in MACS buffer, before incubation with biotinylated anti-Ly6G. Cells were
subsequently incubated with streptavidin microbeads (Miltenyi Biotech), and separated using
an LS column (Miltenyi Biotech) on the magnetic field of a MACS Separator (Miltenyi
Biotech) to deplete Ly6G" neutrophils. The negative fraction was then incubated with CD45

microbeads (Miltenyi Biotech) to isolate lung immune cells, and separated again using a
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MACS separator. CD45" Ly6G-depleted lung immune cells were pelleted by centrifugation
(300 x g), and lysed in 350 ul of RLT + B-mercaptoethanol.

RNA was isolated using the Qiagen RNeasy mini kit, according to manufacturer’s
instructions. 500 nanograms of total RNA was reverse-transcribed using the gPCRBIO ¢cDNA
synthesis kit according to manufacturer’s instructions. RT-qPCR was performed on an Applied
Biosystems Quantstudio 3 RT-qPCR machine with 1X qPCRBIO Probe Mix Lo-ROX, and 1X

Tagman primers. Results were normalized to the housekeeping gene Hprtl.

Primers for influenza virus Matrix gene (Ward et al., 2004):
e Forward: 5-"AAGACCAATCCTGTC ACCTCTGA-3;
e Reverse: 5'-CAAAGCGTCTACGCTGCAGTCC-3;
e Probe: 5-TTTGTGTTCACGCTCACCGT-3'.

2.10 Flow cytometry

For epithelial cell isolation from lung tissues, mice were euthanised (600 mg/kg
pentobarbital + 17 mg/kg mepivacaine) and perfused with 10 ml of ice-cold PBS through the
right ventricle of the heart. 1.5ml dispase II (5 mg/ml in AB-IMDM) (Sigma) was then injected
into the lungs through catheter insertion intratracheally, followed by 0.4 ml 1% low-gelling
agarose solution (in PBS) (Sigma). With the syringe and catheter held in situ to prevent
agarose/dispase leakage, mice were placed on ice for 2 minutes to allow the agarose—dispase-
filled lungs to set. Inflated lungs were dissected, and placed in 2 ml of Dispase II solution (5
mg/ml in AB-IMDM) for 30 minutes to dissociate epithelial cells. Lungs were passed through
a 100 um filter, before a 10-minute DNase I digestion (50 pg/ml) (Sigma). Following digestion,
lung homogenates were passed through a 70 pum filter, and centrifuged at 300 x g. for 5 minutes
at 4°C, before RBC lysis. Single-cell suspensions were preincubated with Fc block, before a
30-minutes incubation with fluorochrome-labelled antibodies. Cells were permeabilized with
the Foxp3/Transcription factor staining kit (eBioscience), according to manufacturer’s
instructions, prior to intracellular staining for Ki67 or p53.

For analysis of whole lung immune cell populations, single cell suspensions were
generated using gentleMACS as described above. Following surface marker staining, lung cells
were fixed in 2% paraformaldehyde for 20 minutes at 4°C. Fixed lung cells were washed 1x in

PBS prior to analysis.
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To analyse AECs by flow cytometry, cells were washed 1x in PBS (apically and
basolaterally) prior to a 15-minute trypsinisation. For EAU (5-ethynyl-2 deoxyuridine) assays,
AECs were cultured with 2.5 uM EdU (Invitrogen) for 3 hours prior to trypsinisation.
Trypsinised EAU" AECs were labelled using the Click-iT Plus EAU Alexa Fluor 488 Flow
Cytometry Assay Kit (Invitrogen), according to manufacturer’s instructions. For CFSE assays,
cells in culture were labelled with CFSE (1 uM) (Molecular Probes) for 8 minutes, followed
by 3x washes with media + sera to wash out unincorporated CFSE. CFSE labelled AECs were
trypsinised 24 hours post-labelling. Lung and AEC cells were analysed using a Fortessa X20

(Becton Dickinson) and data was analysed using FlowJo software (Treestar).

2.11 RNA-sequencing

Epithelial cells from the lungs from naive and influenza virus infected WT and Ifinlrl™~
mice were enriched through depletion of CD45" immune cells by MACS separation. Further
enrichment was achieved via cell sorting for live single EpCam"CD31" cells using a FACS
Aria III (BD Biosciences). RNA from sorted lung epithelial cells was isolated using the Qiagen
RNeasy mini kit, according to manufacturer’s instructions.

RNA-sequencing was performed on the HiSeq 4000 system (Illumina) with Single End
75 bp reads. Read quality trimming and adaptor removal was carried out using Trimmomatic
(version 0.36). Reads were aligned to the mouse genome (Ensembl GRCm38 release 89) using
STAR (version 2.5.2a) and gene level counts were obtained using the RSEM package (version
1.2.31). For RSEM, all parameters were run as default except "-forward-prob" that was set to
0 for AECs (RN200717) and 0.5 for the lung samples (RN19197). Differential expression
analysis was carried out with DESeq2 package (version 1.20.0) within R version 3.5.1. Genes
were considered to be differential expressed with padj<0.05.

Ingenuity pathway analysis (IPA) was performed using differentially expressed genes
with a fold change >1.5 with P<0.05. Gene Set Enrichment analysis (GSEA, version 2.2.3)
was performed for each pairwise comparison using gene lists ranked using the Wald statistic.
Gene set pre-ranked analysis was carried out using C2 canonical pathways v5.2 and C5
biological processes v5.2. All parameters were kept as default except for enrichment statistic
that was changed to classic and the max size which was changed to 500,000. Gene signatures

were considered significant if FDR g-value % 0.05.
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2.12 Quantification of bacterial loads

Lungs and spleens were collected in 2 ml PBS on ice. Tissues were processed and rinsed
through a 70 uM strainer to a total of 5 ml. Homogenates were stored at —80°C. Prior to plating,
serial dilutions were performed on defrosted lung homogenates. Samples were spread on blood
agar plates, divided into two halves for duplicates. Plates were incubated for 48 hours at 37° in

5% COas. Following incubation, grey, alpha-hemolytic colonies were counted.

2.13 Quantification of cytokines, cells and damage markers in BALF

Mice were euthanised (600 mg/kg pentobarbital + 16 mg/kg mepivacaine) and BALF
was collected through catheter insertion intratracheally, injecting and retracting 400—500 pl of
PBS. Following centrifugation (300 x g for 5 minutes at 4°C), supernatants were stored at
—80°C. Pelleted cells in the BALF were resuspended in 200 pl PBS for counting. If BALF cells
were to be analysed by flow cytometry to determine the frequency of Ter-119" RBCs and
immune cells, cells were recentrifuged and resuspended in cell surface marker stain prior to
Fortessa analysis.

Lung damage was assessed in BALF through quantification of lactate dehydrogenase
(LDH) activity and serum album concentrations. LDH activity was assessed using the
enzymatic detection step of the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega),
according to manufacturer’s instructions. Serum albumin was quantified using an albumin
enzyme-linked immunosorbent assay (ELISA) kit (eBioscience), according to manufacturer’s
instructions.

Lung cytokine concentrations were measured in BALF supernatants. Concentrations of
IFN-o/p were measured using 2-Plex ProcartaPlex (Invitrogen). IFN-A (R&D) was measured
by ELISA, according to manufacturer’s instructions. IL-6 and IL-22 were measured using

mouse ELISA Ready-SET-Go! kits (eBioscience) according to manufacturer’s instructions.

2.14 Evan’s blue dye assay

To measure pulmonary vascular and epithelial barrier leakage, Evan’s blue dye assay
was used. Mice were injected intravenously with a 0.1% sterile solution of Evan’s blue dye (in

PBS) 30 minutes prior to euthanasia (600 mg/kg pentobarbital + 16 mg/kg mepivacaine). Mice
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were perfused with 10 ml of ice-cold PBS through the right ventricle of the heart, and lungs
were harvested. Extravascular Evan’s blue was then extracted from lung tissues by overnight
incubation in formamide at 56°C and quantified by spectrophotometric analysis at 620 nm

absorbance.

2.15 Histology and immunofluorescence

Mice were euthanised (600 mg/kg pentobarbital + 16 mg/kg mepivacaine) and perfused
with 10 ml of ice-cold PBS through the right ventricle of the heart. Whole lungs were inflated
with intratracheal injection of 4% PFA, and added to a bijoux tube containing 2 ml 4% PFA
for overnight fixation at 4°C. Lung samples were stained with hematoxylin and eosin (H&E)
and prior to gross and microscopic pathologic analysis.

For immunofluorescent staining of paraformaldehyde-fixed AECs and dewaxed lung
specimens, samples were permeabilised with 0.1% Triton X-100 for 15 minutes at room
temperature and then blocked in 0.5% bovine serum albumin for 1 hour. Primary antibodies
specific for acetylated a-tubulin (T7451, Sigma) were added in 0.5% bovine serum albumin
and incubated for 1 hour at room temperature. Sections and transwells were washed 1x in PBS,
and fluorochrome-conjugated secondary antibodies (Alexa Fluor, Life Technologies) were
added for 1 hour at room temperature. Transwell filters were washed 1x in PBS, and mounted
on slides using Vectashield mounting medium with 4,6-diamidino-2-phenylindole (DAPI)
(Vector labs). Images were acquired on an Olympus VS120 slide scanner with a VC50 camera,
a UPLSAPO lens, at magnification of 20x and a numerical aperture of 0.75. Acetylated a-
tubulin staining was quantified using the whole transwell. Binary images were generated by

global thresholding and measured using the ImageJ 1.4j application.

2.16 Histopathological analysis

Histopathological examination of lungs was performed by a board-certified veterinary
pathologist (SLP). Sections from all lung lobes were examined, with histopathological scores
based on regions with the most severe changes. A semi-quantitative scoring system was used
(0; normal, 1; minimal, 2; mild, 3; moderate, and 4; marked changes) for each parameter.
Bronchiole regeneration, represented by hyperplasia of the epithelium. Inflammation was

assessed in both the perivascular and peribronchiolar compartments, and in each a score was
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assigned for neutrophils and lymphocytes. The total histopathology score for inflammation was

generated as the mean of the four separate inflammatory scores.

2.17 Statistical analysis

Data shown as the means + SEM. Sample sizes were designed to give statistical power,
while minimising animal use. All statistical comparisons were performed using Prism 8
(GraphPad). Figure legends denote the specific statistical tests used for each experiment.

Statistical significance was determined as P<0.05.
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Table 1. Antibodies and other reagents used for flow cytometry and immunofluorescence.

Antibody Clone Label Vendor Dilution
EpCam G8.8 APC Invitrogen 2.5 pg/ml
CD45 30-F11 BV786 BioLegend 2.5 pg/ml
CD49f eBioGoH3 PE-Cy7 eBioscience 20 pg/ml
CD31 RM5228 BV421 Invitrogen 2.5 pg/ml
CD24 M1/69 BV510 BioLegend 10 pg/ml
MHC-II M5/114.15.2 BV711 BioLegend 2 pg/ml
Ki67 SolA15 PE eBioscience 10 pg/ml
Ly6C HK1.4 BV786 BioLegend 5 pg/ml
Ly6G 1A8 FITC BioLegend 10 pg/ml
CD3 17A2 APC TONBODbiosciences | 20 pg/ml
CD19 6D5 APC BioLegend 20 pg/ml
NK1.1 PK136 APC BioLegend 20 pg/ml
CD64 X54-5/7.1 PE-Cy7 BioLegend 20 pg/ml
Siglec F E50-2440 APC-Cy7 BD Pharmingen 3.3 pg/ml
CDl11b M1/70 Pacific blue | BioLegend 10 pg/ml
CDllc N418 BV605 BioLegend 5 pg/ml
CDh4 RM4-5 BV605 BioLegend 5 pg/ml
CD8 53-6.7 BV510 BioLegend 5 pg/ml
Sca-1 D7 BV711 BioLegend 5 pg/ml
Siglec-H 551 PE BioLegend 10 pg/ml
P53 GP59-12 PE BD Pharmingen 10 pl/10° cells
Ly6G RB6-8C5 Biotin eBioscience 0.5 pg/ml
Annexin V N/A FITC BioLegend 10 pg/ml
TO-PRO-3 N/A APC Thermofisher 1 uM
Fixable blue dead | BUV395 uv Thermo Fisher 1 ul/10% cells
stain

Acetylated a- | 6-11B-1 N/A Sigma 1 pg/ml

tubulin
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Table 2. Primers used for qPCR.

Gene Catallgue number
Hprtl Mm00446968 m1
Irf7 Mm00516791 gl
Ccno Mm01297259 ml
Mcidas MmO01308202 ml
Muc3ac MmO01276718 ml
Muc5b Mm00466391 ml
Scblal Mm00442046 m1
Dusp5 Mm01266106 m1
Gadd45g Mm0135255 0 gl
1fi203 MmO00492601 ml
Oasl2 Mm00496187 m1
Rsad? Mm00491265 m1
RSAD?2 (human) Hs00369813 ml
Mx1 Mm00487796 m1

MX]I (human)

Hs00895608 ml

0AS1 (human)

Hs00973637_ml

Cyplal Mm00487217 ml
Ahrr MmO00477443 ml
Tiparp Mm00724822 ml
Ifna4 MmO00833969 sl

Ifnbl Mm00439552 sl

Ifnl2/3 MmO04204158 gh
116 MmO00446190 ml
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Chapter 3 Results

Chapter 3. Results 1:
A novel IFN-mediated mechanism of immunopathology

during recovery from respiratory viral infection

For the most part, results in this chapter are published, and largely include the expanded in

vivo findings from the following publication:

Major, J., Crotta, S., Llorian, M., McCabe, T.M., Gad, H.H., Priestnall, S.L., Hartmann, R.,
and Wack, A. (2020). Type I and III interferons disrupt lung epithelial repair during recovery

from viral infection. Science 369, 712-717.

3.1 Introduction

Our current understanding of the immune processes that exacerbate respiratory viral
disease is largely based on immunomodulatory effects in immune cells, or pathogenic
inflammation as a result of prolonged cytokine and chemokine signalling, often manifesting as
a cytokine storm. This includes type I IFN, which, following recent studies in IFNAR deficient
mice, has been directly linked to immunopathological consequences following respiratory viral
infection. In influenza (Davidson et al, 2014) and SARS-CoV-1 mouse models
(Channappanavar et al., 2016), IFN-o/B-induced signals drove a pathogenic proinflammatory
response characterised by enhanced monocyte recruitment and cytokine production, including
IL-6, CCL2, and TNFa. Davidson et al. additionally observed a strain-dependent effect in
terms of pathological type I IFN. It is thought that the enhanced resistance in B6 mice compared
to 129s is due to an improved capacity for disease tolerance, as viral burden was similar in both
mouse strains. This is important, as it indicates that host-specific factors influencing disease
outcome, and that immunopathologic events occur following prolonged and/or excessive IFN-
induced signalling. This is likely not the case in B6 mice, which display greater regulation of
IFN production, at least relative to 129s (Davidson et al., 2014). Consistent with this notion, is
that IFNAR deficient B6 mice show no improvement compared to WT controls, with similar
viral levels of viral control (Price, Gaszewska-Mastarlarz & Moskophidis, 2000). This suggests
that the B6 IFN response in influenza is less immunopathologic in comparison to the 129 IFN

responses.

81



Chapter 3 Results

IFN-A is widely regarded as the protective antiviral cytokine during respiratory viral
infections, owing to its targeted activity mainly in epithelial cells. The lack of known
proinflammatory and immunomodulatory IFN-A effects supports this dogma, and is therefore
regarded as the preferred host-directed antiviral therapeutic option (Prokunina-Olsson et al.,
2020). In mild influenza, IFN-A is thought to provide non-redundant antiviral function,
attributed to its increased rate of production early during infection (Galani et al., 2017). This
increased early IFN-A production is in agreement with previous observations (Jewell et al.,
2010), and may be important in restricting viral replication in the upper airway epithelium, thus
preventing spread to the lower lung (Klinkhammer et al., 2018). However, changes in viral
load or lung damage were small and transient during mild influenza (Galani ef al., 2017), and
others have reported no difference in IFNLR deficient mice compared to WT (Mordstein et al.,
2008), again, indicative of overlapping antiviral function between endogenous type I and III
IFNs.

An additional facet to consider regarding prolonged IFN responses is the induction of
antiproliferative and proapoptotic pathways. Antiviral ISGs are induced rapidly and transiently
following receptor binding, yet antiproliferative ISG induction requires continuous receptor
stimulation over a prolonged period of time (Jaitin et al., 2006). Reasons for this requirement
are not known, yet it is likely that these responses are switched on following continuous IFN
production as a result of viral persistence, or due to escalating inflammation during a cytokine
storm. In a concerted effort to limit viral spread in infected host cells, antiproliferative and
proapoptotic IFN pathways are also more likely to induce host tissue damage, and therefore
require tighter regulation (Schreiber, 2017).

In this chapter, we explore the impact of IFN signalling on lung epithelial repair during
influenza virus infection. Crucial for recovery from viral respiratory disease is the maintenance
of lung function, which is dependent on an efficient repair process to restore lost epithelia
(Gorski, Hufford & Braciale, 2012). Once a threshold of lung damage is surpassed, respiratory
and barrier function may be compromised, resulting in hypoxic respiratory failure from ARDS
or bacterial superinfection, respectively. As we looked at the effects of IFN specifically in the
respiratory epithelium, which expresses both IFNAR and IFNLR, we compared the capacity
IFN-a, IFN-B, and IFN-A subtypes to disrupt lung regeneration during influenza recovery.
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3.2 Temporal overlap of antiviral IFN responses and lung epithelial repair

following influenza virus infection

We initially sought to characterise the kinetics of lung epithelial repair and IFN
production in our murine influenza model. To induce acute lung damage, B6 WT mice were
infected with a sublethal dose of the H3N2 influenza virus strain X31. Influenza virus matrix
gene expression peaked on day 2 post infection following viral replication, before viral
clearance was reached on day 12 post infection (Fig. 1A). Infection caused weight loss (Fig.
1B), accompanied by significant immune cell infiltration and lung damage as determined by
histology (Fig. 1C and D) (histopathology scorings were determined by Simon Priestnall and
Alejandro Suarez-Bonnet, Francis Crick Institute). Recovery from infection (approximately
day 8 post infection; Fig. 1B) coincided with the onset of epithelial regeneration (Fig. 1C, right).

To further investigate lung repair dynamics during influenza recovery, proliferating
lung epithelial cells were analysed by flow cytometry, using the marker of recent cell
proliferation Ki67 (Fig. 2A). Differentiated AECs (EpCam’CD49fMehCD24"eh), including
ciliated, goblet, and club cells (Quantius et al., 2016), largely maintain a low rate of
proliferation following influenza virus-induced lung damage (Fig. 2B). A population of highly
proliferative progenitor AECs (EpCam*CD49fe"CD24°%) (Quantius et al., 2016; McQualter
et al., 2010) emerged in the lungs on approximately day 5 post infection (Fig. 2B and C). This
is likely a heterogeneous DASC population, including p63* and p63~ progenitors (Vaughan et
al.,2015; Xi et al., 2017; Zuo et al., 2014; Kumar et al., 2011; Ray et al., 2016), H2-K1" cells
(Kathiriya et al., 2020), and BASCs (Liu et al., 2019; Salwig et al., 2019). In steady-state, AT2
cells (EpCam*MHCII"CD49f°") (Hasegawa et al., 2017) have a low rate of turnover and
remain largely quiescent (Fig. 2B), consistent with previous findings (Nabhan et al., 2018;
Zacharias et al., 2018). However, following influenza virus-induced lung damage, AT2 cells
undergo rapid proliferation starting at days 5—7 post infection, correlating with mouse recovery
and weight gain (Fig. 2B and Fig. 1B).

To compare the dynamics of epithelial repair with IFN production in our infection
model, we analysed IFN subtypes (IFN-a, IFN-B, and IFN-A) in the BALF at different
timepoints throughout influenza virus infection (Fig. 3). IFNs were produced rapidly, peaking
2 days post infection (Fig. 3). The magnitude of IFN-A production was greater than that of IFN-
o/B, both in terms of total duration, and duration of maximal production. Whilst IFN-a/p

production declined following the day 2 peak, high levels of IFN-A production were maintained.
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Importantly, only IFN-A was detected 7—8 days post infection, coinciding with the onset of
epithelial recovery (Fig. 3). Thus, following influenza virus infection, signalling triggered by

IFNs, in particular by IFN-A, overlaps with the onset of epithelial proliferation during lung

SRR

repair.
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Figure 1. Influenza virus-induced lung damage and repair.

B6 WT mice were infected with influenza virus (10* TCIDso X31 in 30 pl PBS) and assessed
for (A) influenza virus M1 mRNA expression in total lung RNA, (B) weight loss, (C and D)
and lung pathology at indicated days post infection. Black arrowheads indicate areas of
bronchiole regeneration and epithelial hyperplasia. Scale bar represents 1 mm (top panel) and
100 um (bottom panel). Data are pooled from 3 independent experiments (n = 5-6). Data are
shown as mean + s.e.m.
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(A) Gating strategy for lung epithelial cell populations shown on lung cells from an influenza
virus infected B6 mouse (day 9 post infection), analysed by flow cytometry. Mice were infected
with influenza virus, and assessed for (B) Ki67" and (C) frequency of (% of bulk epithelial
cells) differentiated airway cells (EpCam"CD49{"ehCD24"ieh), distal airway progenitor cells
(EpCam*CD49f"e"CD24°%), and AT2 cells (EpCam"MHCII*'CD49f°%), measured by flow
cytometry. Data are pooled from 5 independent experiments (n = 3—6). Data are shown as
mean =+ s.e.m.




Chapter 3 Results

3.3 IFN signalling during recovery from influenza impairs lung epithelial

cell proliferation

To understand the effect of IFNs on lung epithelial repair, mice were treated with
exogenous IFN during recovery from influenza virus infection (days 7 to 10 post infection) (Fig.
4A). To compare the effects of equipotent amounts of IFN-a, IFN-fB, and IFN-A, we performed
titrations on AEC cultures and measured ISG induction (Oas!/2, ifi203, Rsad2) by qPCR following
a 4-hour treatment (Fig. 5SA). Dose-response curves were then generated to determine a conversion
factor for equipotency between the three IFN subtypes (Fig. 5B). Owing to the ubiquitous
expression of IFNAR by immune cells, we generated irradiation BM chimeras to compare the
effects of IFN-o/B. WT recipients were given Ifinar! "~ BM cells, thus restricting IFNAR expression
to the non-hematopoietic compartment. In chimeric mice, both IFN-a and IFN-B treatments
significantly reduced the proliferation of AT2 cells on day 11 post influenza virus infection,
compared to PBS-treated control mice (Fig. 4B). This reduction was independent from changes in
viral burden, as influenza virus matrix gene expression remained unchanged following IFN
treatment (Fig. 4C). We also observed a reduction in the proliferation of AT2 cells in WT mice
following IFN-A treatment (Fig. 4D), again independently from changes in viral load (Fig. 4E). To
exclude the possibility of [IFN-A signalling in neutrophils (Blazek et al., 2015; Broggi et al., 2017,
Espinosa et al., 2017), we treated WT mice with a monoclonal antibody against Ly6G (clone 1A8).
Even after depletion of neutrophils (Fig. 4F), we observed a significant reduction in AT2 cell
proliferation following IFN-A treatment (Fig. 4G). A caveat when using inbred mouse strains in the
context of influenza virus infection is the lack of a functional Mx1 protein, a crucial [FN-inducible
influenza virus restriction factor in both mice and humans (Haller et al., 2015). We therefore
infected mice that express functional Mx1 alleles (B6-Mx1) with the influenza virus strain hvPRS8-
ANS1, for a more clinically relevant model of IFN system function. IFN-A treatment also

significantly reduced lung epithelial proliferation in the presence of functional Mx1 (Fig. 4H).
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Figure 3. Kinetics of type I and III IFN production during influenza virus infection.

[FN-a, IFN-B, and IFN-A protein concentrations were quantified in the BALF of influenza virus
infected mice at indicated days post infection. All data are representative of two independent
experiments (n = 3—6). Data are shown as mean+=SEM.
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Figure 4. Exogenous type I and III IFN treatment during lung repair impairs epithelial cell

proliferation.

(A) Schematic outlining IFN treatment strategy in influenza infected mice. (B to H) Mice were
infected with influenza virus, and treated with IFN every 24 hours, on days 7 to 10 post
infection. (B, D, G and H) Ki67" AT2 cells were detected by flow cytometry on day 11 post
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infection, and (C and E) influenza virus M/ mRNA expression in total lung RNA on day 11
post infection. (B and C) Lethally irradiated WT mice were injected with Ifnar!”~ BM cells.
Following reconstitution, influenza virus-infected chimeric mice were treated with PBS
(control), IFN-a, of IFN-fB. Naive controls are uninfected, untreated chimeric mice. (D and E)
Influenza virus infected WT mice were treated with PBS or IFN-A. (F and G) Influenza virus
infected B6 mice were treated with anti-Ly6G monoclonal antibody or isotype control every
24 hours from days 5 to 10 post infection for neutrophil depletion. (F) Ly6C"CD11b'lineage
(CD3/CD19/NK1.1/CD64/Siglec F)™ neutrophil frequencies in lungs following isotype or anti-
Ly6G treatment. (G) Anti-Ly6G treated mice were also treated with IFN-A or PBS. (H) B6-
Mx1 mice were treated with IFN-A or PBS. All data are representative of three independent
experiments, except for (H) which was two (n = 4-9). Data are shown as mean+tSEM and
statistical significance was assessed by one-way ANOVA with Dunnett’s post-test (B, D, F
and G), or unpaired two-tailed Student’s ¢ test (H). ns, not significant (P>0.05); *P<0.05,
*¥*P<0.01, ***P<0.001, ****P<0.0001.
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Figure 5. Titration of IFNs used in vivo for equal subtype dosage.

(A) Primary murine AEC cultures were treated for 4 hours at indicates concentrations with
[FN-a, IFN-B, and IFN-A subtypes (used for in vivo treatment experiments) at the indicated
concentrations. In IFN and mock treated AECs, mRNA expression of indicated ISGs was
assessed by qPCR. (B) Sigmoidal, 4PL, X is log(concentration) dose-response curves were
generated for each IFN subtype, relative to ISG expression at the highest IFN concentration.
(n = 3). Data are shown as mean+SEM.
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We next sought to determine the role of endogenous IFN during lung repair, using
Ifnarl™” and Ifnlrl™" mice. AT2 cells were analysed on day 8 post influenza virus infection,
the time when IFN signalling and epithelial cell proliferation overlapped (Fig. 2B and 3). Both
Ifnarl™ and Ifnlr]™"~ mice had improved AT2 cell proliferation compared to WT controls (Fig.
6A and B). This was dependent on IFN signalling specifically through the epithelium, as
receptor deficiency in the non-hematopoietic compartment alone was sufficient to increase
lung epithelial cell proliferation (Fig. 6C, representative chimerism efficiency data in Appendix
I). In contrast, we saw no effect of IFN-A signalling on the proliferation of distal lung progenitor
epithelial cells in the lung, across multiple timepoints (Fig. 6D). Improved proliferation was
independent of major changes in viral burden, with only a slight increase in influenza virus
matrix gene expression observed in Ifnar!™" mice on day 2 post infection, and no change in
IfnlrI™" mice, compared to WT controls (Fig. 7A). Viral control in individual IFN receptor-
knockout mice was likely unaffected due to redundancy between type I and III IFN antiviral
responses in epithelial cells (Mordstein et al., 2008; Crotta et al., 2013).

Despite type I and III IFN redundancy in viral control (Fig. 7A), the lack of redundancy
in antiproliferative IFN responses, with both Ifnarl~~ and Ifnlrl” mice displaying enhanced
epithelial proliferation (Fig. 6), led us to further interrogate the phenotype. IFNAR signalling
has previously been shown to be important for the production of IFN-A during influenza virus
infection (Osterlund et al., 2005; Jewell et al., 2010). Consistent with previous findings, we
observed a significant reduction in IFN-A (and indeed IFN-o/B) production in Ifnarl™~ mice
compared to WT, yet we saw little change in IFN-o/B levels in Ifnlrl” mice (Fig. 7B). Thus,
the improved epithelial proliferation observed in Ifnarl”~ mice could be attributed to a
reduction in IFN-A. Reduced IFN production in Ifnarl™~ mice is linked with steady state
priming defects in these mice owing to the absence of tonic IFNAR activation in immune cells
(Gough et al., 2012). Basal IFN-B} expression is maintained in part by commensal microbes at
barrier surfaces, resulting in the maintained expression of key IFN signal transducers, including
STATI1 and IRF9 (Gough et al., 2012; Abt et al., 2012). To circumvent priming defects in
Ifnarl™" mice, we used an anti-IFNAR monoclonal antibody (MAR1-5A3) administered only
from the time of influenza virus infection (day 0). Anti-IFNAR treatment maintained steady-
state priming required for IFN-A production (Fig. 8A). To confirm that anti-IFNAR treatment
effectively blocked IFN-a/ signalling, we measured ISG expression (/rf7 and Mx1) in MACS-
separated CD45" cells following Ly6G depletion, to exclude IFN-A-mediated signalling in
neutrophils. Anti-IFNAR treatment blocked IFN-o/B signalling through IFNAR (Fig. 8B).
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Importantly, anti-IFNAR treatment from day O or day 3 post infection had no effect on lung
epithelial cell proliferation (Fig. 8C). Thus, in our model of influenza virus infection in B6
mice, IFN-A responses are most effective in disrupting lung epithelial regeneration during
influenza recovery. Furthermore, these effects are mediated directly in epithelial cells.
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Figure 6. Host-produced IFN disrupts AT2 cell proliferation during lung repair, but not airway

progenitor cells.

(A to C) Ki67" AT2 cells (EpCam ™™MHCII*CD49f"°%) were measured in the lungs of influenza
virus infected WT mice and (A) Ifnarl™, (B) Ifnlrl”", and (C) BM chimeric mice by flow
cytometry on day 8 post infection. (D) Ki67" distal airway progenitor cells
(EpCam*CD491"e"CD24'°") were measured in the lungs of influenza virus infected WT and
IfnlrI”~ mice on indicated days post infection. All data are representative of at least three
independent experiments (n = 3-9). Data are shown as mean+SEM and statistical significance
was assessed by unpaired two-tailed Student’s ¢ test (A and B) and two-way ANOVA with
Dunnett’s post-test (C) or Sidak’s post-test (D). ns, not significant (P>0.05); *P<0.05,
**%P<0.001.
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Figure 7. IFNAR deficiency impairs IFN production, but not antiviral immunity.

WT, Ifnarl™", and Ifnlr]”~ mice were infected with influenza virus. (A) Influenza M1 mRNA
expression was measured in whole lung RNA and (B) IFN-a, IFN- and IFN-A protein
concentrations were measured in BALF. (A) Data are pooled three independent experiments
or (B) representative of at least three independent experiments (n = 3—6). Data are shown as
mean+=SEM and statistical significance was assessed by two-way ANOVA with Dunnett’s
post-test (A) or Tukey’s post-test (B). ns, not significant (P>0.05); *P<0.05, **P<0.01,
ek P<0.0001.
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Owing to the observed reduction in lung epithelial proliferation following exogenous
IFN-a or IFN-B treatment (Fig. 4B), we next sought to understand why endogenous type I IFNs
had no effect (Fig. 8C). This may be due to the reduced magnitude of IFN-o and IFN-f
production in B6 mice, relative to IFN-A (Fig. 3). Specifically, on days 6 to 8 post infection,
the time in which alveolar epithelial cell proliferative responses manifest (Fig. 2B, right), [FN-
A\ was detected in the BALF of mice, yet IFN-a and IFN-f levels are low, and undetectable past
day 7 (Fig. 3). We have previously shown in the lab that 129 mice have increased levels of
both IFN-a and IFN-B in BALF following influenza virus infection, compared to their B6
counterparts (Davidson et al., 2014). This increase includes a second wave of IFN production
late during infection, when epithelial repair likely takes place (Davidson et al, 2014).
Therefore, we utilised 129 mice as a model of severe influenza, to assess whether type I IFNs
disrupt lung repair in a context of heightened immunopathology and excessive IFN production.
129 mice received either anti-IFNAR treatment or PBS control late during infection (day
6/8/10), to avoid blocking early antiviral IFN signalling, instead targeting potentially
pathogenic signalling during the recovery phase of infection (Fig. 9A). Anti-IFNAR treatment
triggered increased AT2 cell proliferation (Fig. 9B), which correlated with significantly
improved recovery and weight gain (Fig. 9C). Therefore, in situations of excessive pulmonary
inflammation and epithelial damage, type I IFNs have the potential to disrupt lung repair.
However, as we used full IFNAR knockout mice as opposed to BM chimeras, the increase in
proliferation and improved mouse recovery may occur as a result of reduced IFN-driven
immune cell-mediated immunopathology (Davidson et al., 2014), therefore indirectly allowing

more efficient epithelial repair.
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Figure 8. IFNAR signalling does not affect lung repair in B6 mice.

(A) IFN-A protein concentrations were measured in the BALF of influenza virus infected WT
Ifnarl”~, and aIFNAR treated mice on day 3 post infection. olFNAR treatment was
administered on day 0 and 2 post infection. (B) ISG expression was measured in Ly6G*
neutrophil-depleted CD45" lung immune cells in WT Ifnarl™", and aIFNAR treated mice on
day 3 post influenza virus infection. a[FNAR treatment was administered on day 0 and 2 post
infection. (C) Ki67" AT2 cells were measured in the lungs of influenza virus infected WT and
alFNAR treated mice on day 8 post infection by flow cytometry. alFNAR treatment was
administered every 48 hours from day 0 or day 3 post infection. All data are representative of
at least two independent experiments (n = 3—4). Data are shown as mean+SEM and statistical
significance was assessed by one-way ANOVA with Tukey’s post-test (A) or Dunnett’s post-
test (B and C). ns, not significant (P>0.05); *P<0.05, **P<0.01, ***P<0.001.
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Figure 9. IFN-ao/p-induced signalling disrupts lung repair in 129S7 mice.

(A) Schematic for alFNAR treatment in 129 mice. (B and C) Influenza virus infected 129S7
mice were treated with alFNAR treatment or PBS control on days 6, 8 and 10 post infection
and (A) AT2 cell proliferation (EpCam*MHCII*CD49f°") was measured on day 12 post
infection by flow cytometry, or (B) weight loss. All data are representative of two independent
experiments (n = 3-5). Data are shown as mean+SEM and statistical significance was assessed
by unpaired two-tailed Student’s ¢ test (B) or two-way ANOVA with Sidak’s post-test (C).
*P<0.05, ***P<0.001, ****P<0.001.
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3.4 IFN-A impairs AEC differentiation during influenza recovery

We next sought to determine how IFN-induced signalling alters the state of lung
epithelia during influenza virus infection by performing RNA sequencing analysis. We used
IfnlrI” mice, owing to the increased potential of endogenous IFN-A compared to IFN-o/f in
blocking lung epithelial cell proliferation. RNA sequencing was performed on lung epithelial
cells (EpCam"CD31 CD45") sorted from naive and influenza virus infected (day 8 post
infection) WT or Ifnlrl™"~ mice (bioinformatics analyses were performed by Miriam Llorian
Sopena, Francis Crick Institute). Samples clustered based on infection status, but, surprisingly,
not by genotype (Fig. 10A). Accordingly, minimal differential gene expression was observed
between WT and Ifnlrl™ lung epithelial cells during influenza (Fig. 10B). The similarity in
expression profiles is potentially owing to the presence of type I IFN signals in both genotypes,
the late timepoint used when IFN signals are decreasing/absent in WT mice (Fig. 3), or both.
Likely differences in the expression profiles of WT and Ifnlrl™~ AT2 cells earlier during the
course of infection may account for the observed phenotypical changes later. Indeed, despite a
lack in differential gene expression, gene set enrichment analysis (GSEA) showed Ifnlrl™~
AT2 cells had an increase in pathways pertaining to cell cycle and proliferation (Fig. 10C, left
plot). Interestingly, we also observed an upregulation of multiple epithelial cell differentiation
and multiciliogenesis pathways in repairing lung epithelial cells lacking IFN-A signalling (Fig.
10C, right plot). Following acute lung damage, populations of basal cells and Scgblal®
secretory cells give rise to secretory and multiciliated cell subtypes in the airways (Hogan et
al.,2014). To understand whether IFN-A signalling affects airway epithelial cell differentiation
during influenza-induced lung repair, we infected WT and Ifinlrl /" mice with influenza virus
and stained lung sections with an antibody for acetylated a-tubulin®, to measure cilia on day 10
post infection. Ifnlrl~~mice displayed an increase in multiciliated cells in repairing conducting
airways compared to WT controls (Fig. 11A). We quantified these findings by flow cytometry,
and observed an increase in the frequency of differentiated AECs (EpCam"CD49fhiehCD24high)
composed of ciliated, goblet, and club cells (Fig. 11B) (Quantius et al., 2016). Therefore, [FN-
A signalling induces antiproliferative pathways, and additionally blocks multiciliogenesis in
repairing lung epithelial cells in vivo. This reduces the capacity for basal cell differentiation in

conducting airways during recovery from influenza virus infection.
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Figure 10. IfnlrlI”~ mice have greater expression of proliferation and differentiation pathways in
repairing lung epithelia.

EpCam"CD45 CD31" bulk lung epithelial cells were isolated from naive or influenza virus
infected (day 8 post infection) WT and Ifnlrl™"~ mice, and RNA was isolated for analysis by
RNA sequencing. (A) Heatmap of RNA sequencing datasets (one-way ANOVA with
Benjamini—Hochberg correction, P<0.05). (B) Volcano plots indicating fold changes between
WT and Ifnlrl” lung epithelial cells from influenza virus infected mice. Differentially
expressed genes (p-adjusted < 0.05) with a log2(fold change) of more than 2 are indicated in
red. (C) GSEA plots of RNA sequencing datasets from WT or Ifnlrl ™"~ lung epithelial cells (n
=3).
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Figure 11. IFN-A signalling disrupts airway epithelial cell differentiation during recovery from
influenza.

Lung epithelial cell differentiation was assessed in influenza virus infected WT and Ifnlrl™"~
mice by (A) immunofluorescence (DAPI/acetylated a-tubulin) on day 10 post infection and
(B) flow cytometry (EpCam’CD49fMehCD24"e") on day 14 post infection. Scale bar represents
100 um. All data are representative of three independent experiments (n = 3). Data are shown
as mean+=SEM and statistical significance was assessed by two-way ANOVA with Dunnett’s
post-test. ns, not significant (P>0.05); **P<0.01.

3.5 Ifunlrl’-mice have reduced lung damage and improved barrier

function following influenza virus infection

Our data supports a significant role of IFN signalling, in particular IFN-A, in disrupting
epithelial cell proliferation and differentiation during lung repair. We therefore determined
whether the improved capacity for repair in Ifnlrl™”~ mice affects lung damage or barrier
function of the respiratory epithelium. Histopathological analysis of H&E stained lung sections
on day 9 after infection indicated Ifnlr/~ mice had a significant reduction in inflammatory
immune cells infiltrating lung tissue (Fig. 12A). This was consistent with reduced lung damage,
with a reduction in both the total number of cells and the number of red blood cells (RBCs) in
the BALF of Ifnlrl”~ mice day 8 post infection (Fig. 12B and C). We did not observe
differences in the frequencies of various infiltrating immune cells in the BALF between WT
and Ifnlrl”~ mice (Fig. 12D and gating strategy in appendix II), suggesting the differing total
cell number (Fig. 12B) is likely owing to reduced RBCs and a general reduction in
inflammation, as opposed to specific effects of IFN-A on immune cell populations.

Influenza virus infections in humans are often exacerbated by opportunistic bacterial

pathogen, including S. pneumoniae (McCullers, 2014). A contributing factor driving this
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synergy, is a compromised epithelial barrier as a result of influenza virus-induced damage. To
measure the effects of IFN-A signalling on lung barrier function, we challenged mice with
Streptococcus pneumoniae 8 days after influenza virus infection. All WT mice succumbed to
the bacterial superinfection 2 days post-challenge (10 days post influenza virus infection),
however Ifnlrl”~ mice had prolonged and improved survival (Fig. 13A). To study specific
effects of IFN-A in epithelial cells, we used BM chimeric mice. Mice lacking IFNLR in the
non-hematopoietic compartment (WT > Ifulrl”") also had improved survival following
bacterial superinfection (Fig. 13B), indicating the pathology driven by IFN-A during bacterial
superinfection occurs independent to effects in immune cells. Improved survival in mice
deficient for IFN-A signalling in the non-hematopoietic compartment correlates with reduced
bacteria dissemination in tissues, with mice displaying a lower bacterial load in both the lung
and spleen (Fig. 13C). Thus, IFN-A signalling reduces the capacity for epithelial repair
following influenza virus infection, resulting in prolonged lung damage and compromised

barrier function. This in turn increases susceptibility to bacterial superinfection.
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Figure 12. Ifnlr1”" mice have reduced lung damage.

WT and Ifnlrl”"~ mice were infected with influenza virus and assessed for lung damage and
inflammation by (A) histopathological analysis of H&E lung sections on day 9 post infection,
and (B to D) analysis of the cellular infiltrate in BALF on day 8 post infection. (B and C) BALF
cell numbers were counted and the number of Terl19+ RBCs were determined by flow
cytometry. (D) Frequencies of neutrophils (Ly6G*CD11b"), alveolar macrophages (Siglec-
F*CD11c"), Ly6CM monocytes (Ly6CMCDI11b%), pDCs (Siglec-H"), eosinophils (Siglec-
F'CD11b°CDl11c"), DCs (CD11¢'MHCII"), CD4" T cells (CD3'CD4"), CD8" T cells
(CD3"CD8"), CD19" B cells, and NK cells (NK1.1"CD3") in BALF were determined by flow
cytometry. All data are representative of three independent experiments (n = 4). Data are shown
as mean+=SEM and statistical significance was assessed by Mann—Whitney U test (A) or
unpaired two-tailed Student’s ¢ test (B and D). ns, not significant (P>0.05); *P<0.05, **P<0.01.
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Figure 13. IFN-A signalling specifically in epithelial cells increases susceptibility to bacterial

superinfection.

(A and B) Influenza virus infected WT and Ifnlrl~ mice (A) or BM chimeric mice (B) were
challenged with 2x10° CFU TIGR4 on day 8 post influenza infection and clinical scores were
measured to determine survival. (C) Influenza virus infected BM chimeric mice were
challenged with 2x10° CFU TIGR4 on day 12 post influenza infection, and CFUs were
measured in spleen and lung tissues taken on day 14 post influenza infection. All data are
representative of at least two independent experiments (n = 4). Data are shown as mean+SEM
and statistical significance was assessed by log-rank (Mantel-Cox) test (A and B, survival) or
Mann—Whitney U test (C). *P<0.05, **P<0.01.
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3.6 Discussion

Here we describe a novel mechanism by which type I and III IFN signalling aggravates
lung pathology during respiratory viral infection. By focusing on the importance of epithelial
repair during the recovery phase of infection, we highlight the potential for both IFN-o/p and
IFN-A in exacerbating influenza disease.

Exogenous in vivo IFN application during respiratory viral disease provides a
reductionist approach to study IFN and ISG kinetics in the context of protective antiviral
immunity versus nonprotective or pathological effects. Here, we show the detrimental effects
of IFN on lung epithelial proliferation by simply extending the time window of IFN signalling
by exogenous treatment into that of mouse infection recovery. Prophylactic type I or III IFN
treatment induces antiviral ISGs in epithelia prior to viral entry (Crotta et al., 2013), thus
severely inhibiting the capacity for viral replication and disease manifestation (Davidson ef al.,
2016; Bradley et al., 2019). However, this is not clinically relevant for the treatment of
respiratory viral disease, only for prophylactic prevention. Regarding treatment administered
post-symptom onset, numerous studies have described the benefits of early IFN-A
administration during murine influenza (Davidson et al., 2016; Galani et al., 2017), and IFN-
o/f treatment in coronavirus (SARS-CoV-1 and MERS-CoV) infection models
(Channappanavar et al., 2016, 2019). The basis for protection is that ISG induction early in the
infection, when viral replication is most prominent, curbs disease progression. Early IFN-a
treatment during influenza was not protective in mice, instead promoting pathogenic
pulmonary inflammation (Davidson et al., 2016), highlighting the targeted antiviral benefits of
[FN-A. In addition, type I IFN administered /ate during the course of infection exacerbated
MERS-CoV infection in mice, promoting similar pathology to that seen in severe influenza,
with enhanced proinflammatory cytokine production and innate cell recruitment in the lung
(Channappanavar et al., 2019). Here, we show that late type I or III IFN treatment inhibited
AT2 cell proliferation, independent to changes in viral burden (Fig. 4), thus, providing
evidence that timing is a critical parameter to consider for exogenous IFN application, which
has relevance for the clinical treatment of respiratory viral disease. Early ISG induction
increases the likelihood of inhibiting viral replication, whilst late treatment bypasses the
important window for inhibiting viral replication, and may exacerbate lung damage further

through disrupting the efficiency of lung repair.
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We additionally examine the effects of endogenously produced type I and III IFN on
lung repair, and how this affects the extent of influenza-induced lung pathology. Through
kinetics comparison between lung epithelial proliferation and IFN production, we were able to
identify a crossover window between lung repair and IFN-induced signalling (Fig. 1 and 2).
By comparing the capacity for lung repair in WT and individual IFN receptor deficient mice
within this window, we found that AT2 cell proliferation was improved in B6 mice that lacked
IFN-A signalling (Fig. 6). Whilst Ifnarl~~ mice also displayed improved AT2 cell proliferation,
we attributed this to dysfunctional IFN-A production in these mice. alFNAR treatment
effectively blocked type I IFN-induced signalling, whilst also maintaining steady state priming
required for IFN production. In this situation, [IFNAR blockade had no effect on lung epithelial
proliferation (Fig. 8). However, we do not exclude a role for endogenously produced type I
IFN in generating lung pathology via disruption of critical lung repair pathways. The
observation that both IFN-o and IFN-f treatment reduced AT2 cell proliferation by signalling
specifically through the epithelium (Fig. 4B) suggests that endogenous type I IFN lacks the in
vivo antiproliferative capacity of type III IFN owing to its the comparably lower amounts
produced (Fig. 3). This is supported by our studies in 129 mice, which provide a murine model
for excessive type I IFN production, and IFN-o/B-driven lung pathology (Davidson et al., 2014).
Late (day 6 to 12 post infection) alFNAR treatment in 129 mice improved AT2 cell
proliferation (Fig. 9). However, this may occur indirectly as a result of reduced type I IFN-
induced lung damage mediated by signalling in immune cells, as described previously by
Davidson et al. Further work studying the effects of IFNAR depletion specifically in the
epithelium of 129 mice would deliver insight into the capability of aberrant endogenous type |
IFN responses in directly disrupting lung repair.

RNA sequencing analysis of the repairing lung epithelium yielded a surprisingly similar
expression profile between WT and Ifnlr]~ mice (Fig. 10). As mentioned earlier, this may be
a result of timing as we performed transcriptomic analysis on the same day as the observed
improvement in proliferation in IFNLR knockout mice (day 8 post infection). We hypothesise
that significant genotypic differences precede phenotypic differences, and this is supported by
the upregulation of proliferation and differentiation pathways in Ifnlrl~~ lung epithelial cells
(Fig. 10C), despite such few significant differentially expressed genes. Findings by our
collaborators in Ivan Zanoni’s, lab published back-to-back with ours, supports this argument
(Major et al., 2020; Broggi et al., 2020). Broggi et al. show a potent downregulation of an IFN

signature in Ifnlr1~" lung epithelial cells and an upregulation of cell proliferation pathways, in
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their model of poly (I:C) induced inflammation and lung damage. Importantly, their expression
profiling was performed at the peak of IFN production, following 6 days of poly (I:C) treatment,
indicating that at our timepoint, influenza virus infection has bypassed the window for
significant gene expression differential.

Interestingly, we also observed a negative impact of IFN-A signalling on AEC
differentiation during lung repair. Influenza virus infection has previously shown to reduce
mucociliary function and bacterial clearance (Pittet et al., 2010). Therefore, direct inhibition
of AEC differentiation by IFN-A-induced signals may provide an additional mechanistic link
underlying the enhanced synergy of bacterial pathogen and respiratory viruses (Brundage,
2006). Indeed, IFNLR deficiency in the non-hematopoietic compartment increased survival in
mice following Streptococcus pneumoniae coinfection (Fig. 13B). This correlates with reduced
bacterial dissemination in local (lung) and distal (spleen) tissue sites (Fig. 13C), indicating the
immunopathological consequences of IFN-A signalling on lung barrier function. We also found
IFN-A enhanced aberrant immune cell and RBC BALF infiltration, indicative of exacerbated
lung damage (Fig. 12). Reduced pulmonary damage in IFNLR deficient mice likely occurs as
a result of an earlier restoration of the epithelial lining, preventing cellular leakage into the air
spaces. Therefore, endogenous IFN-A both prolongs and exacerbates existing damage by
delaying critical lung repair.

In summary, the data presented here highlights a mechanism by which immune signals
can promote disease severity through the inhibition of lung tissue regeneration. In the next

chapter, we utilise reductionist in vitro models to dissect these processes mechanistically.
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Chapter 4. Results 2:
IFN-B and IFN-A most potently disrupt airway epithelial cell

growth via a pS3-dependent mechanism

For the most part, results in this chapter are published, and largely include the expanded in

vitro findings from the following publication:

Major, J., Crotta, S., Llorian, M., McCabe, T.M., Gad, H.H., Priestnall, S.L., Hartmann, R.,
and Wack, A. (2020). Type I and III interferons disrupt lung epithelial repair during recovery

from viral infection. Science 369, 712-717.

4.1 Introduction

As discussed earlier, the growth inhibitory effects of IFNs have largely been studied
using immortalised cell lines following in vitro treatment, in a concerted effort to define their
antitumour potential. This has led to a variety of mechanisms attributed to the antiproliferative
effects induced by IFN signalling. Collective evidence indicates a role for cell cycle arrest
mediated by induction of CKIs (Roos, Leanderson & Lundgren, 1984; Olle Sangfelt, 2000;
Subramaniam & Johnson, 1997; Sangfelt et al., 1999, 1997b), activation of the tumor
suppressor protein RB (Burke, Bybee & Thomas, 1992; Kumar & Atlas, 1992), and
suppression of the cell division promoting transcription factor, c-myc (Einat, Resnitzky &
Kimchi, 1985; Subramaniam & Johnson, 1997). However, many of these studies are correlative
owing to a lack of effective genetic tools to study the individual contribution of host-derived
cell cycle inhibitory proteins. This may in part explain the consistency in overlap between
identified mechanisms. Global cell cycle shut down mediated by upstream regulators can
generate an indirect and aberrant expression of mitotic and antimitotic proteins. In addition,
the expansive ISG and protein-interaction networks induced by IFN adds further complexity
to any attempt at delineating an IFN response (Hubel et al., 2019; Mostafavi et al., 2016;
Schneider, Chevillotte & Rice, 2014).

Few physiological roles have been identified for the growth inhibitory effect of IFNs.
Recent studies by the lab of Serge Fuchs utilised genetic mouse models to identify a role for
IFNAR signalling in coordinating the DNA damage response (DDR) to aberrant cellular

triggers, including telomere shortening (Katlinskaya et al., 2015) and constitutive p-catenin
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signalling (Katlinskaya et al., 2016). In both situations, IFNAR signalling induced a p53/p21
axis and cellular senescence, preventing hyperproliferation of intestinal crypts. As discussed
earlier, type I IFN-induced p53 has been described in regulating responses to stress signals,
including oncogene-induced cell transformation and viral infection (Takaoka et al., 2003).
With regard to antiproliferative function during an infection, it has recently been shown that
type I IFN negatively regulates the proliferation of inflammatory monocytes following
influenza virus infection, again correlating with IFN-induced p53 (Pernet et al., 2019).

Upstream factors important for the induction of growth inhibitory IFN pathways are
better defined than specific molecular mechanisms. Gideon Schreiber’s group studies the
physico-chemical properties of [FN-receptor complexes that govern the stricter requirements
for induction of antiproliferative and proapoptotic pathways, as opposed to antiviral responses.
This is furthered by findings from Sandra Pellegrini’s group, which dissects the negative
regulatory components that control pathway induction. This important work has revealed
regulatory factors required for the induction of growth inhibitory pathway by IFN: prolonged
signalling, requiring days, as opposed to hours for antiviral pathways (Jaitin et al., 2006);
receptor binding affinity and stability of the ternary IFN-receptor complex (Kalie et al., 2007,
2008; Thomas et al., 2011); receptor density (Moraga et al., 2009); and negative feedback
control (Frangois-Newton et al., 2011, 2012). In addition, these kinetic, dynamic, and structural
studies, have revealed an IFN subtype differential coordinating different responses following
receptor binding. IFN-B has a binding affinity approximately 1000-fold greater than that of
IFN-a subtypes (Lavoie et al., 2011), thus, enhancing its ability to induce antiproliferative
responses (Jaitin et al., 2006). This enhanced binding affinity additionally renders IFN-f less
susceptible to USP18-mediated destabilisation of the ternary IFNAR complex (Frangois-
Newton et al., 2012). This also applies to IFN-A, which is unaffected by USP18-mediated
regulation (Frangois-Newton et al., 2011; Blumer et al., 2017).

In the previous chapter, we described a negative impact of prolonged IFN signalling on
epithelial regeneration during recovery from respiratory viral infection. In this chapter, we
sought to delineate a mechanism by which IFNs mediate growth inhibition in respiratory
epithelial cells. In addition, we aimed to compare and contrast the efficacy of IFN-a, IFN-f,
and IFN-A subtypes in impeding AEC growth, to add further clarification to the discrepancies
observed between type I and III IFN in vivo. Here, we use primary AEC cultures derived from
murine tracheal epithelial stem cells. Despite the lack of IFN effects observed on proliferating

airway progenitor cells in vivo, airway stem cells contribute to regeneration of the airways,
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bronchioles, and alveolar epithelium following lung damage (Rock et al., 2009; Kumar et al.,
2011; Vaughan et al., 2015; Zuo et al., 2014; Kathiriya et al., 2020; Zepp & Morrisey, 2019).
By utilising AEC cultures, we sought to combine a reductionist model allowing the study
growth inhibitory responses independent to viral infection, with a physiologically relevant
model for epithelial regeneration, owing to the proliferation and differentiation of primary

AECs.

4.2 IFN-p and IFN-A most potently disrupt primary AEC growth in vitro

Upon plating onto a porous transwell membrane, progenitor basal cells derived from a
mouse trachea proliferate until reaching confluence. Formation of a confluent monolayer
allows us to establish an ALI, which induces basal cell differentiation into multiciliated, club,
and secretory cells (You et al., 2002; Zepp & Morrisey, 2019). Processes of pluripotent stem
cell proliferation and differentiation in AEC cultures encapsulates repair dynamics observed in
the lung and airway epithelium following damage in vivo, and thus provide a useful tool to
study the effects of IFNs on regenerating respiratory epithelial cells.

Similar to IFNs used in vivo, IFNs used for in vitro assays were titrated on AEC cultures
to compare IFN subtypes at equivalent biological potencies (Fig. 14A and B). AEC cultures
seeded at a low density in the presence of IFN-3 or -A were unable to reach confluence, whereas
[FN-a treatment significantly reduced AEC number and the time taken for cultures to reach
confluence (Fig. 15A). To study growth inhibitory effects of IFNs without blocking the
establishment of AEC cultures, we seeded cells at a higher density before treating with IFN for
5 days. All three IFN subtypes delayed the time taken for cultures to reach confluency, and
impaired cell growth, with IFN-B and IFN-A having the most potent effects (Fig. 15B). Growth
inhibitory effects were dependent on the presence of the respective IFN receptor (15C).

To study IFN effects on human epithelial cells, we set up primary human AEC cultures.
Similar to murine IFNs used, human IFN-o, IFN-B and IFN-A were titrated on human AEC
cultures and ISG expression was measured, to determine a conversion factor for equivalent
biological potencies (Fig. 16A and B). Following 5 days of IFN treatment, all three IFN
subtypes reduced human AEC growth, with IFN- and IFN-A treatments resulting in the most
significant reduction (Fig. 16C). Thus, following prolonged IFN treatment at equal biological
dosage, IFN-B and IFN-A most significantly disrupt the growth of primary murine and human
AEC cultures.
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Figure 14. Titration of IFNs used during mouse AEC experiments in vitro for equal subtype

dosage.

(A) Primary murine AEC cultures were treated for 4 hours at indicates concentrations with
[FN-a, IFN-B, and IFN-A subtypes (used for murine in vitro treatment experiments) at the
indicated concentrations. In IFN and mock treated AECs, mRNA expression of indicated ISGs
was assessed by qPCR. (B) Sigmoidal, 4PL, X is log(concentration) dose-response curves were
generated for each IFN subtype, relative to ISG expression at the highest IFN concentration.

(n = 3). Data are shown as mean+SEM.
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Figure 15. Type I and III IFNs disrupt AEC growth.

(A and B) Murine AECs were seeded at a low density (500 cells per transwell) (A) or a high
density (10* cells per transwell) (B), and 24 hours post plating were treated for 5 days with
equivalent IFN dosages (600 U/ml IFN-a, 1000 U/ml IFN-f, and 5 ng/ml IFN-A). Confluence
was determined by measuring transepithelial electrical resistance (TEER; >1000Q = confluent
cultures). (C) WT, Ifnarl ™", Ifnlrl™", and Ifnarl ™ Ifnlr1~" (double-receptor knockout) AECs
were seeded at 10* cells per transwell and cell numbers were counted following 5 days of IFN
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treatment. All data are representative of at least four independent experiments (n = 3-9). Data
are shown as mean+SEM and statistical significance was assessed by one-way (A and B) or
two-way (C) ANOVA with Dunnett’s post-test. ns, not significant (P>0.05); *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.
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Figure 16. Type I and III IFNs disrupt the growth of primary human AEC cultures.

(A) Primary human AEC cultures (normal human bronchial epithelial cells) were treated for 4
hours at indicates concentrations with h-IFN-o, h-IFN-B, and h-IFN-A subtypes (used for
human. AEC in vitro experiments) at the indicated concentrations. In IFN and mock treated
AECs, mRNA expression of indicated ISGs was assessed by qPCR. (B) Sigmoidal, 4PL, X is
log(concentration) dose-response curves were generated for each IFN subtype, relative to ISG
expression at the highest IFN concentration. (n = 3). (C) Primary human AECs were with
treated with IFN for 5 days and cells were counted. All data are representative of at least two
independent experiments. Data are shown as mean+SEM and statistical significance was
assessed by one-way ANOVA with Dunnett’s post-test. *P<0.05, **P<0.01.
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4.3 IFNs mediate disruption of AEC growth via blocking of cell cycle

progression

[FNs are known inducers of proapoptotic and antiproliferative mediators which disrupt
cellular growth (Parker, Rautela & Hertzog, 2016). To measure apoptosis and effects on cell
cycle, we analysed murine AEC cultures treated with IFNs for 5 days by flow cytometry.
Consistent with the observed reduction in cell number, IFN- or -A treatment resulted in a
significant increase in the frequency of apoptotic or necrotic cells (Annexin V*/TO-PRO-3")
(Fig. 17A and B). We also observed a greater than 50% reduction in the number of actively
proliferating cells, as measured by incorporation of the thymidine analogue EdU. By contrast,
IFN-a treatment had only a modest effect (Fig. 18A and B). These findings were confirmed by
measuring CFSE dilution (Fig. 18C and D, left panels). Interestingly, IFN-mediated
antiproliferative effects were only observed in highly proliferative AEC cultures, as treating
established cultures (days 7 to 12 post ALI exposure) that have a substantially reduced rate of
turnover (approximately 20% in untreated controls) had no effect (Fig. 18C and D, right panels).
Consistently, IFN treatment on established AEC cultures had no effect on cell number (Fig.
18E). Thus, IFNs appear to actively disrupt cell cycle progression without killing quiescent
cells. Therefore, the increase in apoptosis observed may occur as a result of failed progression

through the cell cycle following IFN treatment, as seen previously (Subramaniam et al., 1998).

107



Chapter 4 Results

A B 50 .
(i')/_\40 *kk
X
o3 1
a €
Se 30
™ 1w E.GZ_..) ns
o c® 200 " |
o o < 0
< 2
F_) - é"v 10
Annexin V
0

Figure 17. IFNs induce apoptosis in regenerating murine AECs.

AECs were treated for 5 days with IFN subtypes or media control and the frequency of
apoptotic or necrotic AECs (Annexin-V TO-PRO-3") were assessed by flow cytometry. All
data are representative of at least three independent experiments (n = 3). Data are shown as
mean+=SEM and statistical significance was assessed by one-way ANOVA with Dunnett’s
post-test. ns, not significant (P>0.05); *P<0.05, ***P<0.001.
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Figure 18. IFN-p and IFN-A disrupt cell proliferation in regenerating AECs.

(A and B) Murine AECs were treated for 5 days with IFN subtypes or media control, and
proliferation was quantified by measuring incorporation of the thymidine analogue EdU in
diving cells. (C to E) Proliferating AECs were treated with IFNs from day —2 to +3 ALI
exposure, and established AECs were treated with I[FNs from day 7 to 12 ALI exposure. AECs
were labelled with CFSE for the final 24 hours of culture, and proliferation was measured by
quantifying CFSE dilution by flow cytometry. All data are representative of at least four
independent experiments (n = 3—6). Data are shown as mean+SEM and statistical significance
was assessed by one-way ANOVA with Dunnett’s post-test. ns, not significant (P>0.05);
**P<0.01, ***P<0.001, ****P<0.0001.
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4.4 IFN-A disrupts AEC differentiation and multiciliogenesis

In vivo, we observed that IFN-A signalling interferes with multiciliogenesis pathways
and reduces the capacity for basal cell differentiation in conducting airways during epithelial
repair after influenza virus infection (Fig. 10 and 11). To compare IFN-a, IFN-B, and IFN-A
subtypes in their ability to affect AEC differentiation specifically, we initiated IFN treatment
later during the course of AEC growth throughout exposure to an ALI—the time in which AEC
differentiation is induced (Fig. 19A)—and measured expression of genes related to epithelial
cell differentiation. Expression of the basal cell marker Kr#5 remained unchanged, or increased
by IFN-A treatment, suggesting maintenance of stemness (Fig. 19B). IFN-f treatment, and to a
greater extent IFN-A treatment, significantly reduced the expression of genes pertaining to
multiciliated (Mcidas, Ccno) and secretory cell (Muc5AC, Scbilal) differentiation (Fig. 19C).
We also observed a significant reduction in the number of ciliated cells in AEC cultures
(acetylated a-tubulin®) following IFN-A treatment, but not with IFN-a or IFN-f (Fig. 19D and
E). Thus, only IFN-A reduces induction of genes important for AEC multiciliogenesis to an
extent that effectively blocks the differentiation of multiciliated cells. Similar to observed IFN-
inducible antiproliferative effects, these results collectively show that IFN-A most potently

disrupts AEC differentiation.
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Figure 19. IFN-A impairs AEC differentiation and the development of multiciliated cells.

(A) Schematic diagram for IFN treatment during murine AEC differentiation in ALI exposure.
(B to E) AECs were treated for 6 days during ALI exposure (B and C) mRNA expression of
indicated epithelial cell markers were determined by qPCR, and (D and E) multiciliated cells
were measured by immunofluorescence staining of acetylated a-tubulin. Whole transwell
membrane scans are shown. Scale bar represents 1 mm. All data are representative of at least
three independent experiments (n = 3). Data are shown as meantSEM and statistical
significance was assessed by two-way ANOVA with Dunnett’s post-test (B and C) or one-way
ANOVA with Dunnett’s post-test. ns, not significant (P>0.05); *P<0.05, ***P<0.001,
*x%% P<0.0001.
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4.5 Prolonged IFN signalling induces antiproliferative and proapoptotic

pathways in regenerating AECs

To understand how IFN signalling disrupts AEC growth, we performed RNA
sequencing on IFN-treated AEC cultures (bioinformatics analyses were performed by Miriam
Llorian Sopena, Francis Crick Institute). AEC cultures were treated with IFN subtypes for: 4
hours; 2 days; 3 days; or 5 days (Fig. 20A). 4-hours of IFN treatment resulted in similar
differential gene expression, confirming equal subtype dosage based on previous titrations (Fig.
14A and B). Principal component analysis (PCA) clustered 4-hour IFN treated samples
together regardless of subtype away from their respective mock on principal component 1
(PC1) (Fig. 20C). This is consistent with previous findings, which show that ISGs are induced
rapidly following I[FN-receptor binding (Sadler & Williams, 2008; Wack, Terczynska-Dyla &
Hartmann, 2015). Using GeneSpring, we analysed differentially expressed genes contributing
to the variance on PC1 and PC2 by gene ontology (GO) analysis. We confirmed that genes
contributing to the variance on PC1 (46% of total variance) are involved in IFN signalling
pathways (Fig. 20D, upper table). Notably, untreated AEC control samples clustered depending
on the length of culture growth and ALI exposure along PC2 (35% of total variance) (Fig. 20C).
GO analysis confirmed genes underlying this variance are involved in pathways of epithelial
cell development and differentiation (Fig. 20D). It is also important to note, that 4-hour and 5-
day IFN treated cultures shared the same experiment endpoint, and therefore share the same
untreated controls (Fig. 20A and C).

AECs were also treated for 2, 3, or 5 days to understand the effects of prolonged IFN
treatment in growing AEC cultures (Fig. 20A). 5 days of IFN-f or IFN-A treatment clustered
samples away from corresponding untreated controls on both PC1 and PC2, indicating
maintained ISG induction (PC1) and a block of AEC proliferation and development (PC2) (Fig.
20C). Conversely, the response induced by IFN-a was significantly reduced after just 2 days
of treatment, consistent with previously reported findings (Klinkhammer et al., 2018). Factors
that determine the antiproliferative differential of IFN subtypes include: ligand-receptor
binding affinity, length of stimulation, receptor density, and negative feedback control,
resulting in stronger and more sustained gene induction following treatment with IFN-f and
IFN-A subtypes (Jaitin et al., 2006; Moraga et al., 2009; Schreiber, 2017; Francois-Newton et
al., 2011, 2012; Schreiber & Piehler, 2015).
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Ingenuity pathway analysis (IPA) of differentially expressed genes following
prolonged IFN treatment (2, 3, and 5 days) revealed induction of pathways regulating cell cycle
and cell death following prolonged IFN treatment, most significantly induced by IFN-A across
all timepoints (Fig. 21A). Predicted upstream transcriptional regulators identified typical
regulators of IFN function, including interferon regulatory factors (IRFs) and signal transducer
and activator of transcription (STAT) proteins, in addition to regulators of cell cycle (Fig. 21B).
We identified the tumour suppressor protein p53 as a top candidate regulating IFN-inducible
antiproliferative effects, owing to its significant predicted activity following prolonged IFN-3
and -A treatment in AECs (Fig. 3D). p53 has previously been shown to directly regulate IFN-
o/B antitumour responses (Takaoka et al., 2003). GSEA identified IFN-mediated induction of
the p53 pathway (Fig. 21C), and we identified induction of p53-regulated downstream targets
in expression data (Fig. 21D).
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Multicellular organism development 2.36E-13 G0:0007275
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Figure 20. Type I and III IFNs activate antiproliferative and cell death pathways in

regenerating AECs.

(A) Schematic diagram for IFN treatment of murine AECs (4 hours, 2 days, 3 days, and 5 day)
for RNA sequencing analysis. (B) Heatmap for differentially expressed genes in AECs (one-
way ANOVA with Benjamini—-Hochberg correction, P<0.05) following 4 hours of IFN
treatment, relative to untreated controls. (C) PCA plot of IFN and control treated AECs. (D)
Gene ontology analysis (GeneSpring) of the genes contributing to variance in PC1 and PC2.
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4.6 1FNs block AEC proliferation and differentiation via induction of p53-

mediated downstream pathways

To confirm the role of p53 in IFN-inducible antiproliferative effects, we utilized
Tp537"~ AEC cultures. IFN treatment had no effect on 7p537~ AEC number or proliferation
following IFN treatment (Fig. 22A and B), and IFN-A had a much-reduced negative effect on
multiciliogenesis in differentiating 7p53~ cultures, compared to its effect on WT and Tp53*~
cultures (Fig. 22C). In addition, IFN-mediated induction of antiproliferative downstream p53
target genes Gadd45g and Dusp5 (Smith et al., 1994; Ueda, Arakawa & Nakamura, 2003) was
p53-dependent, as IFNs had no such effect in 7p537~ AEC cultures (Fig. 22D).

We next examined whether IFNs regulate p53 activity in epithelial cells during lung
repair in vivo. To study specific effects of type I and III IFN specifically in the lung epithelium,
we once again generated Ifnarl”~— WT BM chimeric mice treatment, or depleted neutrophils
in WT mice with anti-Ly6G, respectively. In agreement with in vitro observations, IFN- and
[FN-A, but not IFN-a, significantly upregulated p53 expression in repairing lung epithelial cells
(Fig. 22E and F). Thus, IFN-f and -A mediate antiproliferative effects in AECs via induction
of p53. Additionally, our RNA-seq analyses confirm the potent antiproliferative activity of
IFN-A, compared to type I IFN subtypes.
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Figure 21. IFN-P and IFN-A activate p53-mediated signalling pathways.

(A) Differentially expressed genes following prolonged IFN treatment (2, 3, and 5 days) were
analysed using Ingenuity Pathway Analysis (IPA) for Canonical Pathway induction. Heatmap
of comparisons between IFN treatment and the respective mock at each time point (fold
change>1.5, one-way ANOVA with Benjamini-Hochberg correction, P<0.05). (B) IPA
generated predicted upstream transcriptional regulators in prolonged IFN treated cultures
(relative to the respective mock). (C) GSEA plots of 5-day IFN treated cultures relative to
mock. (D) Transcripts per million (TPM) values for indicated p53-related genes following 5
days of IFN treatment. Data are shown as mean+SEM and statistical significance was assessed
by two-way ANOVA with Dunnett’s post-test (n = 3). ns, not significant (P>0.05); *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.
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Figure 22. AEC growth inhibition mediated by IFNs is pS3-dependent.

(A to D) Tp53*" and Tp53~ murine AEC cultures were treated for 5 days with IFN and cell
numbers (A), proliferation determined by CFSE dilution (B), acetylated o-tubulint+
multiciliated cells (also 7p53*") (C), and p53-related gene expression (D) were measured. (E
and F) Influenza virus infected Ifnarl~~=>WT BM chimeric mice (E) and aLy6G treated mice
(for neutrophil depletion) (F) were treated with IFNs every 24 hours from days 6 to 10 post
infection. AT2 cells (EpCam"MHCII*'CD49f°") were analysed for p53 mean fluorescence
intensity (MFI) on day 11 post infection by flow cytometry. All data are representative of at
least two independent experiments (n = 3-5). Data are shown as mean+=SEM and statistical
significance was assessed by two-way (A to D) or one-way (E) ANOVA with Dunnett’s post-
test, or unpaired two-tailed Student’s ¢ test (F). ns, not significant (P>0.05); *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.
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4.”7 Discussion

By studying the responses of IFN-a, IFN-B, and IFN-A subtypes at equal biological
potencies, we identified the enhanced potential of IFN- and IFN-A subtypes, compared to [FN-
o, in impairing the growth of regenerating primary AECs. Comprehensive transcriptomic
analysis following short and prolonged IFN treatments in AEC cultures revealed a markedly
enhanced prolongation of signal induction primarily following IFN-A treatment, but also IFN-
B (Fig. 20 and 21). We believe this is best defined by the PCA, which clearly shows a marked
differential in the profiles of prolonged IFN-a treated AECs, despite the similar effect of all
three IFN subtypes after a 4-hour treatment (Fig. 20C). GO analysis confirmed the sustained
activation of IFN pathways only following prolonged IFN-B or IFN-A treatment, which
coincided with a failure of these cells in continuing with proper epithelial
development/regeneration (Fig. 20D). This was further made evident by pathway analysis of
expression data, which highlighted the exceptional antiproliferative capacity of IFN-A in
particular at inducing antiproliferative and cell death pathways, even after following only 2
days of IFN treatment (Fig. 21C). It is important to note, that this data was collected using
primary AEC cultures derived from trachea progenitor cells. To provide additional cross-
comparisons with in vivo findings, it would be interesting to repeat kinetic and mechanistic
studies performed here on primary alveolar organoid cultures.

Mechanistically, we identified the tumour suppressor protein p53 as a downstream
regulator of IFN-induced antiproliferative effects. In primary AECs, we observed no difference
between WT and Tp537 cultures in expression of downstream effector genes (including
Gadd45g and Dusp5) (Fig. 22D), indicating that these p53 pathways are inactive in AECs
under normal conditions. In the first publication reporting p53 induction by type I IFN, it was
additionally shown that p53 activation and induction of growth inhibitory pathways following
IFN treatment (but not direct-induction of p53 mRNA and protein) only occurred in virally
infected MEFs, not following IFN-B treatment alone in normal growing MEFs (Takaoka et al.,
2003). These findings are in contradiction to our observations, as we show that IFN-dependent
pS3-dependent growth inhibitory effects occur following treatment of normal growing primary
AECs (Fig. 15, 16, and 22), independently from viral infection. This discrepancy is likely due
to the differing IFN treatment lengths, with our observations recorded following a prolonged
5-day treatment, as opposed to 4 hours in MEFs (Takaoka et al., 2003). It is also important to

note that we did not measure p53 activation or protein induction in vitro, only pathway
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activation and expression of downstream regulators (Fig. 21), so we cannot be sure of the
dynamics of IFN-regulated p53 activity in our system.

Nonetheless, despite Takaoka et al. not measuring the effects in normal cells following
prolonged IFN treatment, their findings and discussion raise an important point regarding IFN-
mediated induction of growth inhibitory pathways: IFN-dependent p53 growth inhibitory
responses (and possibly p53-independent growth inhibitory responses) are enhanced by stress
signals, such as those induced by viral infection or tumorigenesis. This suggests that signal
interplay provides an additional regulatory layer for potent induction of these pathways. A
requirement may exist for a prolonged IFN stimulus (Jaitin et al., 2006) in addition to signals
induced by cellular stress, for instance following viral infection, tissue damage, or
tumorigenesis. Selective pressures would arguably promote this, to only allow proper
activation of these potentially harmful pathways in certain contexts. It would be interesting to
measure whether the antiproliferative effects of [FNs in our in vitro AEC system would be
augmented following influenza virus infection. Conversely, our in vivo findings may be
dampened in a sterile model of lung damage. We also found that IFNs lack growth inhibitory
function in less-proliferative, fully-established AEC cultures, even after a 5-day treatment (Fig.
18C to E). Therefore, we speculate that these pathways are most/only effective during active
cell division, and also that in our system, induction of apoptosis occurs following a failure of
cell cycle progression.

Consistent with our findings, type I IFN treatment induces rapid yet short-lived ISG
induction, whereas IFN-A induces a delayed but sustained response (Bolen et al., 2014;
Dellgren et al., 2009; Dickensheets et al., 2013; Egli et al., 2014; Forero et al., 2019). Differing
kinetics are explained, at least in part, by the degree of negative regulation at the receptor level.
IFN-induced USP18 desensitises the response to further IFN-a treatment, but not IFN-§ or
IFN-A (Frangois-Newton et al., 2011). It is thought that USP18 destabilises weak IFN-a-
IFNAR binding, whilst IFN-§ and IFN-A are unaffected due to tight receptor binding and lack
of a negative regulatory effect, respectively (Blumer et al., 2017; Frangois-Newton et al., 2012).
In agreement, I[FN-A induces prolonged STAT1 and STAT2 phosphorylation relative to IFN-
a, enabling maintained ISG expression (Maher 2008). This likely is responsible for the reduced
induction of growth inhibitory pathways by IFN-a in vitro, including p53-dependent pathways,
as well as p53 induction in repairing AT2 cells in vivo (Fig. 21 and 22). Activation of
antiproliferative pathways by IFN is thought be done in a transcription-dependent manner,

requiring ISGF3 components IRF9 (Tsuno ef al., 2009) and transcriptionally active STATI

118



Chapter 4 Results

(Chin et al., 1996; Bromberg et al., 1996). In addition, IRF9 is essential for IFN-dependent p53
induction, and an anti-STAT2 ChIP confirmed ISGF3 binding to 7p53 ISRE sequences
following IFN-f treatment in MEFs (Takaoka et al., 2003).

In agreement with our in vitro observations, we found that IFN-f and IFN-A, but not
IFN-a, signalling specifically in the epithelium induced p53 expression in proliferating AT2
cells in vivo during influenza recovery (Fig. 22E and F). Interestingly, pS3 has been shown to
activate IFN-mediated antiviral immunity following Sendai virus infection in vivo, through
transcriptional upregulation of IRF9 (Mufioz-Fontela et al., 2008). In a follow-up study by the
same group, it was shown that p53 deficient mice had increased viral titres and susceptibility
to influenza virus infection compared to WT controls, attributed to impaired IFN and T cell
driven antiviral protection (Munoz-Fontela et al., 2011). This suggests a feed-forward loop
driven by IFN and p53 interplay to promote antiviral immunity early during protection.
However, our findings suggest elongation of this interplay into the window of lung repair may
exacerbate lung pathology. To directly link IFN-induced p53 to inhibition of lung repair in
vivo in our model, it would be interesting to inhibit p53 in WT and IfnlrI~'~ mice during the
recovery phase of infection, to study effects on lung regeneration independent to p53-
dependent antiviral functions.

In contradiction with our findings here, an emerging body of literature outlines a role
for IFN-A in promoting barrier integrity. These are independent to the well-known indirect
barrier integrity promoting effects as a result of antiviral protection (Broggi, Granucci &
Zanoni, 2020). Regarding direct effects in intestinal epithelial cells, IFN-A treatment in vitro
was shown to enhance barrier integrity, measured by TEER (Odendall, Voak & Kagan, 2017),
and promote intestinal organoid proliferation (Chiriac et al., 2017). In addition, type I (Daniels
etal.,2014; Kraus et al., 2008) and III (Lazear et al., 2015) IFN enhances the barrier resistance
in primary brain microvasculature endothelial cell cultures, which is thought to provide
protection against neuroinvasive West Nile virus in vivo (Lazear et al., 2015). Mechanistically,
it is thought that a short-term IFN stimulus promotes the expression of tight junction proteins
(Daniels et al., 2014). These inconsistencies with our data are again likely explained by the
differing lengths of IFN treatment used, with all studies indicated studying the effects of IFN
following a maximal 24-hour treatment, with most observing effects within the first 4 hours.
In addition, low Ifnlrl expression on endothelial cells (Lazear et al., 2015) might reduce the

capacity for the induction of growth inhibitory pathways, which are dependent on high receptor
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density and a strong stimulus (Moraga et al., 2009; Kalie et al., 2007, 2008; Thomas et al.,
2011).

An additional type I and III IFN subtype differential has been observed with regard to
the induction of proinflammatory chemokines, such as CXCL10. RNA sequencing analysis
revealed comparable antiviral ISG induction in IFN-a and IFN-A treated neutrophils, yet IFN-
o uniquely drove the expression of various proinflammatory chemokines (Galani et al., 2017).
This was corroborated by an independent group, which suggested that the enhanced ability of
type I IFNs to promote proinflammatory gene expression was due to increased expression or
IRF1 (Forero et al., 2019). These findings suggest a molecular mechanism for the promotion
of proinflammatory IFN-o/f responses (Davidson et al., 2014, 2016; Galani et al., 2017), in
addition to immunomodulation via ubiquitous IFNAR signalling. However, whilst the
differential was clear in transformed human hepatocytes, attributed to a reduced expression of
Ifnlrl (Forero et al., 2019), findings in intestinal epithelial cells (Forero et al., 2019) and
neutrophils (Galani et al., 2017) were observed using uncontrolled IFN concentrations, and
only following a 24-hour treatment. It would be interesting to observe whether the enhanced
proinflammatory chemokine induction following type I IFN treatment persisted after a longer
stimulus, as we observe for IFN-A-mediated activation of antiproliferative pathways. IFN-A has
also recently been shown to suppress intestinal inflammation by non-translational regulation,
through Jak2-dependent ROS inhibition (Broggi et al., 2017). However, this pathway operates
independent to the activity of STAT proteins, and therefore is unlikely to regulate IFN-
antiproliferative function, which is STAT1-dependent (Chin et al., 1996; Bromberg et al.,
1996).

Finally, we show in this chapter the effects of IFN signalling on AEC differentiation,
using our in vitro primary AEC culture system. Consistent with the improvement in airway cell
differentiation during lung repair in Ifnlrl1~~ mice (Fig. 11), IFN-A treatment during exposure
to ALI suppressed genes important in multiciliogenesis and secretory cell differentiation (Fig.
19C), which corresponds with a reduction in the proportion of multiciliated cells (Fig. 19D).
Inhibition of multiciliogenesis by IFN-A signalling was partially rescued in Tp53~7~ AEC
cultures (Fig. 19C). Antiproliferative effects exerted by IFN-A signalling may indirectly disrupt
multiciliogenesis by reducing progenitor cell numbers, which give rise to multiciliated cells
(Rock et al., 2009). In contradiction to this, is the increased expression of basal cell marker
Krt5, inverse to the decrease in ciliated cell markers (Fig. 22B and C). This suggests an IFN-

induced maintenance of stemness in progenitors. In addition, IFN treatments were administered

120



Chapter 4 Results

late during the AEC culture lifespan for differentiation experiments (days 2 to 8 post ALI onset),
when growth inhibitory effects are less potent (Fig. 22C to E). An alternative indirect
mechanism is through p53-dependent modulation of cell cycle regulatory proteins independent
to growth inhibition. Development of multiciliated cells requires a tight coordination of mitotic
proteins to allow cell cycle exit and centriole amplification to produce cilia-supporting basal
bodies (Quarmby & Parker, 2005; Al Jord et al., 2017). p53 distortion of mitotic regulatory
proteins, for instance CDKs and CKIs, may disrupt the strict cellular requirements for
multiciliogenesis.

In chapters 3 and 4, we describe a mechanism by which IFNs exacerbate influenza lung
pathology through the induction of signals specifically in epithelial cells, which consequently,
are detrimental for lung tissue regeneration. In the following and final results chapter of this
thesis, we explore the relationship between IFN and the aryl hydrocarbon receptor, specifically

in the context of influenza disease tolerance.
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Chapter 5. Results 3:
Constitutive aryl hydrocarbon receptor signalling promotes

disease tolerance following influenza virus infection
5.1 Introduction

Disease outcome following respiratory virus infection is dependent on host antiviral
resistance and disease tolerance. For the latter, tolerating the response to an infection serves as
a host defence strategy to prevent tissue damage, independently from anti-pathogen
mechanisms. Failure to establish disease tolerance can have detrimental consequences for the
host, including immunopathology and resultant tissue damage. This is reflected by reported
inconsistencies in the correlation (or lack thereof) between viral load and disease severity,
including influenza and COVID-19 patients (Granados et al, 2017; Gorini da Veiga,
Kretzmann & Correa, 2012; Zheng et al., 2020; To et al., 2020; Lavezzo et al., 2020). The fact
that some individuals experience severe disease independently of excessive viral replication
indicates alternate mechanisms that compromise host fitness, such as immunopathology or
comorbidities.

The AHR coordinates a variety of host responses following environmental and
endogenous ligand sensing. This includes prominent immunological functions (Stockinger et
al., 2014), with recent evidence highlighting a role for the AHR in balancing proinflammatory
cytokine responses and promoting disease tolerance (Kimura ef al., 2009; Rothhammer et al.,
2018; Bessede et al., 2014; Shinde et al., 2018). AHR functions are well characterised in the
intestine, owing to a rich source of natural AHR ligands derived from microbial and dietary
compounds, including tryptophan metabolites (Rothhammer & Quintana, 2019). In particular,
AHR responds to physiological ligands to induce production of IL-22 in immune cells, thus
promoting barrier resistance and protection in response to intestinal pathogen (Qiu et al., 2012;
Kiss et al., 2011; Basu et al., 2012).

Owing to wide expression in the immune system and barrier epithelial surfaces,
including the lung (Frericks, Meissner & Esser, 2007), the AHR is optimally positioned to
balance immunological and proinflammatory pathways initiated following influenza virus
infection. However, AHR-influenza studies have thus far have largely been focused on
characterising responses to the particularly toxic xenobiotic, TCDD, also known as dioxin

(Head & Lawrence, 2009), which essentially binds the AHR irreversibly (Bradfield, Kende &
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Poland, 1988). As discussed earlier, TCDD significantly increases influenza susceptibility in
mice, characterised by excessive immunopathology, tissue damage, and pulmonary
neutrophilia (Vorderstrasse, Bohn & Lawrence, 2003; Luebke et al., 2002). An important study
recently identified a physiological role for the AHR in negatively regulating IFN responses
following viral infection (Yamada et al., 2016). However, the importance of endogenous AHR
activity in influenza responses is not well understood. Microbial, dietary, and tryptophan-
related metabolic signals, have all been shown to alter influenza disease outcome (Abt et al.,
2012; Steed et al., 2017; Bradley et al., 2019; Trompette et al., 2018; Goldberg et al., 2019;
Gaelings et al., 2016; Fox et al., 2013). Therefore, it is possible that these natural AHR ligand-
rich sources also influence influenza responses in an AHR-dependent manner.

Here, we sought to understand the role natural AHR ligands play in lung AHR function,
specifically following influenza virus infection. Given the toxic effects induced by TCDD in
an AHR-dependent, and importantly, -independent manner (Bunger et al., 2003; Park et al.,
2005; Tijet et al., 2006; Patel et al., 2009), we wanted to examine the effects of constitutive
AHR activation by endogenously sourced physiological ligands. AHR ligand-binding triggers
the induction of CYP family enzymes and their ligand-metabolising effects. This effectively
results in autoregulatory feedback via the depletion of natural AHR ligands (Stockinger et al.,
2014; Tto et al., 2007). We therefore amplified endogenous AHR signals using mice deficient
for the three AHR-regulated CYP family enzymes: CYP1A1, CYP1A2, and CYP1B1, termed
CypI”~ mice (Dragin et al., 2008). Using CypI~~ mice, we aimed to study the effects of
prolonged AHR activation by natural ligands on host immunity following influenza virus
infection. Owing to the barrier promoting and anti-inflammatory effects attributed to
physiological AHR function, we hypothesised that constitutive activation will promote disease
tolerance, thus reducing pulmonary inflammation and tissue damage. This includes examining
AHR-dependent effects on both IFN-dependent and IFN-independent immunopathology,
including pathogenic immunomodulation (Davidson et al., 2014; Channappanavar et al., 2016),

and epithelial-specific consequences on lung epithelial repair (as outlined in chapters 3 and 4).
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5.2 AHR activation regulates innate antiviral responses in AECs

Initially, we aimed to understand whether AHR activation by endogenous ligands
regulates immune signalling processes in the respiratory epithelium. We therefore employed
whole genome expression analysis on steady-state WT and Ahr’~ AEC cultures
(bioinformatics analyses were performed by Probir Chakravarty, Francis Crick Institute).
GSEA revealed Ahr”’~ AECs had increased expression of immune system and interferon
signalling pathways (Fig. 23), indicating basal AHR functions in regulating innate antiviral
responses in respiratory epithelial cells. Therefore, we speculated that treating AEC cultures
with AHR agonists would augment endogenous AHR functions involved in innate responses
to viral infection. It has previously been reported that AHR activation in MEFs by the
tryptophan metabolites, FICZ and Kyn, suppresses IFN-3 production following viral infection
(Yamada et al., 2016). To study effects in AECs, we treated control or influenza virus infected
cultures with either the cancerogenic aromatic hydrocarbon, 3-MC, or the endogenous ligand
FICZ. Both 3-MC (Fig. 24A) and FICZ (Fig. 24B) treatment strongly upregulated expression
of the AHR target gene Cyplal (Fig. 24A and B, left panel). AHR activation resulted in a
reduction of type I IFN (IFN-a and IFN-$3) and IL-6 mRNA expression, but not type III IFNs
(IFN-A) (Fig. 24A and B). Therefore, AHR activation in AECs by either xenobiotics or
physiological ligands suppresses IFN and proinflammatory cytokine production following

influenza virus infection.

124



Chapter 5. Results

Immune system Interferon signalling
0.15 FDR q value: 0.00 FDR q value: 0.00
NES: 4.98 020 NES: 2.93
0.10 P value: 0.00 0.15 P value: 0.00
0.05 0.10
0.00¢ - - 0.05
0.00 ¢ Ny
-0.05
-0.05
N ”|||“|H|“|H|H ‘lH‘lml‘l‘Im ‘ H ‘”H‘ H“ H ‘ ‘ |H ‘ H HH‘
.““ HM [ I l‘m W HH i I IW
Ahr'- WT Ahr'- WT

Figure 23. AHR regulates IFN and immune signalling pathways in steady state AEC cultures.

GSEA plots of RNA sequencing datasets from WT or Ahr—/— murine fully differentiated (+day
8 ALI) AEC cultures (n = 3).
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Figure 24. AHR agonist treatment suppresses IFN and IL-6 responses in influenza virus

infected AECs.

(A and B) Fully differentiated (day 8 ALI) WT AECs were treated with AHR agonists 250 nM
FICZ (A) or 1 uM 3-MC (B) 24 hours prior to influenza virus infection (PR8 10* MOI). RNA
was collected 48 hours post infection, and mRNA expression of the indicated genes were
measured by qPCR. All data are representative of at least two independent experiments (n =
3). Data are shown as mean+SEM and statistical significance was assessed by two-way
ANOVA with Sidak’s post-test. ns, not significant (P>0.05); **P<0.01, ***P<0.001,
ke p<0.0001.
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5.3 Increased endogenous ligand availability as a model to study functions

of AHR in the lung

AHR functions during respiratory viral infections have mainly been studied following
TCDD treatment in influenza virus infected mice. We therefore utilised CYP1 deficient AECs
to augment natural ligand availability, with the aim of enhancing physiological AHR functions.
CypI™"~ AEC cultures had increased expression of the AHR target gene Tiparp both in mock
and influenza virus infected cultures (Fig. 25A). Consistently, Ah7~ AECs had reduced Tiparp
expression compared to WT cultures following influenza virus infection, suggesting that AHR
functions at a basal level in WT AECs (Fig. 25A). Similar findings were observed in the naive
whole lung, with decreased expression of the AHR target gene Ahrr in Ahr” mice (although
not significant), and a significant increase in Cyp/~~ mice (Fig. 25B). Therefore, increasing
the availability of natural AHR ligands provides us with a tool to study the effects of enhanced
AHR activity in AECs, and in the lung in vivo.

A B
Airway epithelial cell cultures Naive whole lung
1007 dekkk fpaiiy 1007 Fkkk
- SR 1 "o o WT
h ns o = 1077
Q — T ns e Ahr+-
RS % g 2
g 10 & T 1010 2 o Cypt™
g % e s L)
s <
10°% %
)
1072 ‘ ‘ 104
Mock 1AV

Figure 25. Endogenous ligands regulate AHR activity in AECs in vitro and in the lung in vivo.

Total RNA was isolated from WT, 4k, and CypI™~ (A) fully differentiated (day 8 ALI)
murine AEC cultures and (B) naive whole lung, and mRNA expression of the indicated genes
were measured by qPCR. All data are representative of at least three independent experiments
(n=3-6). Data are shown as mean+SEM and statistical significance was assessed by two-way
ANOVA with Tukey’s post-test. ns, not significant (P>0.05); **P<0.01, ****P<0.0001.
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5.4 Suppressed IFN production in Cypl™ mice correlates with reduced
lung damage and dampened inflammation during influenza virus

infection

To understand if increased natural AHR ligand availability affects IFN production in
vivo, we infected WT and Cypl™~ mice with the influenza virus strain X31, and measured
cytokine concentrations in the BALF days 2 to 6 post infection. Consistent with previous
findings (Yamada et al., 2016) and our in vitro observations in AECs, CypI~~ mice had
decreased type I and III IFN levels in BALF on day 2 post infection, however this difference
did not persist throughout the course of infection (Fig. 26A). Similar to IFN concentrations,
IL-6 was also decreased in the BALF of CypI~~ mice on day 2 post infection (Fig. 26A).
Consistently, A4~ mice had increased type I and III IFN, and IL-6, on day 2 post influenza
virus infection (Fig. 26B).

To understand whether increasing AHR ligand availability affects influenza disease
severity, we measured the extent of lung damage in WT and Cyp/™ mice on day 6 post
infection. CypI”~ mice had a significant reduction in the total cell number, lactate
dehydrogenase (LDH), and serum albumin in BALF (Fig. 27A). We also observed a reduction
in Evan’s blue extravasation in the lungs of Cypl~" mice, indicating reduced vascular leakage
and epithelial damage (Fig. 27B). Consistently, CypI~'~ mice had a marked reduction of RBCs
in the BALF (Fig. 27C). Histopathological analysis of H&E stained lung sections revealed a
significantly reduced pulmonary immune cell infiltrate dispersed in lung tissues (Fig. 27D)
(histopathology scorings were determined by Simon Priestnall and Alejandro Suarez-Bonnet,
Francis Crick Institute). To confirm these observations, we measured total lung cell number
throughout the course of influenza virus infection as an indicator of pulmonary inflammation.
Whilst the total lung cell number of WT mice increased by more than 100% over the course of
the infection (approximately 1.1x107 cells), CypI~'~ mice had no increase (Fig. 27E). Reduced
lung damage and inflammation correlates with improved protection, as Cypl~~ mice had
reduced weight loss and mortality following influenza virus infection (Fig. 27F). Overall, these
data show that amplifying AHR signalling through expanded natural ligand availability
suppresses the production of IFNs and proinflammatory cytokines (IL-6). This correlates with
reduced barrier tissue damage, and improved survival following influenza virus infection.

To understand whether the increased protection in Cyp/ ™~ mice occurs as a result of

improved antiviral function, we measured expression of the influenza virus matrix (M) gene
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expression. However, we observed no difference in viral burden between WT and CypI ™'~ mice
(Fig. 28). This suggests that the dampened antiviral IFN response in Cypl~ mice (Fig. 26) is
still a sufficient level to control viral replication (Fig. 28). Therefore, the reduced lung damage
and mortality observed in CypI~'~ mice is potentially due to an increase in disease tolerance,

possibly as a result of reduced IFN-dependent or -independent immunopathology, including
disruption in epithelial repair.
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Figure 26. Endogenous AHR activity suppresses early IFN and IL-6 production during
influenza infection in vivo.

IFN-a, IFN-B, IFN-A and IL-6 protein concentrations were measured in the BALF of influenza
virus (3.5x10* TCIDso X31 in 30 ul PBS) infected WT, Cypl™ (at indicated days post
infection) (A) and Ak~ (day 2 post infection) (B) mice. All data are representative of at least
three independent experiments (n = 3-7). Data are shown as mean+SEM and statistical
significance was assessed by two-way ANOVA with Sidak’s post-test (A) or unpaired two-

tailed Student’s ¢ test (B). ns, not significant (P>0.05); *P<0.05, **P<0.01, ***P<0.001,
**%% P<0.0001.
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Figure 27. Genetic increase in the availability of natural AHR ligands reduces lung damage
during influenza virus infection.

(A to D) Naive and influenza virus infected WT and Cypl™ mice were assessed for lung
damage by measurement of (A) total cells, LDH release, and serum albumin in BALF, (B)
Evan’s blue dye extravasation in lung tissues, (C) RBCs in BALF, and (D) histopathological
examination of H&E lung sections, on day 6 post infection. (E) Total lung cell numbers were
measured in naive and influenza virus infected WT and Cyp/~"~ mice on indicated days post
infection. (F) Weight loss and survival were measured in influenza virus infected WT and
CypI™~ mice. Data are representative of or pooled from four independent experiments (n = 3—
27). Data are shown as meantSEM and statistical significance was assessed by two-way
ANOVA with Sidak’s post-test (A, B, E and F), unpaired two-tailed Student’s # test (C), Mann—
Whitney U test (D), or log-rank (Mantel-Cox) test (F, survival). ns, not significant (P>0.05);
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 28. Increased protection in CypI™ mice is independent to viral burden.

Influenza virus M/ mRNA expression in total lung RNA from naive and infected WT and
CypI™~ mice was measured by qPCR at indicated days post infection. Data are representative
of three independent experiments (n = 4-7). Data are shown as mean+SEM and statistical
significance was assessed by two-way ANOVA with Sidak’s post-test. ns, not significant
(P>0.05).
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Figure 29. Cyplal” Cyplb1""Cypla2*" double knockout mice have a comparable influenza
phenotype to that of CypI™™ mice.

Influenza virus infected WT and Cyplal™ Cyplbl™” Cypla2"  mice were measured for (A)
weight loss and survival or (B) IFN and cytokine protein concentration in BALF on day 6 post
infection. All data are representative of two independent experiments (n = 3-5). Data are shown
as mean+SEM and statistical significance was assessed by two-way ANOVA with Sidak’s
post-test (A), log-rank (Mantel-Cox) test (A, survival), or unpaired two-tailed Student’s 7 test
(B). ns, not significant (P>0.05), **P<0.01.
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CYPI family enzymes (Cyplal, Cyplbl, and Cypla2) play important physiological
roles and are involved in the metabolism of endogenous hormones, in addition to xenobiotics
and drugs (Go, Hwang & Choi, 2015). Therefore, a caveat to consider when using Cyp ™"~ mice
is their altered physiological state. Mice deficient for CYP1 family enzymes have an altered
urinary metabolite profile, in addition to perturbed expression of genes in the liver involved in
lipid, steroid, and cholesterol biosynthesis and metabolism (Dragin et al., 2008). During
steady-state conditions, CyplaZ2 expression is almost exclusively restricted to the liver (Jorge-
Nebert et al., 2010; Kapelyukh et al., 2019). To examine effects of increased AHR ligand
availability during influenza virus infection independent to ablation of physiological Cypla2
activity in the liver, we infected WT mice and mice heterozygous for Cypla2
(Cyplal~Cyplbl’ Cypla2™). Cyplal™ Cyplbl Cypla2"~ mice had reduced weight loss
and mortality following influenza virus infection (Fig. 29A), as well as a reduction in IL-6 on
day 6 post infection (Fig. 29B). Type I and III IFNs were not significantly different compared
to WT controls (Fig. 29B), consistent with Cyp/~~ mice on day 6 post infection, which only
showed a reduction when IFN production was at its peak, on day 2 (Fig. 26A). Although further
experiments are required to assess effects on lung damage in mice with partial or full CYP1A2
function, these data suggest that improved protection and suppression of IL-6 during influenza
in Cypl~~ mice occurs independently of CYP1A2 activity in the liver.

To determine factors that may contribute to the reduced pathology observed in Cypl ™~
mice, we characterised the profile of inflammatory immune cells recruited to the lung
throughout the course of influenza virus infection by flow cytometry (Gating strategies:
appendix II and III). Owing to the reduction in the total lung cell number of Cypl™ mice
following infection, we quantified cell frequencies in the lung to examine specific effects on
immune cell populations. Notably, Cyp/ ™~ mice showed a significant increase in the frequency
of neutrophils across all days following influenza virus infection (Fig. 30A). This observation
is in line with previous findings, where it was shown AHR-dependent neutrophilia occurred in
mice treated with TCDD (Teske et al., 2005; Wheeler, Martin & Lawrence, 2013). We also
recorded consistent reductions in pDCs, eosinophils, and CD4" T cells (Fig. 30A), potentially
due to cell-intrinsic AHR regulatory functions in these cell types (Jeong et al., 2012; Liu,
Ramachandran & Gabrilovich, 2014; Stockinger et al., 2014). CypI”~ mice additionally
exhibited an increase in the frequency of NK cells during steady-state and early in the course
of infection (Fig. 30A, lower-bottom right), however these differences dissipated as the disease

progressed. Ah¥”~ mice have reduced liver-resident NK cells (Zhang et al., 2016), suggesting
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AHR may be important in the maintenance of tissue-resident NK cells. When we compare WT
and Cypl™~ mice for the absolute number of different immune cell populations in the lung, we
found a broad suppression of immune cell infiltration in pulmonary tissues in Cyp/™"~ mice
(Fig. 30B), with the exceptions being alveolar neutrophils, alveolar macrophages, and NK cells
(which had comparable numbers to WT). Taken together, these results demonstrate that
augmented AHR signals through improved ligand availability promotes influenza disease
tolerance. Cypl~~ mice displayed an early reduction in IFN and IL-6 production, which
potentially dampens the proinflammatory cellular response in lung tissues. Reduced
inflammation in Cyp/~"~ mice correlated with a substantial reduction in the level of pulmonary

epithelial and vascular damage.
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Figure 30. CypI”~ mice have reduced influenza virus-induced pulmonary inflammation.

Frequencies (A) and cell numbers (B) of neutrophils (Ly6G'CD11b"), alveolar macrophages
(Siglec-F*CD11c¢"), Ly6CM monocytes (Ly6CMCDI11b*), pDCs (Siglec-H"), eosinophils
(Siglec-F'CD11b"CD11c¢"), DCs (CD11¢"™MHCII"), CD4" T cells (CD3"CD4"), CD8" T cells
(CD3"CD8"), CD19" B cells, and NK cells (NK1.1"CD3") in the lungs of naive and influenza
virus infected WT and Cypl”~ mice. All data are representative of three independent
experiments (n = 3—7). Data are shown as mean+SEM and statistical significance was assessed
by two-way ANOVA with Sidak’s post-test. ns, not significant (P>0.05); *P<0.05, **P<0.01,
**%P<0.001, ****P<0.0001.
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5.5 IFN treatment does not substantially exacerbate pulmonary

inflammation or lung damage in CypI™ mice

Our results and conclusions from Chapters 1 and 2 outline a novel mechanism by which
IFNs exacerbate influenza disease pathology via the disruption of critical lung epithelial repair
(Major et al., 2020). In CypI~~ mice we have a context of both reduced IFN production and
lung damage, and emerging evidence over the last decade highlight the pathogenic potential of
type I and III IFNs during respiratory viral infections (Davidson et al, 2014, 2016;
Channappanavar et al., 2016, 2019; Major et al., 2020). To understand whether the reduced
lung damage observed in CypI ™"~ mice occurs as a result of AHR-mediated suppression of type
I and IIT IFN production (Fig. 26), we treated influenza virus infected mice with IFN-a (days
4 and 5 post infection) and measured lung damage. IFN-a treatment successfully triggered
additional IFNAR signalling, as CD19" B cells increased surface expression of the ISG Sca-1
(Fig. 31A). However, we did not observe a significant change in the total BALF, RBC (not
quantified) and lung cell number, with IFN-a treatment only causing a mild increase (Fig. 31B
to D). Additionally, we did not see alterations in the number of proinflammatory IFN-
associated immune cells (Fig. 31E). Thus, the increased protection in Cypl~~ mice with
augmented AHR signalling is likely not due to dampened IFN production, as high-dose

exogenous IFN-a treatment only mildly increases lung inflammation and damage.
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Figure 31. IFN treatment does not exacerbate lung damage in influenza infected WT or Cypl™"~

mice.

Influenza virus infected WT and CypI~'~ mice were treated with IFN-o. on days 4 and 5 post
infection, and lung and BAL samples were analysed for damage on day 6 post infection. (A
and E) Sca-1 MFI in CD19" B cells, pDCs (Siglec-H") and Ly6C" monocyte (Ly6CMCD11b")
cell numbers were measured by flow cytometry. (B to D) Total BALF (B), RBCs in BALF (C)
and total lung cell numbers (D) were counted on day 6 post infection. All data are representative
of three independent experiments (n = 3—4). Data are shown as mean+SEM and statistical
significance was assessed by two-way ANOVA with Tukey’s post-test (A) or Sidak’s post-test
(B to E). ns, not significant (P>0.05); *P<0.05, ***P<0.001.
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5.6 Ablation of AHR signalling has no effect on lung pathology

So far, we have seen increased AHR signalling in Cyp/~" mice results in a dampened
proinflammatory response and less lung damage, occurring independently to changes in
antiviral immunity and viral clearance. Therefore, we next wanted to examine whether a lack
of AHR signalling would increase susceptibility to influenza virus infection. WT and 4hr'~
mice were infected with influenza virus, and we measured inflammation and damage on day 6
post infection. A7¥’~ mice had a significant increase in total lung cell number (Fig. 32A),
possibly owing to the increased production of IFNs and IL-6 (Fig. 26B). However, we did not
see an increase in an inflammatory immune cell infiltrate, quantified by analysis of H&E
stained lungs (Fig. 32B). We also saw no change in the degree of lung damage in 447~ mice,
with no increase in the total or RBC number in BALF (Fig. 32C). Consistently, Ah7’~ mice
had comparable weight loss and survival to WT mice following influenza virus infection (Fig.
32D). Taken together, these data suggest that AHR signalling in WT mice does not
significantly contribute to protection, and only following an augmentation of the natural AHR
ligand pool (in CypI~'~ mice) do protective responses and disease tolerance promoting effects
initiate. In addition, this provides further indication that AHR regulation of IFNs and IL-6 do
not alter lung pathology, as increased cytokine production in AHR deficient mice (Fig. 26B)

does not correlate with increased lung damage (Fig. 32B and C).
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Figure 32. AHR deficiency does not affect lung damage or influenza susceptibility.

Influenza virus infected WT and Ah7 '~ mice assessed for lung damage by measurement of (A)
total lung cell number, (B) histopathological examination of H&E lung sections (Scale bar
represents 500 uM (top) or 100 uM bottom), (C) Total and RBC numbers in BALF, (D) weight
loss and survival. (A to C) samples were taken on day 6 post infection. All data are
representative of three independent experiments (n = 4-5). Data are shown as mean+=SEM and
statistical significance was assessed by unpaired two-tailed Student’s ¢ test (A and C), Mann—
Whitney U test (B), two-way ANOVA with Sidak’s post-test (weight loss) or by log-rank
(Mantel—Cox) test (survival) (D). ns, not significant (P>0.05); *P<0.05.
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5.7 Increased AHR signalling may confer protection through IL-22

production, but independent to improved epithelial repair

Recent studies highlight the importance of AHR signalling pathways in intestinal
epithelial barrier protection (Metidji ef al., 2018; Schiering et al., 2017), including production
of IL-22 by various immune cell (Basu et al., 2012; Qiu et al., 2012; Kiss et al., 2011; Schiering
et al., 2017; Martin et al., 2009). The importance of IL-22 during influenza virus infection is
highlighted by studies using 71227~ mice, which exhibit increased lung damage and dampened
epithelial repair responses (Pociask et al., 2013). Comparison of WT, Ah¥ ", and Cypl ™"~ mice
revealed increased levels of IL-22 in the BALF on day 6 post infection in CypI~'~ mice (Fig.
33A). Interestingly, WT and Ah7”~ mice had no difference in IL-22 levels, which correlates
with the similar levels of lung pathology in these mice (Fig. 32). However, we recorded no
difference in alveolar or bronchial epithelial repair between WT and CypI™”~ mice, as
determined by histopathological analysis of H&E sections (Fig. 33B). To understand whether
the improved protection in CypI~~ mice was due to enhanced lung epithelial repair, we
measured AT2 (EpCam"™™HC-II") and airway (EpCam"MHC-II") epithelial cell proliferation
on day 6 post infection. However, Cypl ™~ mice had similar lung epithelial cell proliferation to
WT controls (Fig. 33C). Lung regeneration only begins to initiate around day 6 post infection
(Fig. 2B), however, reduced lung damage in CypI~'~ mice is apparent on day 6 (Fig. 27).
Therefore, as CypI~'~ mice do not have improved or an earlier onset repair response, this data
suggests that the increased influenza protection as a result of enhanced AHR signalling is
independent of an improved capacity for lung regeneration. Taken together, these data indicate
that increased IL-22 levels correlate with AHR activation and disease tolerance following
influenza virus infection, however this occurs independently from enhanced epithelial
proliferation. IL-22 signalling may promote other mechanisms of barrier function, yet its

contribution in host protection remains to be determined.
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Figure 33. Enhanced endogenous AHR ligand availability increases IL-22 production, but does
not affect lung repair during influenza.

(A) IL-22 protein concentrations in the BALF of influenza virus infected WT, 4hr ", and
CypI™~ mice on day 6 post infection. (B) Histopathological scores of H&E lung sections in
WT and Cypl”~ mice on. (C) Ki67" AT2 (EpCam'MHC-II") and airway epithelial cells
(EpCam*MHC-II") in naive and influenza infected WT and CypI ™ mice (day 6 post infection),
measured by flow cytometry. All data are representative of at least two independent
experiments (n = 2—12). Data are shown as meantSEM and statistical significance was
assessed by one-way ANOVA with Dunnett’s post-test (A) or two-way ANOVA with Sidak’s
post-test (B and C). ns, not significant (P>0.05); ***P<0.001.
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5.8 Enhanced AHR signalling in the non-hematopoietic compartment

confers protection during influenza virus infection

To define the mechanism underlying protection in CypI~'~ mice, we sought to define
which cell populations experience enhanced AHR activity as a result of the increase in
available natural ligands. We utilised a CYP1A1 fate-reporter mouse strain, allowing us to
measure induction of an enhanced yellow fluorescent protein (eYFP) reporter activated through
targeted insertion of a Cre recombinase in the mouse Cyplal locus (Henderson et al., 2015).
Whilst deficient for the CYP1A1 enzyme, Cypl~~ mice still reported AHR activation and
induction of Cre-mediated eYFP expression (Fig. 34). In naive WT and CypI™~ mice, we
detected no or very low levels of eYFP expression in alveolar epithelia, alveolar macrophages,
or other CD45" immune cells (Fig. 34). Strikingly, more than 90% of CD31" endothelial cells
were eYFP* in both WT and Cyp/ ™ mice, indicating constitutive physiological AHR activity
in the endothelium during development or in steady-state. Additionally, Cyp/™ mice had a
population of eYFP" AECs, unlike WT AECs which had nearly no eYFP expression (Fig. 34).
Owing to the transient nature of AHR signalling, particularly in WT mice, Cre-mediated
induction of eYFP expression may not fully reflect the extent of AHR activation in these
reporter mice. In addition, eYFP expression includes prior CYP1A1 expression, and infection
may also alter AHR activity. Therefore, further investigation is required to identify the cellular
source(s) of AHR signals in Cypl™ mice following influenza virus infection.

CYPIAI1 fate-reporter mice indicate AHR is active in non-hematopoietic cells of the
lung, namely airway epithelial and endothelial cell populations (Fig. 34). To test the importance
of AHR signalling in the non-hematopoietic compartment during influenza virus infection, we
generated BM chimeras, where irradiated WT or CypI ™~ hosts were administered WT BM cells
intravenously (chimerism efficiency in Appendix I). Thus, the expanded pool of available
natural AHR ligands is restricted to the non-hematopoietic of WT=>CypI ™~ chimeric mice.
Restricting AHR ligand availability to the non-hematopoietic compartment was sufficient to
reduce lung inflammation and damage following influenza virus infection (Fig. 35A and B).
Differences were less pronounced, yet still consistent with findings in normal WT and Cypl™"~
mice (Fig. 27). We also observed a similar pattern in disease progression, with WT->CYP1
mice displaying less severe weight-loss and improved recovery (Fig. 35C). We did not see
differences in the level of RBCs in BALF (Fig. 35D), however this may be a result of an

increased resilience to infection in chimeric mice, as WT2>WT controls did not have similar
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damage to that of non-irradiated mice (Fig. 27C). In addition, CYP1 deficiency in the non-
hematopoietic compartment did not affect IFN or IL-6 production, however we still saw an
increase in IL-22 levels (Fig. 35E). Finally, to characterise the pulmonary immune cell
landscape in chimeric mice, we analysed lung cells by flow cytometry. To identify specific
effects in immune cell populations, as opposed to a general decrease owing to reduced lung
inflammation (Fig. 35B), we looked at cell frequencies. Consistent with normal Cyp/~'~ mice,
chimeras had reduced pDCs, DCs, and increased NK cell frequencies (Fig. 35F), indicating
that enhanced AHR ligand availability in the non-hematopoietic compartment still has effects
on immune cell balances. In chimeric mice, no longer observing differences in IFN and IL-6
levels, as well as the proportion of eosinophils (compared to non-chimeric CypI~~ mice),
indicates that these changes require AHR activation in immune cells. Overall, these data
indicate that increasing natural AHR ligand availability in the non-hematopoietic compartment

alone is sufficient to reduce lung pathology during influenza virus infection.
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Figure 35. CYP1 deficiency in the non-hematopoietic compartment alone is sufficient to provide
protection during influenza.

Lethally irradiated WT mice were injected with WT or Cypl”~ BM cells. Following
reconstitution, chimeric mice were infected with influenza virus, and on indicated days post
infection, measured for (A) total BALF cell numbers, (B) total lung cell numbers, (C) weight
loss), (D), BALF RBCs (day 6 post infection), (E) IFN and IL-22 protein concentrations in
BALF, and (F) lung immune cell frequencies by flow cytometry. Lung immune cells analysed:
neutrophils (Ly6G"CD11b"); alveolar macrophages (Siglec-F'CD11c"); Ly6C" monocytes
(Ly6CMCD11b%); pDCs (Siglec-H"); eosinophils  (Siglec-F'CD11b"CD11¢”); DCs
(CD11c"™™MHCII"); CD4" T cells (CD3"CD4"); CD8" T cells (CD3"CD8"); CD19" B cells; and
NK cells (NK1.1°CD37). All data are representative of at least three independent experiments
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(n=4-5). Data are shown as mean+SEM and statistical significance was assessed by two-way
ANOVA with Sidak’s post-test. ns, not significant (P>0.05); *P<0.05, **P<0.01, ***P<0.001.
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Figure 36. Dietary AHR ligands activate AHR signalling in the lung.

(A) Whole lung Cyplal mRNA expression in steady state WT and 447~ mice fed purified or
[3C-supplemented diet for four weeks. (B) YFP* cells were identified in steady state lung cells
of WTOPIal-XEP - Oy, [/~ Giplal-YEP - and B6 WT (YFP negative controls) mice fed purified or
[3C-supplemented diet for four weeks by flow cytometry. Lung cells analysed: Siglec-
F~CD45" cells (lung immune cells except for eosinophils and alveolar macrophages); alveolar
macrophages (Siglec-F'CD11c"); AT2 cells (EpCam"MHCII'C24"); differentiated airway
epithelial cells (EpCam"CD24"MHCII"); endothelial cells (CD31+CD45 EpCam™). Data in
(A) are representative of two independent experiments (n = 2-5), and (B) of one experiment (n
= 1-3). Data are shown as mean+SEM and statistical significance was assessed by two-way
ANOVA with Sidak’s post-test (A). ns, not significant (P>0.05); ***P<0.001.
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5.9 Dietary supplementation with natural AHR ligands activates AHR
pathways in the lung

The similarity in disease severity between WT and Ahr'~

mice suggests that AHR
signalling in WT mice is not sufficient to promote disease tolerance or reduce pathology during
influenza virus infection (Fig. 32). Sources of natural AHR ligands include microbial
compounds, tryptophan metabolites, and dietary ligands (Stockinger et al., 2014). To
understand whether dietary ligands induce AHR activity in the lungs of WT mice, we
supplemented the diet with I3C, a tryptophan-derived phytochemical that is converted to high-
affinity AHR ligands by exposure to stomach acid (Bjeldanes et al., 1991). I3C dietary
supplementation enhanced Cyplal mRNA expression in the lung in an AHR-dependent
manner, compared to mice fed a purified control diet (Fig. 36A). To define which cell
populations experienced increased AHR activity following dietary supplementation, we
administered 13C-supplemented diets to WT and Cypl”~ CYP1Al fate-reporter mice and
measured eYFP expression. Notably, we did not detect any difference in eYFP expression
across cell types between control mice on a purified diet control mice and mice on I13C diet
(Fig. 36B). As mentioned previously, this may reflect limitations of these reporter mice,
particularly considering the increase in AHR-dependent Cyp/al lung mRNA expression (Fig.
36A). These limitations include that the transient nature of AHR signalling processes may not
be sufficient to drive Cre-mediated Cyplal expression, and eYFP expression in CYP1A1 fate-
reporter mice may not reflect current AHR activation. It is also important to note that diet
experiments in reporter mice were only performed once, and therefore repeats are required
before definitive conclusions can be drawn.

To determine the effects of dietary AHR ligand supplementation following influenza
virus infection, we gave purified or I3C-supplemented diet to mice for four weeks, continuing
the diet throughout the duration of infection. I3C diet supplementation did not affect lung
damage or inflammation (Fig. 37A and B), and of the measured cytokines, only IFN-A had a
significant reduction (Fig. 37C). When we characterised the lung immune cell profile, we again
saw little differences in cellular recruitment, with only a slight decrease in the frequency of NK
cells (Fig. 37D). Whilst these are preliminary findings (n = 1), our early experimental data
suggests that despite a gut-lung axis in natural ligand supply and AHR activation (Fig. 36A),

this may not increase signalling enough to confer protection during influenza virus infection.

144



Chapter 5. Results

A Lung BALF ® Purified diet c IFN-A IL-6 IL-22
15 ns 8- ns O 13C diet 250+ * 1000~ ns 40+ s
o o) - e O o)
_ —~ 200 800
(é 10 [ ] u‘é— 6 .% 8 ? é% 30
x » 3 E 1501 L 600 e
e € 4 > 201 o
) o B 2 100+ O 4001
g d 8 2+ 104 %
o 50 200-] 5
[ ]
0 0 0 0 ol=
D pDCs Neutrophils Eosinophils CD19" B cells cD8' T cells CD4" T cells NK cells
1.5 ns 15+ 35 ns 12+ ns 20 ns 10+ ns 20 *
° NS L4 O 184 o °
(%) 84 ®
2 o ° 101 e 5 151
8 1.0 1 2 164 °
Bioj 2y w0 o s 5 1% 1
2 o 8 14- 10+ o)
— °® © % o ; © 4 )
© 05 500 5 1 e o 121 *
ES . 8 61 o | 5
104 o 2
® o
0.0 0 0 T T 4 8 0 ot

Figure 37. Dietary AHR ligands do not affect lung damage or inflammation during influenza
virus infection.

WT mice were fed purified or [3C-supplemented diet for four weeks (inclusive of experiment
duration), and infected with influenza virus to assess lung damage and immune response
profiles on day 6 post infection. (A) Total lung cell numbers, (B) BALF cell numbers and
RBCs, (C) IFN-A, IL-6, and IL-22 protein concentrations in BALF, (D) lung immune cell
frequencies. Immune cells analysed by flow cytometry: pDCs (Siglec-H"); neutrophils
(Ly6G'CDI11b"); eosinophils (Siglec-F'CD11b"CDI11c¢"); CD19" B cells; CD8" T cells
(CD3"CD8"); CD4" T cells (CD3"CD4"); and NK cells (NK1.1"CD3"). All data are
representative of one experiment. ). Data are shown as mean+SEM and statistical significance
was assessed by unpaired two-tailed Student’s ¢ test. ns, not significant (P>0.05); *P<0.05.
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5.10 Discussion

Here, we link the availability of natural AHR ligands to the degree of influenza-induced
inflammation and lung damage. In contrast to TCDD-induced influenza susceptibility
(Vorderstrasse, Bohn & Lawrence, 2003; Luebke et al, 2002), augmenting the natural
reservoir of physiological ligands through CYP1 depletion triggers sustained AHR activity,
generating a significantly dampened inflammatory lung environment and reduced barrier
damage.

Initially, we hypothesised that sustained AHR activation would taper
immunopathology driven by IFN, either by reducing pathogenic IFN-o/f signalling in immune
cells, or through enhanced lung repair. Consistent with previous findings (Yamada et al., 2016),
we show AHR-dependent suppression of influenza-induced type I and III IFN responses
following in vitro ligand treatment (Fig. 24), and regulated by endogenous ligands in vivo (Fig.
26). Suppression of IFN responses in CYPI1 deficient mice correlates with a significant
reduction in both lung immune cell infiltration and lung barrier disruption (Fig. 27). However,
lung inflammation and damage were not exacerbated in CypI~~ mice following exogenous
[FN-a treatment (Fig. 31), suggesting alternative mechanisms in the promotion of host fitness.
This is consistent with the kinetics of AHR-dependent IFN regulation in these mice,
considering pathogenic responses are associated with IFN signalling late in disease course
(Channappanavar et al., 2019), yet we observed differences in 447~ and Cypl™ mice early,
on day 2 post infection (Fig. 26). Finally, despite increased IFN production in AHR deficient
mice (Fig. 26B), this did not correlate with changes in the degree of lung damage or influenza
susceptibility (Fig. 32). Thus, we conclude that the improved influenza protection in CYP1
deficient mice occurs independently of AHR regulation of IFN responses.

Anti-inflammatory and IFN suppressive effects in CYP1 deficient mice do not change
antiviral immunity (Fig. 28), suggesting AHR-dependent promotion of disease tolerance.
Mechanistically, data from CYP1A1 fate-reporting and BM chimera experiments suggests
AHR activation in the non-hematopoietic compartment is important for lung protection (Fig.
34 and 35). AHR is known to regulate cell cycle processes (Yin et al., 2016), and has recently
been shown to promote intestinal barrier function through modulation of Wnt signalling
pathways (Metidji et al., 2018). However, CypI~ mice displayed normal rates of lung repair
during influenza recovery (Fig. 33). In addition, improved repair would not reflect the kinetics

of influenza-induced lung regeneration in our model, as reduced lung damage in CYP1
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deficient mice is observed on day 6 post infection (Fig. 27), at which point alveolar
regeneration is only just beginning to establish (Fig. 2).

CYPI1A1-reporter mice revealed a striking level of AHR activity in endothelial cells of
both WT and CypI~" mice (Fig. 34). AHR deficient mice have vascular defects (Lahvis et al.,
2000), suggesting a role in vascular development, which may explain the high degree of Cre-
mediated eYFP induction. In addition, AHR is highly expressed in endothelial cells, and mice
with AHR deficiency specifically in the endothelium exhibit hypotension (Agbor, Elased &
Walker, 2011). However, genetic dissection of transcriptional activity in zebrafish revealed a
physiologic role for AHR in the endothelium, including the regulation of cxcr4a chemokine
receptor expression (Sugden ef al, 2017). Whether AHR regulates endothelial immune
function following infection is not known. It would be interesting to characterise the expression
profiles of CYP1 deficient mice in individual immune and non-immune cell populations during
influenza virus infection, to define pathways influenced by increased AHR activation that may
contribute to host protection.

Sustained AHR activation promoted IL-22 production, which may induce lung barrier
protection independent to proliferative repair responses (Fig. 22A). Recombinant IL-22
treatment reduces lung damage through the induction of barrier resistance and protection
pathways in influenza virus infected mice (Barthelemy et al., 2018). We also observed greater
IL-22 levels in chimeric mice that lacked CYP1 enzymes in the non-hematopoietic
compartment alone (WT=>Cypl ") (Fig. 35E). IL-22 is thought to be exclusively produced by
immune cells (Dudakov, Hanash & van den Brink, 2015), therefore the increase in chimeric
mice may occur following indirect effects mediated by AHR activity in the non-hematopoietic
compartment. Alternatively, CYP1 deficiency in the non-hematopoietic compartment may
allow enhanced AHR ligand trafficking across barrier tissues to IL-22-producing immune cells.
This ligand-trafficking effect was observed in genetically modified mice with constitutive
CYPI1ALI expression in intestinal epithelial cells, which consequently depleted the supply of
natural AHR ligands to intestinal immune cells, thus compromising IL-22-dependent barrier
protection (Schiering et al., 2017). Measurement of AHR-target gene expression in the
individual cell populations (including immune cells, epithelia, and endothelia) of BM chimeric
mice may reveal whether pulmonary AHR activation is influenced by ligand-trafficking. NK
cells were one of the few immune cell types with increased frequencies in the lungs of Cypl ™~
mice following infection, suggesting a potential source for enhanced production of IL-22 (Cella

et al., 2009; Kumar et al., 2013).
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Despite detecting increased AHR activity in the lungs of CypI ™" mice (Fig. 25 and 34),
we have not directly attributed AHR to influenza protection in these mice. This may be
achieved by use of the AHR antagonist, CH223191. However, the mechanism by which
CH223191 inhibits ligand binding is not fully understood, and it operates in a ligand-selective
manner (Soshilov & Denison, 2014; Zhao et al., 2010). Alternatively, crossing CypI™~ and
Ahr”~mice would deliver insight into the direct contribution of AHR in delivering protection.
It would also be interesting to identify the source of augmented natural ligands in CYPI
deficient mice, and subsequently starve that source, whether it be dietary or microbial, in an
attempt to reduce AHR-dependent effects in influenza.

CypI~ mice provide a valuable genetic model to enhance and examine AHR pathways
through sustained receptor activation, without resorting to potent xenobiotics and their
associated toxicity. Even so, their uses as a model are limited, owing to well-documented
physiological problems, with mice exhibiting various birth-defects and metabolic imbalances,
including liver dysfunction (Dragin et al., 2008). The similar extent to which WT and Ahr~
mice exhibit lung damage during influenza virus infection suggests that in our system,
physiological levels of AHR signalling are insufficient to provide tissue protection. Protective
cell-specific effects may be diluted by the multifaceted nature of AHR biology, with identified
functions in multiple different cell types. This is reflected in our BM chimeras, as when CYP1
deficiency was restricted to the non-hematopoietic compartment, we no longer observed
differences in eosinophil and CD4" T cell lung frequencies, or in IFN and IL-6 levels (Fig. 35E
and F). AHR function in multiple cell types may consequently counterbalance one another,
resulting in a dilution of phenotypic effects during infection. Lung epithelial- or endothelial-
specific genetic AHR depletion might reveal important barrier functions independent of effects
mediated in immune cells, as has been shown in the intestinal epithelium (Metidji et al., 2018).

In order to provide physiological context to the protective effects observed in mice
lacking CYP1 activity, we aimed to induce AHR activity through natural ligand
supplementation in the diet. We observed significant AHR activation in the lungs of WT mice
fed I3C-supplemented diet (Fig. 36A), suggesting a gut-lung axis in the provision of natural
ligands. In CYP1A1 reporter mouse, we failed to detect differential AHR activity induced by
the 13C diet, with the only signal in WT mice (both on purified and I3C diet) emanating from
endothelial cells (Fig. 36B). In addition, I3C supplementation had no effect on the development
of lung damage in influenza virus infected mice (Fig. 37), although these results are preliminary.

To identify in which cells AHR is activated in the lung following dietary supplementation—
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be it tissue resident immune cells, structural (endothelia, epithelia), or -circulating
lymphocytes—it would be beneficial to quantify AHR target gene mRNA levels in individual
lung cell types. Following this, understanding the kinetics of lung damage progression
following physiological dietary AHR activation, as opposed to constitutive action in Cypl™~
mice, may reveal an alternative course of disease progression. For instance, it could be
postulated that the transient nature of AHR signalling induced by natural ligands that are
efficiently metabolised (Bergander et al., 2004) may require an extended period to influence
lung inflammation and barrier integrity. Therefore, protective dietary-induced pathways may
manifest later in the course of an infection, and it would be interesting to measure effects during
the influenza recovery phase. In addition, AHR-induced ligand metabolism in the intestinal
epithelium has gateway function for ligand supply to the rest of the body (Ito et al., 2007,
Schiering et al., 2017). It would be interesting to examine whether genetic ablation of AHR-
induced ligand metabolism specifically in the intestinal epithelium would enhance AHR
activities in the lung, and whether this may be enhanced by dietary I3C supplementation.

In conclusion, our data highlights protective AHR function during respiratory viral
disease, through the preservation of lung barrier tissues. Endogenous AHR ligands—
ubiquitous in the diet and the commensal flora—are influential in regulating these effects,
suggesting AHR incorporates both host and environmental cues to influence lung disease
progression. Our data contrast with studies using xenobiotic ligands, despite both inducing
sustained AHR activation, which suggests that responses are influenced by ligand-specificities.
In addition, this provides a possible mechanistic link between the prevalence of air pollutants
and compromised respiratory health (Gordon ef al., 2014), including respiratory infections and

chronic lung disease.
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Chapter 6. Discussion

During the early stages of my graduate research project, we were interested in host response
pathways in influenza that impact the severity of lung damage. Specifically, we explored
contextual aspects of IFN and AHR biology, and their contribution to lung barrier protection
and epithelial regeneration. In this thesis, we describe a novel mechanism by which type I and
IIT IFNs exacerbate lung pathology, signalling specifically in epithelial cells to disrupt vital
lung regeneration. Of the three IFN subtypes analysed, we found type III IFNs (IFN-A)
harboured the most potent antiproliferative potential, in both in vitro and in vivo settings. We
additionally show that the AHR suppresses influenza virus-induced IFN production, yet this
appears to be independent from its protective effects exerted following the increase of available
natural ligands. Enhanced AHR activity triggers signals in epithelial and endothelial cells,
resulting in a dampened inflammatory environment and tissue protection.

In the discussion sections following individual results chapters, I focused on more
technical aspects of the data shown, including discrepancies and similarities with previous
publications, evidence gaps within our findings, and short-term experimental ideas for how
these might be addressed. Here, in the final chapter of this thesis, I attempt to discuss findings
that form the basis of this thesis in a wider context of infection, immune, and tissue repair

biology.

6.1 Host factors as determinants of disease severity

Given the drastic health and economic impact imposed by the ongoing COVID-19
pandemic and endemic respiratory viruses, in addition to the constitutive threat of future viral
pandemics, an unprecedented global research effort is currently underway to identify factors
that influence the severity of human disease caused by viral pathogens. Cases of severe disease
are often characterised by extensive loss of respiratory epithelial and endothelial tissues,
resulting in the disruption of critical gas exchange and lung barrier function. During an
infection, the host endures two types of damage: that inflicted directly by cytopathic viral
effects, and also as a consequence of immunopathology. Evidence put forward in this thesis
focuses on the latter, as genetic alterations of IFN and AHR pathways in our models did not
affect viral burden (Fig. 7 and 28).

For years, a persistent dogma maintained that the effects induced by IFNs are largely
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protective during respiratory viral infection, owing to their frontline antiviral activity. Over the
last decade or so, this has been called into question, due to the emergence of evidence
identifying disease-promoting IFN mechanisms in animal models of viral infection (Teijaro et
al.,2013; Wilson et al., 2013; Davidson et al., 2014; Channappanavar et al., 2016), and positive
correlations of IFN signatures with severe disease in humans (Hoang et al., 2014; Lucas et al.,
2020). A consistent pattern from murine influenza studies indicates a pathogenicity induced by
excessive IFN responses. The comparable capacity for viral control in individual IFN receptor
knockout mice compared to WT mice highlights IFN system redundancy, and importantly, that
there is an endogenous threshold of antiviral ISG induction required for IFN-induced antiviral
protection (Price, Gaszewska-Mastarlarz & Moskophidis, 2000; Mordstein et al., 2008;
Channappanavar et al., 2016; Davidson et al., 2014; Crotta et al., 2013). Put simply, one IFN
system is likely sufficient for viral control, and therefore, ISG induction beyond this is either
redundant, or in certain contexts, pathogenic. This excess in IFN function is usually attributed
to immunopathology induced by IFN-o/p signals in immune cells.

Our findings in chapters 3 and 4 add scope to this discussion, emphasising the
importance of timing, and therefore regulation, in maintaining a balanced endogenous IFN
response (Discussion figure 1). Kinetic comparison of IFN production and epithelial
proliferation revealed a temporal overlap between the two, prior to the onset of lung repair and
mouse recovery. We identified a window in which signals induced by IFN-A inhibited and/or
delayed AT2 cell proliferation, thus, exacerbating pulmonary inflammation and damage. In
addition to independent observations, published at the same time (Broggi et al., 2020); these
findings, to our knowledge, provide the first mechanistic evidence linking the actions of type
[T IFN to pathological consequences during a viral infection. These findings indicate a degree
of incompatibility between signals induced by IFN and lung regeneration. Therefore, IFN-
induced ISG expression requires regulation to balance antiviral function and disease recovery

processes, in order to maintain lung function.
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Discussion figure 1. Optimal and
pathogenic IFN responses during
respiratory viral infection.

A) Early and rapid IFN production
allows ISG induction to limit viral
replication and spread in host
tissues. Timely downregulation of
IFN responses necessitates an
efficient epithelial repair process.
AHR-dependent signalling
pathways reduce early
inflammation and damage in an
IFN-independent manner, and may
promote repair pathways later
during recovery from influenza. B)
Impaired early antiviral immunity
owing to host-intrinsic factors or
virally encoded IFN antagonists
results in improper viral control
and a delayed IFN kinetics, which
subsequently exacerbates
inflammation and tissue damage.
IFN signalling late during a viral
infection impairs regenerative
tissue repair programmes. C)
Excessive and prolonged IFN
production owing to host-intrinsic
factors, as seen in 129 mice,
generates pathogenic
inflammation and lung damage,
and disrupts epithelial repair.
Created using BioRender.com

In infectious disease, a phenomenon exists in the enormous inter-individual variability

in severity of human disease (Casanova & Abel, 2013). This includes the nature of an
individual’s IFN response to infection, be it protective, or pathogenic. Species-comparison in
influenza identified 129 mice as potent IFN producers, relative to their B6 counterparts,
following influenza virus infection at the same dose (Davidson ef al., 2014), implicating host

genetic factors as a determinant of response magnitude. Variation between individuals in the
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cell-intrinsic mechanisms that regulate IFN production may therefore be important in
determining disease outcome in humans (Ciancanelli et al., 2016; To et al., 2015).

IFN responsiveness contributes to the activation of pathogenic IFN pathways,
particularly growth inhibitory effects that can disrupt tissue regeneration, which require a
sustained ISG signal in order to manifest. Whether this varies between hosts and contributes to
influenza susceptibility, is not clear. However, studies examining the physico-chemical
properties and binding kinetics at the IFN receptor level suggest so, as they show that the
induction of these pathways is heavily influenced by the nature of an individual’s type I and
IIT IFN system. Type I and III IFNs regulate overlapping sets of ISGs (Bolen et al., 2014), yet
differential signalling (antiviral versus antiproliferative) is achieved by multiple layers of
regulatory mechanisms that determine the magnitude of IFN signal transduction. This includes
ternary complex stability, which differs for each subtype due to receptor binding affinity;
receptor abundance and distribution; binding duration; and induction and effectiveness of
negative regulatory mechanisms (Schreiber & Piehler, 2015; Schreiber, 2017; Mendoza et al.,
2017). Sustained IFN signals required for antiproliferative effects can also be affected by
extrinsic cellular factors, which again, can vary between individuals. A hyperinflammatory
pulmonary environment, as seen in severe influenza (Kobasa et al., 2007), is often
characterised by the recruitment of cytokine-producing immune cells, including IFN (Davidson
et al., 2014), contributing to the elongation of [IFN-induced signals. The nature of a host’s IFN
response is therefore dependent on numerous intrinsic factors at the molecular and cellular
levels, in addition to external variables like viral strain.

Here, our data makes evident the importance of intrinsic mechanisms in dictating the
outcome of an IFN response. In particular, the response magnitude of individual IFN subtypes
produced during a viral infection. We show that IFN-A production was produced at higher
concentrations and for a longer duration, relative to IFN-o/f in vivo (Fig. 3), and also had the
most potent effects in vitro in activating ISGs and antiproliferative pathways (Fig. 20 and 21).
Selection pressures likely resulted in the tighter regulation of IFN-o/pf responses due to
ubiquitous cellular IFNAR expression. Thus, a signalling response with a more ‘unchecked’
kinetic is induced by IFN-A subtypes owing to reduced regulation at the receptor level, which
is additionally enhanced by increased cytokine levels during infection in vivo. Through
alFNAR blockade, we show that in B6 mice IFN-A mediates epithelial disruption. However,
our findings in 129 mice show that IFN-mediated inhibition of lung repair is host- and context-

dependent, as alFNAR treatment late during infection in 129 mice was sufficient to improve
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repair. This therefore highlights how intrinsic variances affecting the nature of an IFN response
can subsequently impact lung repair.

Inter-individual variations in IFN-associated pathogenicity could be influenced by
genetic factors that alter IFN signal transduction regulatory mechanisms. Indeed, overactive
IFN pathways are heritable traits linked to the severity of autoimmune disease in humans, such
as systemic lupus erythematosus and Sjogren's syndrome (Ghodke-Puranik & Niewold, 2013;
Miceli-Richard et al., 2007). With regard to potential genetic risk factors during viral infections,
the genetic condition that causes Down syndrome, trisomy 21, also activates the IFN pathway
(Sullivan et al., 2016), and could be linked to the more severe consequences in people with
Down syndrome during lung viral infections (Pérez-Padilla ef al., 2010; Espinosa, 2020).
Interestingly, genome-wide association studies have identified expression of functional /FFNL4
(encoding IFN-A4) as a risk factor in human hepatitis C virus infection therapies (Ge et al.,
2009; Prokunina-Olsson et al., 2013). Individuals expressing IFN-A4 exhibit delayed viral
clearance, and reduced responsiveness to IFN therapies, yet expression of a non-functional
IFN-A4 variant is associated with protection (Terczynska-Dyla et al, 2014). Whilst the
mechanism underlying this association is unclear, the increased susceptibility is linked to
enhanced ISG induction, and IFN-A4 also induces antiproliferative and cell death pathways
(Onabajo et al., 2015). Thus, this provides evidence for inter-individual variations in IFN
subtype expression affecting disease severity, which may alter expression of pathogenic tissue-
damaging programmes.

The strict, multi-layered regulatory mechanisms that control induction of growth
inhibitory pathways are a testament to their pathogenic potential, which are activated with the
intent to enhance viral clearance during pathogen persistence. However, the way in which these
regulatory processes influence differential gene expression past the receptor level, remains
unknown. It seems antiproliferative proteins can be directly induced as ISGs (Takaoka et al.,
2003), and are dependent on sustained ISG activation and transcriptional machinery (Tsuno et
al., 2009; Chin et al., 1996; Bromberg et al., 1996). One possibility, is that specific receptor
complex kinetics enhance the recruitment and accessibility of downstream signalling
components, such as JAK and TYK proteins, resulting in the induction of distinct effector
programmes. An example of distinct downstream programmes is the differential activity
mediated by IRF1, which is induced by IFN-o/B, but not IFN-A (Forero et al., 2019). However,
we do not believe this mechanism applies for our findings, as IFN-A failed to induce IRF1 in

hepatocytes owing to their decreased expression of Ifnlrl, which is not the case in our system.
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Our studies examining AHR signalling effects in influenza suggest a potential
mechanistic link for IFN-dependent and IFN-independent pathways as determinants of
respiratory viral disease severity. Despite our conclusions that AHR-mediated tissue protection
occurs independently from IFN regulatory effects, we do not exclude the possibility that this
may occur in other systems. In agreement with previous observations (Yamada et al., 2016),
we describe an endogenous role of AHR in suppressing type I and III IFN production during a
viral infection (Fig. 26). Aside from epithelial-specific lung repair inhibition, IFN-related
pathology appears to be limited in influenza virus infected B6 mice (Price, Gaszewska-
Mastarlarz & Moskophidis, 2000; Davidson et al., 2014). This may explain the lack of IFN
suppression-dependent AHR protection in our model of enhanced AHR signalling. In a system
or individual where pathological IFN activities are more prevalent during a viral infection,
endogenous AHR signalling pathways may play are more prominent role in influencing disease
severity. In addition, variations in the functional capacity of the AHR between individuals
could be a host-intrinsic genetic factor that influences disease severity. For example, the AHR
in B6 mice with high affinity ligand-binding potential is encoded by the Ah* allele, whilst the
AHR in 129 mice encoded by the low-responder Ah7 allele has significantly diminished
binding affinity for ligands (Poland, Palen & Glover, 1994). Therefore, it is possible that the
pathogenic effects of [IFNs in 129 mice may be exacerbated by weakened AHR ligand-binding,
resulting in reduced negative regulation of IFN production. Whilst genetic AHR-related risk
factors have not yet been identified for viral infections, genome-wide association studies have
identified single nucleotide polymorphisms near AHR-regulated genes that may contribute to
AHR-dependent disease mechanisms in inflammatory immune disorders (Neavin ef al., 2018).
For instance, AHR has been identified as a susceptibility locus in inflammatory bowel disease
(Liu et al., 2015). Thus, variations in AHR activity between individuals could contribute to
disease outcome during viral infection.

We also describe here a mechanism of AHR activation in promoting IFN-independent
lung tissue protection. By genetically amplifying endogenous AHR responses in vivo, we show
natural ligands can promote disease tolerance, thus protecting mice during influenza virus
infection. The identification of AHR pathways in protective influenza responses provides a
possible mechanistic link for the influence environmental signals have on host-response
pathways during viral infection. Recent studies have identified a dietary gut-lung axis affecting
pulmonary immunity and inflammation modulated by dietary compounds (Trompette et al.,

2014, 2018; Goldberg et al., 2019) Our evidence here suggests natural AHR responses can be
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augmented through AHR ligand supplementation in the diet (Fig. 36). In addition, tryptophan
metabolic pathways are switched on during viral infection (Fox et al., 2015; Huang et al., 2013),
suggesting a potential feedback mechanism in the AHR-dependent curtailing of pathogenic
inflammatory responses.

The differential AHR activity in response to toxic xenobiotics compared to natural
ligands suggests the type of ligand and the dynamics of AHR-ligand interactions dictate
response outcome. This is made evident when comparing our findings with the effects of
TCDD treatment in influenza infected mice. CYP1 deficient mice have sustained AHR
signalling (Fig. 25), as is the case following TCDD—-AHR binding (Niwa et al., 1975). However,
whilst we observed significant protection of lung barrier tissues through enhancing the
availability of natural AHR ligands (Fig. 27), TCDD treatment significantly increases the
susceptibility of mice to influenza (Vorderstrasse, Bohn & Lawrence, 2003; Luebke et al.,
2002). Site-directed mutagenesis in the AHR ligand binding domain has confirmed distinct
binding patterns between structurally diverse ligands (Soshilov and Denison, 2014).
Differential AHR activities are also affected by cell-specific activation. Augmenting the
availability of endogenous ligands seemed to induce AHR signalling in endothelial and
epithelial cells (Fig. 34). The increased protection in WT = Cyp1 chimeric mice supports this
(Fig. 35), and indicates the importance of AHR signalling in barrier lung tissues during viral
infection. Conversely, TCDD administered by oral gavage, as was the case in influenza studies
(Vorderstrasse, Bohn & Lawrence, 2003), is likely to induce systemic effects (Ozeki et al.,
2011).

The diversity in AHR-dependent functions is also influenced by molecular cofactors
that influence transcriptional activity. This includes HIF1a, that competes with the AHR for
ARNT binding (Vorrink & Domann, 2014). Local lung hypoxia occurs as a consequence of
extensive epithelial necrosis in influenza (Xi et al., 2017), and influenza virus triggers a
hypoxic response through the stabilisation of HIF la protein (Ren et al., 2019). Therefore, lung
hypoxia may exacerbate pathology mediated by HIF 1a-dependent reduction of AHR activation
through ARNT competition. This could promote a break in disease tolerance, with lung damage
inhibiting tissue protective AHR functions.

How differential AHR activities are regulated and the effects they induce during viral
infection in humans remains to be determined. A very recent study has also shown that Zika
virus infection induces Kyn production and AHR activation in human liver cells with

correlating alterations in IFN response pathways (Giovannoni et al, 2020). Interestingly,
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metatranscriptome analysis of BALF from COVID-19 patients detected a significant
upregulation of the AHR signalling pathways (Zhou et al., 2020b). This suggests that the AHR
response pathway regulates lung immunity during respiratory viral disease in humans, and this
may be altered due to host-intrinsic and environmental factors, which could affect disease
severity in individuals.

Overall, our findings along with others suggest a commonality and also interplay
between AHR and IFN pathways during viral infections. Both are influenced by receptor-
binding dynamics which regulate differential signalling mechanisms and therefore the cellular
response. They both serve protective functions during an infection; however, aberrant
responses can result in pathology and tissue damage. Deviations away from an optimum in
these pathways can be influenced by host-intrinsic and extrinsic factors, which may ultimately

affect the severity of disease in humans.

6.2 Tissue-resident IFN-nonresponsive stem cells? A potential mechanism

for emergency lung repair

During our lung repair studies in vivo, we could not detect an effect of endogenous [FN
signals on the proliferation of distal airway progenitor cells (Fig. 6D). This intriguing
observation is in contrast to the increased AT2 cell proliferation observed in IFNR knockout
mice (Fig. 6A to C). Assuming these results are correct, one possible reason for this
discrepancy is the different kinetics between the two epithelial cell populations. Distal airway
progenitor cells expand in the lung on day 4 post infection in a highly proliferative state (Fig.
2B and C), and therefore, may not have received an IFN signal of sufficient duration to induce
growth inhibitory effects. An alternative hypothesis is that these distal airway progenitor cells
are IFN-nonresponsive, which would allow them to avoid IFN-inducible antiproliferative

effects, thus, promoting efficient lung repair (Discussion figure 2).
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Discussion figure 2. IFN responsiveness in respiratory epithelial stem cells.

Surprisingly, we did not observe differences in the proliferation of airway stem cells in IFNLR
deficient mice during influenza virus-induced lung repair. On the other hand, lack of IFN-A
signalling enhanced the proliferation of differentiated AT2 cells. Highly proliferative airway
progenitors may be refractory to IFN signalling, which would enable the efficient and rapid
restoration of destructed epithelia in order to maintain lung function. Created using
BioRender.com

To discern whether or not these progenitor cells are in fact refractory to IFN, it is
important to define this epithelial cell population. In our studies, we identify this population by
EpCam*CD49fMe"CD24!% flow cytometry staining (Fig. 2A). This population has been further
characterised, and is defined by high expression of the stem cell antigen Sca-1, positive 4
integrin and CD200 staining, and upregulation of the Krt5/p63 programme following influenza
virus infection (Quantius et al., 2016). Our identified EpCam*CD49fMehCD24'°¥ cells therefore
likely constitute the lineage-negative p63/Krt5" stem cells that mobilise from distal airways to
repopulate severely damaged alveoli in influenza virus infected mice (Kumar et al., 2011;
Vaughan et al., 2015). This corresponds with the cellular kinetics of progenitor cells in our
model, which are at very low levels in an uninfected lung (Fig. 2B). In addition,
EpCam*CD49fMe"CD24!°% cells may be a heterogenous population that harbours additional
stem cell types. Single-cell transcriptomics analysis of EpCam+4°CD200" cells identified
additional known and unknown lung stem cell (Kathiriya et al., 2020). It may be that only a
subset of distal airway progenitor cells is IFN refractory.

Distal airway progenitor cells (also referred to as DASCs) mobilise following severe

lung injury, aiding restoration of the alveolar niche to maintain lung structure and prevent
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respiratory failure (Kumar et al., 2011; Vaughan et al., 2015; Zuo et al., 2014; Kathiriya et al.,
2020). This process has been likened to an emergency tissue repair response, owing to their
emergence in the lung following severe injury and their highly proliferative nature. Genetic
depletion of p63'Krt5" lung stem cells during recovery from influenza significantly
compromises gas exchange (Zuo et al., 2014). In the context of emergency tissue repair, the
inability of stem cells to respond to IFN and avoid IFN-inducible antiproliferative effects
would, arguably, be highly beneficial. To confirm whether lung stem cells are IFN-
nonresponsive, it would be interesting to measure the downstream signalling response and ISG
expression in individual cells. This could be compared to the responses of mature lung epithelia,
for instance AT2 cells, which do respond to antiproliferative effects induced by IFN in our
model (Fig. 6A to C).

The notion that stem cells are refractory to IFN stimulation has been recognised for
over 40 years (Burke, Graham & Lehman, 1978). It also known that some stem cells are
resistant to viral infection (Swartzendruber & Lehman, 1975; Wu, Kwong & Rice, 2019). This
begs the question: how do IFN non-responsive stem cells promote antiviral resistance? Several
mechanisms have been suggested: 1) IFN-independent RNA interference (RNA1) (Maillard et
al., 2013); 2) IFN-independent epigenetic repression of endogenous retroviruses (Yang et al.,
2015); and 3) constitutive intrinsic expression of an ISG subset in pluripotent stem cells (Wu
et al., 2018). If our hypothesis is correct, distal airway progenitor cells in our system would
rely on one of these alternative cell-intrinsic antiviral mechanisms. Two club-like distal airway
progenitor cell populations in a steady-state lung have recently been identified as possessing
high baseline expression of an ISG subset (Kathiriya et al., 2020), and therefore, we suggest
the third option may apply, with lung stem cells in an intrinsic antiviral state due to IFN-
independent ISG subset expression.

Both embryonic stem cells and tissue resident stem cells have been identified as having
high intrinsic expression of a subset of antiviral ISGs (Wu et al., 2018). The idea behind
alternative antiviral responses in stem cells is that proliferative self-renewal functions are not
compatible with the full battery of IFN-inducible effects, including antiproliferative and
proapoptotic functions. Selective expression of potent antiviral molecules (such as IFITM1)
therefore promotes intrinsic antiviral resistance and avoids sensitivity to more harmful IFN-
inducible pathways. Mechanistically, high basal ISG subset expression is thought to be
JAK/STAT independent given their lack of IFN responsiveness. It is likely histone

modifications are involved, as H3K4me3 and H3K27ac modifications which commonly mark
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active promoters are enriched in the promoters of highly expressed ISGs in stem cells, relative
to silent ISGs (Wu, Kwong & Rice, 2019).

An additional interesting observation in the study by Wu et al. is the decrease in high
intrinsic ISG expression as stem cells progress to terminal differentiation. Consistently, a
functional IFN system appears to impair the differentiation potential of pluripotent stem cells
(Eggenberger et al., 2019), and only following terminal differentiation is this function restored
and intrinsic expression of ISG subsets wane (Wu et al., 2018). This fits to the notion that a
fully functional IFN system is incompatible with stem cell proliferative and cellular
differentiation function. Our data here supports this concept, as we show the detrimental [FN-
inducible effects on AT2 cell proliferation and airway cell differentiation during lung repair
(Fig. 6 and 11). Therefore, tissue-resident IFN-nonresponsive airway stem cells would provide
a lifeline for repair, compensating for epithelial regenerative gaps where IFN-sensitive AT2
cells cannot. It would be interesting to cross-examine ISG profiles in individual stem and
differentiated cell subsets by single-cell RNA sequencing analysis, during recovery from
influenza. If the hypothesis is correct, one might expect an ISG profile gradient inversely
correlating with degree of stemness by an epithelial cell.

The increased susceptibility of lung progenitor cells to influenza virus infection
compared to alveolar and differentiated airway cells (Quantius et al., 2016) conflicts with the
above hypothesis, contradicting the inherent antiviral resistance in stem cells. However, this
may be explained by a heterogeneity in the EpCam"CD49f'¢hCD24!°% population, as it may
only be a small group of stem cells that harbour intrinsic antiviral immunity. In addition, stem
cells may become susceptible to infection as they begin to differentiate to restore damaged
alveoli (Wu et al., 2018). It would be interesting to perform-lineage tracing experiments to
delineate the specific contribution of stem cell precursors to lung repair in our model, and
understand how these pathways are affected by IFN. It is also important to note that a role of
tissue-resident IFN-nonresponsive stem cells has not been identified in vivo, where stem cell

antiviral resistance may not apply to the same extent.

6.3 Host-targeted therapies for respiratory virus disease

Modulation of host immune responses through therapeutic intervention can
significantly alleviate disease burden in individuals. Effective implementation of such

therapeutic strategies requires a thorough understanding of disease progression, and how this
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varies between susceptible individuals and demographics. During respiratory viral infection,
successful host-targeted therapies manipulate host pathways to either aid viral clearance or
reduce immunopathology. To devise a strategy for effective host-targeted therapies, it is
important to identify mechanisms that drive pathology in different patient cohorts. For instance,
a positive correlation between increased viral load and disease severity indicates that the use
of antiviral therapeutics would be beneficial (Liu ef al., 2020). On the other hand, lack of such
a correlation suggests that pathology is driven by other factors, namely immunopathology and
comorbidities (Gorini da Veiga, Kretzmann & Correa, 2012; Lavezzo et al., 2020). As
previously discussed, disease heterogeneity is driven by both host-intrinsic and environmental
factors, including the virulence of the infecting agent. This heterogeneity is particularly
prevalent in COVID-19 patients (Vabret et al., 2020), and therefore, blanket treatment
strategies that are not tailored to the specific manifestation of disease are likely to be less
effective, and can even induce further pathology if used improperly. The use of patient
biomarkers is invaluable in such a context, allowing clinicians to understand the stage of
disease, including immune status, to then implement treatment options accordingly.

The potent antiviral effects induced by type I and III IFNs make them prime candidates
for the treatment of respiratory viral infections. IFNs are administered in humans through
subcutaneous injection, or directly into the airways via an aerosol nebuliser (Sallard et al.,
2020). Due to the pathogenic effects associated with IFN, in particular IFN-o/B, the use of [FN
therapies for influenza and COVID-19 patients is a matter of ongoing debate (Lee & Shin,
2020). As is the case with all antiviral therapies, earlier IFN administration is more likely to be
efficacious through the disruption of initial viral replication. During respiratory viral infections,
progression of disease severity is linked to spread of the virus from the airways into the lungs.
In this context, IFN treatments may help to control viral replication to prevent alveolar damage,
particularly when host antiviral immunity is impaired due to host genetic factors or virally
encoded IFN antagonists (Blanco-Melo ef al., 2020). In late stages of disease, IFNs must be
used with caution to avoid exacerbating inflammation and lung pathology. IFN-A therapies
therefore have the additional benefit of inducing epithelial-targeted antiviral effects
(Prokunina-Olsson et al., 2020).

By identifying a detrimental consequence of sustained IFN signalling on lung repair,
our findings highlight an additional caveat to consider in the application of host-directed IFN
therapies. This includes IFN-A, which has not previously been attributed to pathogenic effects
during respiratory viral infection. By studying the effects of IFNs specifically in epithelial cells
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during the recovery phase of disease, we were able to identify a mechanism by which IFNs
exacerbate lung pathology independently from immunomodulation. In our mouse influenza
model, further extension of the IFN response into the window of epithelial recovery, through
exogenous treatment, significantly dampens alveolar cell proliferation (Fig. 4). Late treatment
has no effect on viral clearance (Fig. 4C and E), suggesting that there is a break-even point in
the progression of disease, after which IFN treatment is no longer beneficial, and potentially
detrimental for recovery. This is supported by recent evidence from a retrospective COVID-19
patient cohort study (Wang et al., 2020b). Early administration of IFN-o was associated with
reduced in-hospital mortality, whereas late IFN-a therapy was associated with delayed
recovery and increased mortality (Wang et al., 2020b).

Given the particular signalling thresholds that dictate differential activities induced by
IFN, it is possible that these pathways could be optimised for advantageous effects in the clinic.
The wvastly different signalling thresholds required for induction of antiviral and
antiproliferative pathways can be regulated by engineered IFN molecules to fine-tune specific
responses (Levin ef al., 2014), and even promote cell-marker specific targeting (Garcin et al.,
2014). Regulatory mechanisms controlling differential activity can be further exploited to
enable optimal and efficient lung repair. For instance, the use of JAK/STAT inhibitors late in
the course of disease could effectively block sustained ISG signals required for the disruption
of lung repair. Optimal protection induced by host-targeted IFN-related therapies would be
achieved by strong induction of ISGs early during infection to curb viral replication, followed

by timely downregulation of IFN responses, enabling efficient lung epithelial repair.

Evidence put forward in this thesis furthers our understanding in the underlying
mechanisms that govern immunopathology during viral infection. By focusing on the
importance of epithelial repair during the recovery phase of infection, we identify a novel
mechanism by which type I and IIT IFN-induced signals aggravate lung pathology. We also
highlight a tissue-protective role of AHR mediated by endogenous ligands, which has

implications for host-intrinsic and environmental factors that influenza disease severity.
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Appendix II. Myeloid gating strategy (shown on a naive B6 WT lung).
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