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Abstract

Influenza A viruses are a major cause of human and animal disease worldwide.
Periodically, avian influenza A viruses from wild waterfowl, like ducks, pass through
intermediate agricultural hosts and emerge into the human population as zoonotic diseases with
high mortality rates and pandemic potential. Dabbling ducks are the primordial hosts of influenza
A viruses and remain an important ecological reservoir. Presumably because of their long co-
evolutionary history, ducks are uniquely resistant to influenza disease compared to other birds,
animals, and humans. However, relatively little is known about host-pathogen interactions in
these hosts that may be contributing to their resistance. Appropriate innate immune signaling,
especially through the RIG-I pathway, appears to be crucial for controlling viral replication early
and for the survival advantage of ducks infected with highly-pathogenic influenza A viruses. To
discover potential unique adaptations between ducks and influenza A viruses, I investigated the
interactions of three viral proteins with the duck RIG-I pathway and compared to what is known

about these interactions in humans and other hosts.

The non-structural protein 1 (NS1) of influenza A viruses is an important virulence factor
that regulates viral replication and controls host cell immune responses. In human cells, NS1
proteins inhibit the induction of innate immune signaling and type-I interferon by preventing the
activation of the RIG-I receptor by the ubiquitin ligase TRIM235. It is unclear whether the
inhibition of human TRIM2S is a universal function of all influenza A NS1 proteins or is strain-
dependent. It is also unclear if NS1 proteins similarly target the TRIM25 and RIG-I pathway of
mallard ducks. To answer these questions, I compared the ability of five different NS1 proteins

to interact with human and duck TRIM25 and the consequences this had on RIG-I ubiquitination
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and signaling in both species. I show that allele A and allele B NS1 proteins from low-
pathogenic and highly pathogenic avian influenza viruses efficiently inhibit RIG-I ubiquitination
and interferon induction in human cells. In contrast, avian NS1 proteins do not affect duck RIG-I
ubiquitination and signaling, despite interacting with duck TRIM25 in co-immunoprecipitations.
Avian influenza viruses may lack the ability to dampen RIG-I signaling in ducks, as they do in
humans. I also show that a variant NS1 from A/Puerto Rico/8/1934 (HIN1) can enhance
TRIM25-mediated human RIG-I ubiquitination, but inhibits interferon by a TRIM25-

independent mechanism that involves NS1 residue glycine-184.

PB1-F2 is an accessory protein encoded by most, but not all influenza A virus strains.
Several immunomodulatory functions are ascribed to PB1-F2 in mammalian cells, including an
interaction with the signal transducer MAVS to inhibit type-I interferon induction. In
collaboration with a colleague, I show that PB1-F2 from A/Puerto Rico/8/1934 (HIN1) interacts
with duck MAVS and inhibits interferon signaling in avian cells. I also show that PB1-F2 is
capable of suppressing TRIM25-mediated RIG-I ubiquitination of both human and duck
orthologues. These interactions of PB1-F2 provide an example of the conservation of function

across host species.

Finally, the viral polymerase subunit PB2 is also known to traffic to mitochondria and
interact with MAVS to suppress interferon in human cells. Mitochondrial localization, but not
MAVS interaction specifically, depends on a host-species-specific amino acid polymorphism at
position 9 in the PB2 peptide. With a colleague, I show that several avian and one human PB2
proteins all interact with duck MAVS irrespective of the substitution at position 9 or at two other

species-specific polymorphism sites close by. However, interferon inhibition efficiencies
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differed between the PB2 proteins and suggest the involvement of one or more of the

polymorphisms in mitochondrial targeting, as in human cells.

This thesis addresses the understudied subject of host-pathogen interactions of influenza
A viruses in their natural host — mallard ducks. The results contribute to our understanding of the
mechanisms of host-pathogen co-adaptation and the selective pressures that drive influenza A

virus evolution in the reservoir host.
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Chapter 1 Introduction

1.1 Influenza A virus

Influenza A virus is a member of the Orthomyxoviridae family (reviewed in Shaw and
Palese, 2013), which includes four Influenzavirus genera (4,B,C, and D), Thogotovirus,
Isavirus, and Quaranfilvirus (King et al., 2011; Su et al., 2017). Of the Influenzavirus genera,
influenza A viruses are the most clinically significant, have the highest global disease burden,
and pose the most serious pandemic threat (Glezen et al., 2013; Hessen, 2009; Monto, 1987;

Nolan et al., 1980).
1.1.1 Structure and replication

Influenza A virus (IAV) has a segmented genome consisting of eight single-stranded,
negative-sense RNA segments (Palese et al., 1980) that encode up to seventeen proteins.
Negative sense means that the genomic RNA segments are complementary to messenger RNA
(mRNA) and can serve directly as templates for it (Baltimore, 1971). All IAV strains encode ten
proteins: three viral polymerase components PB1, PB2, and PA (Palese et al., 1977); the outer
surface proteins hemagglutinin (HA) and neuraminidase (NA) (Palese and Schulman, 1976);
nucleoprotein (NP) (Ritchey et al., 1976); the structural matrix protein M1 and the outer surface
ion channel M2, expressed from a single genomic segment by alternate splicing and an alternate
reading frame (Allen et al., 1980; Lamb and Choppin, 1981; Lamb et al., 1981); the non-
structural protein 1 (NS1) and nuclear export protein (NEP), which are also expressed from a
single segment (Lamb et al., 1980). Up to seven accessory proteins have been identified that are

not universally encoded by all strains. These are PB1-F2 (Chen et al., 2001), PB1-N40 (Wise et



al., 2009), PA-X (Jagger et al., 2012), PA-N155 and PA-N182 (Muramoto et al., 2013), M42

(Wise et al., 2012), and NS3 (Selman et al., 2012).

IAV is an enveloped virus. The virion consists of an outer layer of host-derived lipid
membrane and an inner layer of M1 protein. The HA, NA, and M2 proteins stud the outer
membrane surface. Inside the virion, the viral RNA (VRNA) segments are coated in
nucleoprotein and are attached to the matrix layer (Noton et al., 2007). A trimeric viral
polymerase complex is bound to each genomic segment, and all together this is called the viral
ribonucleoprotein complex (VRNP) (Compans et al., 1972; Duesberg, 1969). Several nuclear

export proteins are also packaged into the virion (Richardson and Akkina, 1991).

Infection begins when viral HA proteins bind glycoprotein receptors with terminal sialic
acids on the host cell surface to initiate endocytosis-mediated entry (Matlin et al., 1981;
Sieczkarski and Whittaker, 2002; Skehel and Wiley, 2000). Acidification of the endosome
triggers a conformational change in HA that stimulates fusion of the viral and endocytic
membranes. At the same time, the M2 ion channel directs protons into the virion to induce
matrix disassembly and vRNP release — “uncoating” (Pinto and Lamb, 2006; Wharton et al.,
1994). The vRNPs then enter host cell nucleus using nuclear localization sequences (NLS) found
on all of its protein components (Cros et al., 2005; Jones et al., 1986; Nath and Nayak, 1990,
Nieto et al., 1994; O'Neill et al., 1995). The viral polymerase accomplishes both mRNA
synthesis and VRNA replication in the host cell nucleus (Beaton and Krug, 1986; Vreede and
Brownlee, 2007). Messenger RNA synthesis begins with the snatching of 5' caps from host pre-
mRNAs by the PB2 and PA proteins (Dias et al., 2009; Fechter et al., 2003). Negative sense viral
genomic RNA is replicated through a complementary RNA intermediate, and depends on the

availability of free NP (Beaton and Krug, 1986). New vRNA is encapsidated in nucleoprotein
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and interacts with M1 and NEP to exit the nucleus by Crm1-dependent export (Huang et al.,
2001; Neumann et al., 2000; Shimizu et al., 2011; Ye et al., 1999). Assembly occurs at the apical
surface of polarized epithelial cells, where newly-synthesized HA, NA, and M2 proteins localize
(Hughey et al., 1992; Jones et al., 1985; Roth et al., 1983). Budding begins with the
accumulation of M1 and vRNP complexes at the plasma membrane (Noton et al., 2007). Virions
are released from the cell when NA cleaves sialic acids off of cell surface glycoproteins (Colman
et al., 1983; Palese and Compans, 1976; Palese et al., 1974). NA also cleaves sialic acids off of
glycoproteins that are incorporated into the virion from the host cell membrane to prevent the
clumping of virions (Palese and Compans, 1976). To mediate successful infection of new cells
and successful release from infected cells, the HA and NA activities exist in a precise balance

that is optimized for individual hosts and viruses (Wagner et al., 2002; Yen et al., 2011).

The HA and NA proteins are abundant on the viral surface and are thus the major antigenic
determinants of host humoral immunity. For this reason there is strong selective pressure on the
major antigenic sites of HA and NA that helps to generate a large diversity. Currently, 18
antigenically distinct HA subtypes (H1-18) and 11 antigenically distinct NA subtypes (N1-11)
are known (CDC, 2019; WHO, 2018). These antigenic subtypes are used to classify viral strains,

for example ‘H5N1".

Influenzaviruses evolve by a complex combination of three mechanisms. The first, “genetic
drift,” occurs through the natural accumulation of mutations produced by the relatively error-
prone viral RNA polymerase (Parvin et al., 1986). The second mechanism, “genetic shift,”
occurs when multiple strains infect the same cells and their segmented genomes are reassorted
into new combinations in progeny virions. Unlike the gradual nature of genetic drift, genetic shift

can produce large and abrupt changes and is the main driver of the appearance of new pandemic
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strains. Members of different Influenzavirus genera do not re-assort with each other,
demonstrating that they are truly “speciated” (Hause et al., 2014; King et al., 2011). Finally, non-
homologous recombination can occur when the viral polymerase switches templates mid-
replication and incorporates fragments from other viral RNA segments (Orlich et al., 1994;
Pasick et al., 2005) or from host RNA species (Khatchikian et al., 1989). This can also play a

significant role in the acquisition of virulence (Abdelwhab et al., 2013).

1.1.2 Waterfowl are the natural hosts of influenza A virus

Influenza A viruses have a common evolutionary ancestor that arose in aquatic birds
(reviewed in Webster et al., 1992; Yoon et al., 2014). Phylogenetic analyses of the individual
gene segments suggest that all circulating human influenza A viruses have ancestors in the avian
lineage (Gammelin et al., 1990; Gorman et al., 1991; Okazaki et al., 1989). The same is true for
IAVs in other mammals (Guo et al., 1992; Li et al., 2010). The majority of known influenza A
HA and NA subtypes circulate in wild ducks (reviewed in Yoon et al., 2014). H13 and H16
subtypes have not been isolated from ducks, but circulate in gulls (Laridae family) (Chambers et
al., 1989; Kawaoka et al., 1988). Two HA and two NA subtypes of bat influenza viruses have
recently been discovered (Tong et al., 2013), which appear to have been evolving in isolation for

a long time (Mehle, 2014).

As the natural host, ducks have co-evolved with influenza A viruses to a state in which a high
degree of viral replication is tolerated and damage to the host is limited (Webster et al., 1992).
Infection occurs via the fecal-oral route in contaminated water, such as ponds. Ducks may
become infected by drinking or eating in contaminated water, by dabbling and preening in it, and

by the uptake of water through the cloaca (Wille et al., 2018). Low-pathogenicity avian influenza



viruses (LPAI) typically replicate in duck intestines, where up to 1037 EIDs, (egg infectious
doses) of virus per gram of feces can be shed (Hinshaw et al., 1980; Webster et al., 1978).
Mallard ducks (4nas platyrhynchos) have a higher prevalence of LPAI infection than other birds
in the wild, harbour these viruses without signs of disease, and shed them into bodies of water
(Jourdain et al., 2010; Kida et al., 1980; Olsen et al., 2006; Runstadler et al., 2007). The evidence
that dabbling and diving ducks of the genus Anas are more frequently infected than other ducks
and geese implies the importance of these behaviors in the maintenance of IAV in the wild
(Munster et al., 2007). Influenza A viruses appear to be stable in cold water, such as ponds, for
months (Stallknecht et al., 1990). In their seasonal migrations, ducks circulate influenza viruses
along their migration pathways (Hulse-Post et al., 2005; Kilpatrick et al., 2006; Marchenko et al.,
2012). Up to 20% of wild ducks at pre-migration staging areas in Canada may be positive for
influenza before departure (Hinshaw et al., 1980). The prevalence drops in wintering areas
(Stallknecht et al., 1990), but after migration, the arrival of new immunologically-naive juveniles
increases it again. In Sweden and Norway, the seasonal prevalence follows a similar pattern,
with prevalence values of 3.4-6.5% reported in the spring (Wallensten et al., 2006), and 13% in
autumn (Germundsson et al., 2010). The global patterns of influenza A virus prevalence in wild

birds are reviewed in Olsen et al. (2006).

Human influenza pandemics begin with the introduction of new avian genes into mammalian
viruses by reassortment (Guan et al., 2010; Smith et al., 2009a). The Asian H2N2 pandemic of
1957 began with the reassortment of a human virus with an avian H2N2 strain, acquiring its HA
and NA genes (Schafer et al., 1993). The 1968 H3N2 pandemic was caused by a virus with avian
HA and PBI1 genes (Kawaoka et al., 1989; Scholtissek et al., 1978). The causative agent of the

2009 HINI1 influenza outbreak was a multiple-reassortant virus that contained avian PB2 and PA



genes in a human and swine background (Smith et al., 2009b). The origins of the infamous 1918
influenza pandemic virus are less clear, but it also appears to have arisen from a swine lineage
that had previously been derived from an avian HIN1 virus (Anhlan et al., 2011; Gorman et al.,
1991; Guan et al., 2010). The pandemic threat of influenza A viruses owes to the fact that the
mammalian and avian pools can mix and successfully reassort in co-infected host ‘mixing
vessels’, like pigs (as reviewed by Shapshak et al., 2011). This can generate viruses with novel
antigenicities for which no immunity exists in the population, or viruses with unexpected

replicative advantages or virulence characteristics.

Birds are also a source for the spontaneous emergence of highly-pathogenic avian influenza
(HPALI) strains that cause severe disease and high death rates in people, but do not necessarily
acquire the ability to transmit effectively between them. HPAI strains commonly arise in
chickens through mutation of low-pathogenicity strains acquired from ducks. The ability to
asymptomatically spread influenza A viruses to domestic poultry has earned ducks the moniker
“Trojan horses of influenza” (Kim et al., 2009). By convention, avian influenza viruses are
classified as low-pathogenic avian influenza (LPAI) or highly pathogenic (HPAI) based on their
pathogenicity in domestic chickens (O.LE., 2019). LPAI strains with HS and H7 hemagglutinin
subtypes can mutate in gallinaceous poultry to become highly pathogenic by acquiring a multi-
basic cleavage site in the HA, a hallmark virulence factor (Pantin-Jackwood et al., 2016; Short et
al., 2014; Smith et al., 2015). Influenza hemagglutinin must be cleaved at a specific site by host
proteases to make the receptor functional for entry. The amino acid sequence at the HA cleavage
site determines how easily it can be cut and by which host proteases. The HAs of LPAI viruses
can be cleaved by transmembrane serine proteases and airway trypsin-like proteases, and this

limited cleavability restricts infection to certain tissues (Bertram et al., 2010). The HAs of HPAI



viruses with polybasic cleavage sites that contain several consecutive arginine and lysine
residues can be activated by a broader repertoire of ubiquitous proteases, such as furin and
plasmin, and can thus infect a wider range of tissues and produce more serious diseases
(Horimoto and Kawaoka, 1994; Rott, 1992; Stieneke-Grober et al., 1992). In chickens,
multibasic cleavage sites appear to arise by non-homologous recombination of HA genes with
other influenza genome segments or with chicken ribosomal RNA (Abdelwhab et al., 2013). In
chickens or quail, the H5 or H7 hemagglutinin subtypes also sometimes acquire mutations that
make them more similar to those of human seasonal viruses, making the virus more likely to

zoonotically infect humans (Matrosovich et al., 1999; Yamada et al., 2012).

Mallards are more resistant to disease caused by influenza A viruses, including highly
pathogenic avian influenza viruses, than most other species (Alexander et al., 1986; Cooley et
al., 1989; Laudert et al., 1993). However, even mallard ducks may succumb to fatal infection by
certain strains of H5 HPAI viruses, particularly some strains belonging to the Eurasian lineage of
HPAI HS5 viruses tracing back to the Chinese strain A/goose/Guangdong/1/1996 (Chen et al.,
2005; Kleyheeg et al., 2017; Njoto et al., 2018; Pantin-Jackwood et al., 2016). Poultry outbreaks
and human infections with HPAI H5NT strains of this lineage began occurring in large numbers
in Southeast Asia between 2003 and 2004. Since then, the viruses have been spread to Africa,
Europe, and North America, and have become endemic in poultry in China, Indonesia, Vietnam,
India, Bangladesh, and Egypt (Food and Agriculture Organization of the United Nations, 2018).
More recently, in 2014, a reassortant HSNS that could kill domestic ducks caused several poultry
outbreaks in South Korea (Lee et al., 2014), and arrived on the west coast of North America with
migratory waterfowl later that same year (Pasick et al., 2015). It is worth noting, however, that

the spread of highly pathogenic influenza strains results from both wild waterfowl migration and



human movement of infected poultry (Kilpatrick et al., 2006), and that the pathogenic strains do

not appear to persist for long in wild birds in nature (Kim et al., 2009).

In summary, ducks are an important natural reservoir host of influenza A viruses. Their co-
evolution has produced a unique relationship that allows ducks to act as asymptomatic carriers of

LPAI viruses, and to tolerate HPAI virus infections to a greater extent than other species.

1.1.3 Host adaptation of influenza A viruses

Influenza A virus genes accumulate host-specific polymorphisms over time in different
hosts that may be adaptive. The PB2, PA, NP, M, and NS genes in particular fall into two
distinct phylogenetic branches — an avian lineage and a swine/human lineage (Bean, 1984;
Furuse et al., 2009; Gammelin et al., 1990; Gorman et al., 1991; Gorman et al., 1990a; Ito et al.,
1991; Okazaki et al., 1989). Large-scale sequence analyses of mutation rates, comparing rates of
synonymous versus non-synonymous substitutions, show that viruses in terrestrial poultry, pigs,
and humans accumulate amino acid mutations faster than those in wild birds, suggesting that
mammalian viruses are adapting more rapidly to these relatively newer hosts (Chen and Holmes,
2006; Furuse et al., 2009; Gorman et al., 1991; Gorman et al., 1990a; Gorman et al., 1990b; Shu
et al., 1993; Sugita et al., 1991). The adaptive nature of these mutations is apparent in some
cases, such as the alteration of HA binding specificity to accommodate the sialic acid linkages
that predominate in human airways. The activities of the HA and NA proteins must be balanced
for efficient viral budding and shedding (de Vries et al., 2020). Thus, additional glycolsylation
sites in HA, which lower their affinity and render them more human-like tend to occur in tandem
with truncations in the NA stalk, which reduces its activity (Matrosovich et al., 1999). In other

cases, the function of species-specific polymorphisms is less apparent, as with the negative



selection pressure on amino acid positions 115 and 121 in the viral matrix protein (M1) (Furuse

et al., 2009).

The ribonucleoprotein components NP, PA, and PB2 acquire a plurality of species-
specific amino acid changes in mammalian hosts (Chen et al., 2006; Finkelstein et al., 2007;
Gorman et al., 1991). Many of these polymorphisms fall within domains responsible for
interactions between the VRNP components themselves (Chen et al., 2006; Finkelstein et al.,
2007). Some enhance polymerase activity in mammalian cells, such as mutations G590S,
Q591K/R, and E627K in the polymerase basic protein 2 (PB2) (Hussein et al., 2016; Manz et al.,
2016; Mehle and Doudna, 2009; Subbarao et al., 1993). Other substitutions facilitate interaction
with host co-factors like acidic leucine-rich nuclear phosphoprotein 32 (ANP32), a nuclear
mRNA binding protein that appears to determine host-specificity of the viral polymerase (Hou et
al., 2011; Long et al., 2016). Still another substitution affects an accessory function of PB2 — the
inhibition of interferon signaling (Graef et al., 2010; Miotto et al., 2008). A subset of PB2
proteins in mammalian cells translocate out of the nucleus and to the mitochondria during
infection and suppresses type-I interferon signaling. This activity depends on human-consensus
residue asparagine-9 (N9), which replaces the avian-consensus serine-9 (S9). Substituting SON in
an avian H5N1 virus increased its pathogenicity in infected mice (Kim et al., 2010). Viral non-
structural protein 1 (NS1) is the most important AV interferon antagonist and its evolution is

treated separately in section 1.3.

Complicating the picture, adaptive changes seem to occur at other levels besides protein.
For example, two regions in the nucleotide sequence of positive-sense transcripts of the gt
genomic segment (NS) fold into hairpins with species-specific structural differences, the

significance of which is still unclear (Vasin et al., 2016). Phylogenetic studies can identify host-
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specific signatures faster than they can be characterized and so our understanding of the nature of
influenza host-adaptation is far from complete. Furthermore, less attention has been paid to the
functions of host-specific polymorphisms in aquatic birds and so we have a shallow
understanding of the evolutionary pressures that act on IAV in the reservoir hosts. For this

reason, this thesis aims to discover IAV host-pathogen interactions in avian cells.

1.2 Innate immune responses to influenza A virus

1.2.1 Type-I interferon

In humans and animals, when death occurs from highly-pathogenic influenza A infection it
is often a matter of days, too soon for the full activation of a primary adaptive immune response.
Thus, innate immune responses are worth examining when looking for factors that determine
influenza disease resistance and susceptibility. The innate immune system is the first line of
defense once a pathogen breaches the body’s physical barriers. It is an evolutionarily ancient,
rapid first-response system that recognizes broad categories of pathogens and initiates non-
specific defenses. Innate immune signaling depends on the recognition of non-specific pathogen-
associated molecular patterns (PAMPs). Different families of receptors recognize different
categories of PAMPs that are broadly shared by pathogens within that category — for example,
viral RNA intermediates. Once activated, innate immune signals induce defense systems in the
cells surrounding the infection, recruit white blood cells to the site of injury, and direct the

mobilization of specific adaptive immune responses.

Type-1 interferon (IFN) is a category of related cytokines (signaling molecules) that are
produced when the innate immune system detects viral infection. The antiviral effect of

interferon in mice was demonstrated with intravenous and intramuscular injections of exogenous
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interferon (Finter, 1966, 1967) and with the administration of interferon-neutralizing antiserum
(Gresser et al., 1976a; Gresser et al., 1976b). There is a lot of evidence in humans and mice that
an early type I interferon response is important for controlling influenza A virus (Haller et al.,
1987; Haller et al., 1981; Jorgensen et al., 2018; Koerner et al., 2007; Krishna et al., 2015;
Tumpey et al., 2007; Zeng et al., 2007). Pre-treatment of cultured cells with type-I interferon
significantly reduces viral replication.

The two most prevalent type-I interferons are interferon-alpha (IFN-a) and interferon-beta
(IFN-B). IFN-B is produced by epithelial cells at the initial site of infection and acts in a
paracrine fashion to induce an anti-viral state in the surrounding cells. It does this by stimulating
the expression of many multifunctional interferon-stimulated genes (ISGs) that modulate host
cell metabolism and interact with viral components directly to suppress replication (Alsharifi et
al., 2008; Iwasaki and Pillai, 2014; Jiang et al., 2011; Perry et al., 2005; Schoggins et al., 2011;
Schultz et al., 2004). Infiltrating leukocytes produce IFN-a (Wyde et al., 1982) and there is a
subset of leukocytes called plasmacytoid dendritic cells (pDCs) that secrete large amounts of
IFN-a into the circulatory system (Ito et al., 2005; Liu, 2005). Plasmacytoid dendritic cells can
detect viral RNA from directly endocytosed viral particles (Diebold et al., 2014), but some
evidence suggests that circulating leukocytes that secrete IFN-o may not necessarily act as
sentinels of infection but become activated secondarily and serve to amplify the immune
response and modulate T-cell activity (Colonna et al., 2004). All type-I interferons signal
through the same receptor on target cells.

Type-I interferon production is most important early in a viral infection, as a first checkpoint
to delay viral replication and spread while other components of immunity become activated. This

was demonstrated by Finter (1966) who found that administration of exogenous interferon before
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or simultaneously with arbovirus infection in mice reduced viral replication, but administration
seven hours post infection did not. Ducks typically manifest a rapid upregulation of type I
interferon in response to HPAI infection, which peaks within the first day. Pekin ducks infected
with highly pathogenic H5N1 viruses upregulated /FNA and IFNB genes early, by 1 day post
infection (dpi), in lungs and spleens, by qPCR (Cagle et al., 2012; Saito et al., 2018; Vanderven
et al., 2012). The interferon spikes dropped off by the second and third days of infection, but a
sustained induction of key ISGs remained (Saito et al., 2018). A transcriptome analysis of HSN1-
infected ducks also showed a large and early interferon response underway in the lungs at 1 dpi
and the induction of ISGs persistent through 3 dpi (Smith et al., 2015). The ducks also produced
interferon in their ilea, though not as rapidly as in their lungs, and ISG induction in both tissues
was higher than in similarly infected chickens. The transcriptome comparison showed that the
first responses to influenza in chickens and ducks are dramatically different—the genes
expressed in the chickens were mostly related to T-cell and B-cell activation, whereas the early
genes expressed in ducks were related to pathogen-associated molecular pattern recognition and
interferon signaling. Direct comparison was complicated by the need to challenge highly
susceptible chickens with a much lower infecting dose than ducks. Kumar et al. (2017) infected
domestic ducks with two highly pathogenic IAV strains and found that ISG expression correlates
inversely with disease severity. Muscovy ducks, which are more susceptible to influenza disease,
have higher pro-inflammatory responses to HPAI viruses compared to Pekin and wild mallard
ducks, and have lower IFN-a responses in their spleens (Cagle et al., 2012). Recombinant duck
IFN-a was recently shown to inhibit influenza virus replication in duck fibroblasts in vitro, and

to stimulate the expression of ISGs in the brains and spleens of treated ducks in vivo (Gao et al.,
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2018). Thus, a rapid type-I interferon response appears to contribute to viral clearance and

survival of ducks.

1.2.2 Inflammation and immunopathology

Innate immune signaling is not necessarily always protective, but can also be implicated in
influenza pathogenesis (Damjanovic et al., 2012). Immunopathology occurs from aberrant and
prolonged pro-inflammatory signaling that leads to tissue damage. Acute inflammation is a broad
response to cellular damage or infection in which physical and chemical signals bring an influx
of immune cells and fluid from the circulatory system to the site of injury (Ryan and Majno,
1977). Many pro-inflammatory cytokines, such as IL-6 and TNF-o, are released by stressed cells
to induce leakiness in the capillaries around the injury and to act as chemoattractants and
stimulators to macrophages, neutrophils, and other leukocytes, which can then combat pathogens
and clear out debris. However, excessive infiltration of cells and fluid into the submucosal
tissues of the airways can destroy tissues, compromise oxygen exchange, and produce hypoxia
and respiratory distress syndrome, which have been implicated in severe human H5N1 infections
(Peper and Van Campen, 1995; Uyeki, 2009; Ware and Matthay, 2000) and in the pathogenesis
of the 1918 “Spanish” influenza (Loo and Gale, 2007). Uncontrolled inflammation in other
sensitive tissues, like the central nervous system (CNS), can be equally dangerous (Lucas et al.,
2006). Since inflammation is a complex and multifactorial process, many influenza virus studies
look at the induction of pro-inflammatory cytokines specifically as a proxy of inflammation in
general. An excessive pro-inflammatory response, dubbed “cytokine storm,” is suspected to be a
major disease mechanism in fulminant highly-pathogenic influenza infections of humans
(Cheung et al., 2002; Hagau et al., 2010; Yuen and Wong, 2005), mice (Imai et al., 2008; Sun et

al., 2011; Teijaro et al., 2011; Teijaro et al., 2014), and birds, including ducks (Burggraaf et al.,
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2014; Wei et al., 2013). In a review of experimental data we found that high levels of pro-
inflammatory cytokines tended to correlate with symptom severity in ducks, but that they were
less prone to hyper-inflammation in response to influenza than other bird species (Evseev and

Magor, 2019).

The relationship between type I interferon and inflammation is complex and involves a lot of
context-dependent cross-talk, as reviewed by Trinchieri (2010). In infected animals with
inflammatory pathology in the lungs, type-I interferon levels tend to be elevated along with the
pro-inflammatory cytokines (Cao et al., 2017; Moulin et al., 2011; Penski et al., 2011; Soubies et
al., 2010a). In other situations, type I interferon can oppose pro-inflammatory signaling (Billiau,
2006; Guarda et al., 2011). In the context of influenza infection, type I interferon signaling can
promote the secretion of the anti-inflammatory cytokine IL-10 (Arimori et al., 2013) and can
oppose neutrophil recruitment (Shahangian et al., 2009). Over all, it seems that a rapid type |
interferon response at the site of infection is necessary to limit viral establishment early, but that
the innate immune response must not cascade out of control into aberrant activation. In mallard
ducks, a well-balanced and temporally limited innate immune response, fine-tuned by a long co-

evolutionary history, probably contributes to influenza disease resistance.

1.2.3 Pattern recognition receptors

Innate immune signaling begins when pathogen-associated molecular patterns are
recognized by pattern recognition receptors (PRRs). Three classes of PRRs are involved in
influenza virus recognition: the membrane-bound Toll-like receptors (TLRs) and two classes of

cytoplasmic PRRs — the NOD-like receptors (NLRs) and the RIG-I-like receptors (RLRs).
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1.2.4 Toll-like receptors

Three TLRs detect viral RNA species — TLR3, TLR7, and TLR8. TLR3 detects double-
stranded RNA in endosomes, but its role in influenza infections is equivocal. Human TLR3
transcription is upregulated in vitro in A549 and primary alveolar epithelial cells infected with
A/Puerto Rico/8/1934 (HINT1) (PRS), and TLR3 silencing reduces type-I interferon production
(Wu et al., 2015). However, in mice infected with A/Scotland/20/1974 (H3N2), upregulation of
TLR3 expression in lungs at 3 and 4 dpi was correlated with increased inflammation, and
TLR3” mice had a survival advantage (Le Goffic et al., 2006). Chicken TLR3 responds to the
viral RNA mimic poly (I:C) in vitro and was upregulated in lung and brain tissue at 24 hours
post infection (hpi) with a highly-pathogenic H5N1 virus (Karpala et al., 2008), and in the lungs
at 24 hpi after exposure to A/chicken/Italy/1067/99 (H7N1) (Cornelissen et al., 2012). Muscovy
duck TLR3 was cloned and characterized in 2012 (Jiao et al., 2012). It shares 62% amino acid
identity with human TLR3, and 87.3% identity with chicken TLR3. The majority of the
differences between the duck and chicken TLR3 sequences lie in the cytoplasmic signaling

domain, the Toll/Interleukin-1 receptor homology domain (TIR) (Chen et al., 2013).

Toll-like receptors 7 and 8 (TLR7 and TLRS) are endosomal pattern recognition receptors
that recognize single stranded viral RNA (Lund et al., 2004). Human TLR7 is highly expressed
in the endosomes of plasmacytoid dendritic cells (Ito et al., 2005), which produce the bulk of
IFN-a during influenza infection (Feldman et al., 2001; Feldman et al., 1995; Gobl et al., 1988).
TLR7 and TLR8 in dendritic cells can respond to viral RNA from ruptured cells or infected cells
taken up into endosomes (Iwasaki and Pillai, 2014), but may also function directly in epithelial
cells, potentially responding to leaked RNA in the endosome from any defective virions

(MacDonald et al., 2008). Intranasal administration of a dual TLR7/TLRS agonist protected rats

15



infected with influenza A/Port Chalmers/1/1973 (H3N2) (Hammerbeck et al., 2007). TLR7
signaling also appears necessary for optimal B-cell responses to viral infection (Clingan and
Matloubian, 2013). The TLRS gene is disrupted in ducks, chickens, and other birds, so only
TLR7 is functional (MacDonald et al., 2008; Magor et al., 2013; Philbin et al., 2005). Pekin duck
TLR7 shares 85% amino acid identity with chicken TLR7 and 66% with human TLR7, and is
most highly expressed in the lymphoid tissues of the spleen, bursa, and the lung (MacDonald et
al., 2008). In contrast, constitutive expression of chicken TLR7 is low in the lungs (Igbal et al.,
2005). Duck splenocytes respond to human TLR7 agonists by increasing IL-1p, IL-6, and IFN-a
mRNA (MacDonald et al., 2008). Chicken splenocytes, similarly stimulated, upregulated I1L-18

mRNA, but not IFN-a (Philbin et al., 2005).

1.2.5 NOD-like receptors

The NOD-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome is a
multi-protein complex that responds to danger and damage signals by activating the cysteine
protease caspase-1 (Leemans et al., 2011; Tschopp and Schroder, 2010). This leads to the
maturation and secretion of pro-inflammatory cytokines IL-1p and IL-18, and to the production
of antimicrobial reactive oxygen species (ROS). There is accumulating evidence that the NLRP3
makes important contributions to the innate immune responses to influenza virus in mice (Allen
et al., 2009; Thomas et al., 2009) and in humans (Pothlichet et al., 2013) that promote healing.
On the other hand, there is also evidence that prolonged NLRP3 activation can contribute to
pathology through cytokine storm in humans and non-human primates (Baskin et al., 2009; Tate

et al., 2016; Teijaro et al., 2014).

NLRP3 recognizes viral RNA (Allen et al., 2009), but appears to detect other categories

of PAMPs as well. Its activation is associated with a range of different pathogens (Kankkunen et
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al., 2010; Kanneganti et al., 2006; Martinon et al., 2004) and it also appears able to sense tissue
damage directly (Mariathasan et al., 2006; Martinon et al., 2006). The action of the influenza A
M2 ion channel in the trans-Golgi network, as it raises pH to prevent the newly-made HA
proteins from becoming fusogenic, can activate the NLRP3 inflammasome (Ichinohe et al.,
2010). In some cases, inflammasome activation depends on a priming step that requires the prior
activation of TLRs (Bauernfeind et al., 2009) or RIG-I (Pothlichet et al., 2013). Once activated,
NLRP3 inflammasome action can induce pyroptosis (Fernandes-Alnemri et al., 2007), a cell
death mechanism that releases extracellular components into the extracellular space and causes a

cascading activation of more inflammatory responses (Bergsbaken et al., 2009).

1.2.6 RIG-I-like Receptors

RIG-I like receptors are a family of three cytoplasmic RNA sensing proteins: LGP2,
MDAS and RIG-I (review by Fan and Jin, 2019). All three members share a DExD/H box RNA
helicase domain that recognizes double-stranded RNA species, and a C-terminal repressor or
regulatory domain (RD) that undergoes a conformational change when the helicase domain binds
to its target. MDAS and RIG-I, but not LGP2, possess a tandem pair of N-terminal caspase
activation and recruitment domains (CARD) that initiate a signaling pathway leading to type I
interferon expression, once released from RD repression. In a positive feedback loop, all three
RLRs are interferon-inducible in ducks (Barber et al., 2010; Cagle et al., 2011), in fish (Chen et
al., 2017), and in humans (Cui et al., 2004; Imaizumi et al., 2002; Imaizumi et al., 2004; Li et al.,

2005; Sakaki et al., 2005).

RIG-I is the most important of the RLRs for recognizing influenza viruses and is
responsible for the earliest epithelial type-I interferon responses in an influenza infection (Kato
et al., 2006; Loo et al., 2008; Opitz et al., 2007; Wu et al., 2012). RIG-I recognizes 5'-
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triphosphorylated RNA “panhandle” structures formed by the complementary ends of each
influenza genome segment (Liu et al., 2015a; Weber et al., 2013). Short aberrant RNAs (mini
viral RNAs) produced by influenza polymerases due to any dysregulation or erroneous activity
in the replication process act as strong agonists of RIG-I (te Velthuis et al., 2018). The same is
true of RNA species in defective interfering (DI) particles (Baum et al., 2010; Liu et al., 2019;
Schlee and Hartmann, 2010), which are virions containing incomplete or faulty genomes that
also arise from replication or packaging errors (Lazzarini et al., 1981). Recently, a subpopulation
of RIG-I that resides in the nucleus during influenza infection and elicits an interferon response
from that compartment has been identified in human cells (Liu et al., 2018). Finally, independent
of its IFN signaling function, cytoplasmic RIG-I (but not MDAS) can act as an antiviral effector
protein by binding to incoming IAV nucleoprotein and delaying the first cycle of replication

(Weber et al., 2015).

In ducks, RIG-I is ubiquitously expressed, especially in mucosal tissues, and the highest
constitutive expression in healthy Muscovy ducks is in the trachea (Cheng et al., 2015). Induced
by interferon, RIG-I mRNA is highly upregulated in Pekin duck lungs early in HPAI H5N1
infections (Barber et al., 2010; Saito et al., 2018). Transcriptome analysis and qPCR indicate that
RIG-I signaling pathway genes play a prominent role in mallard responses to HPAI H5N1
viruses (Fleming-Canepa et al., 2019; Smith et al., 2015). In Muscovy ducks, RIG-I expression
increased in brains, spleens, lungs, and bursae in response to infection with LPAI
A/Chicken/Shanghai/010/2008 (H9N2) (Cheng et al., 2015). In contrast, RIG-I expression was
not significantly induced in Pekin duck intestines in response to LPAI infection (Barber et al.,

2010).
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Chickens lack the RIG-I gene, and this almost certainly contributes to their extreme
susceptibility to influenza disease (Barber et al., 2010; Magor et al., 2013). When chickens and
ducks were infected with LPAI H7N1, the chickens highly upregulated MDAS and TLR7 in their
lungs and yet produced higher viral titres, while the ducks upregulated RIG-I and restricted viral
replication in their lungs (Costa et al., 2011). Highlighting the importance of RIG-I, a human
patient who had a severe infection during the 2009 HIN1 pandemic was found to possess a
signaling and RNA-binding-deficient variant of RIG-I (Jorgensen et al., 2018). Correlating with
increased pathology, cultured peripheral blood mononuclear cells and macrophages from that
patient showed an elevated IL.-6 and TNF-a response to infection in vitro, compared to controls.
Kallfass et al. (2013) showed in mice that epithelial cells are the primary source of IFN-f at the
earliest timepoints of influenza infection, if they are not successfully inhibited by viral NS1,
which targets the RIG-I pathway. Thus, chickens, without RIG-I, are predicted to be deficient in
IFN-B at the first critical epithelial cell barrier. This inference is supported by the fact that
chicken splenocytes (likely plasmacytoid dendritic cells and other specialized immune cells)
respond with interferon to HPAI A/chicken/Yamaguchi/7/2004 (H5N1) in vitro, while chicken
fibroblasts do not (Moulin et al., 2011). It seems clear from the fates of HPAl-infected chickens
that IFN-a signaling by specialized myeloid cells is not sufficient on its own or occurs too late to

limit viral replication in the first cycles of infection.

1.2.7 The RIG-I pathway

The duck RIG-I signaling pathway is summarized in Figure 1.1. RIG-I and MDAS both
signal via a homotypic CARD—-CARD interaction with the CARD domain of a signaling adaptor,
mitochondrial antiviral-signaling protein (MAVS), which leads to the activation and nuclear

translocation of interferon regulatory factors IRF3 and/or IRF7. The mechanism of signal
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initiation involves the tandem CARDs of four activated RIG-I or MDAS proteins nucleating a
helical assembly of MAVS CARD:s into filamentous structures, a process called “molecular
imprinting,” in both ducks and humans (Wu et al., 2014). This is a spontaneous process, as
demonstrated by the constitutive activity of isolated RIG-I or MAVS CARD domains that are
free from auto-repression (Miranzo-Navarro and Magor, 2014; Wei et al., 2014). MAVS
oligomers then serve as the assembly platform for downstream signaling intermediates. The
interacting surfaces between RIG-I-2CARD :: MAVS—CARD and MAVS—-CARD :: MAVS-
CARD are not highly conserved between ducks and humans, but T175K/T176E mutations in
duck RIG-I permit signaling through human MAVS in HEK293T cells (Wu et al., 2014).
Furthermore, wild-type duck RIG-I-2CARD can interact with chicken MAVS in the chicken
DF-1 cell line, allowing the RIG-I signaling to be recapitulated (Barber et al., 2013; Barber et al.,
2010; Chen et al., 2016; Cheng et al., 2015). Full-length mallard RIG-I transfected into DF-1
cells restores detection of 5'ppp RNA and results in lower titres of LPAI A/Mallard/British
Columbia/500/2005 (H5N2) and HPAI A/Vietnam/1203/2004 (H5N1) compared to infected
controls (Barber et al., 2010). Induction of IFN-B and ISGs is higher in RIG-I-transfected DF-1
cells, by qPCR, microarray, and transcriptome analyses (Barber et al., 2013; Chen et al., 2016).
Muscovy duck RIG-I is 97.4% identical to mallard RIG-I at the amino acid level, and also
induces IFN-f signaling, and resistance to LPAI strain A/Chicken/Shanghai/010/2008 (H9N2) in
transfected DF-1 cells (Cheng et al., 2015). IRF3 is apparently missing in birds (Barber et al.,
2013), so avian MAVS is likely signaling through IRF7. Thus, RLR signaling in ducks mostly

resembles the human paradigm.
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1.2.8 Ubiquitination regulates RIG-1

RIG-I signaling is regulated by ubiquitination. Three ubiquitin ligases — tripartite motif-
containing protein 25 (TRIM25), RING finger protein 135 (RNF135 or Riplet) and RING finger
protein 125 (RNF125) — regulate RIG-I (Arimoto et al., 2007; Gack et al., 2007; Oshiumi et al.,
2009; Oshiumi et al., 2010; Rajsbaum et al., 2012). TRIM25 and Riplet are positive regulators,
stabilizing activated RIG-I by the addition of lysine(K)63-linked ubiquitin chains (Gack et al.,
2007; Oshiumi et al., 2009; Oshiumi et al., 2010). RNF125 mediates K48-linked

polyubiquitination, which leads to the degradation of RIG-I (Arimoto et al., 2007).

TRIM2S stabilizes the RIG-I-2CARD :: MAVS—CARD helical structure by furnishing
short chains of K63-linked ubiquitin molecules that bind along the outside of the structure (Gack
et al., 2007; Wu et al., 2014). Structural studies have shown that these short ubiquitin chains do
not necessarily have to be covalently anchored to RIG-I-CARD domains in order to interact and
stabilize the assembly (Peisley et al., 2014b; Zeng et al., 2010). A new function of TRIM25 has
recently been described in humans—a nuclear subpopulation of human TRIM25 was identified,
which bound directly to influenza nucleoprotein and physically prevented RNA strand

elongation by the viral polymerase (Meyerson et al., 2017).

In ducks, TRIM25 ubiquitinates RIG-I-2CARD domains and amplifies MAVS signaling
(Miranzo-Navarro and Magor, 2014). Two amino acids in the 2CARD—K 167 and K193—
covalently anchor K63-linked ubiquitin chains, but mutation of both of them does not abolish
signal amplification as long as interaction with TRIM2S5 is preserved. Thus, duck TRIM25
provides both anchored and unanchored K63-linked polyubiquitin chains to potentiate RIG-I
signaling. Direct viral restriction by nuclear TRIM25 has yet to be demonstrated in ducks.

Rajsbaum et al. (2012) demonstrated that chicken TRIM25 contributes to IFN-f production in
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chicken cells during influenza virus infection in vitro, but did not identify a mechanism, which
remains an open question. In human cells, Gack et al. (2007) showed that only RIG-I, and not

MDAS, is ubiquitinated by TRIM25, but perhaps the situation is different in chickens.

Riplet can stabilize RIG-I activation similarly to TRIM25, by ubiquitinating the RIG-I
CARD domains with K63-linked polyubiquitin chains (Shi et al., 2017; Gao et al., 2009), but can
also ubiquitinate the C-terminal repressor domain (Oshiumi et al., 2009). K63-linked
ubiquitination at multiple sites is cooperative and is necessary for maximal type I interferon
induction in response to influenza virus infection in mice (Oshiumi et al., 2010; Rajsbaum et al.,
2012). Riplet is missing from the chicken genome, and appears to lack exon 1 in Pekin ducks
(Magor et al., 2013). Exon 1 encodes the catalytic RING domain, meaning that Pekin duck

Riplet would presumably be unable to transfer ubiquitin (Oshiumi et al., 2010).

In summary, TRIM2S5 is functional and contributes to type I interferon responses in ducks
and chickens, though it is still unclear how in the latter. Riplet appears to be missing in chickens

and may be non-functional in ducks, and nothing is yet known about RNF125 in either species.

1.3 Influenza A NS1 protein

Influenza A virus non-structural protein 1 (NS1) is a virulence factor that opposes host
cell innate immune signaling and effector functions in multiple ways, by participating in many
protein-protein interactions with host factors (reviewed by Ayllon and Garcia-Sastre, 2015). NS1
proteins are small, consisting of approximately 230 amino acids, but somewhat variable in length
between strains. They are composed of two domains joined by a flexible linker region
(Bornholdt and Prasad, 2008). The smaller N-terminal domain consists of three alpha-helices

between residues 1 and 72, and is termed the RNA-binding domain (RBD) for its first-
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discovered function. The C-terminal effector domain (ED) comprises residues 85-207. The very
C-terminal tail varies in length from strain to strain, and is structurally disordered (Soubies et al.,
2013). Because the NS1 protein is so small and yet participates in so many protein-protein

interactions, many interface regions overlap on the NS1 structure (Min et al., 2007).

NSI proteins are not packaged into the virion, but are expressed only in host cells to
facilitate viral replication in several ways. NS1 temporally regulates viral RNA synthesis in host
cells (Min et al., 2007). It promotes the translation of viral mRNA by recruiting eukaryotic
initiation factor 4GI (elF4GI) (Aragdn et al., 2000; Zhou et al., 2010). Its most important role,
however, seems to be the inhibition of type I interferon signaling and effector functions (Hale et
al., 2008). This is demonstrated by the fact that recombinant influenza A viruses lacking NS1
replicate normally in IFN-deficient cells and animals, but cannot replicate in normal, IFN-
competent organisms (Garcia-Sastre et al., 1998; Kochs et al., 2007; Soubies et al., 2010b; Zhu
et al., 2008). In human cells, NS1 proteins oppose interferon induction by blocking the
ubiquitination of RIG-I (Gack et al., 2009; Koliopoulos et al., 2018; Rajsbaum et al., 2012),
discussed in more detail in section 1.3.3. NS1 can interact directly with, and block the action of
the host antiviral effector protein kinase R (PKR), which blocks viral mRNA translation by
phosphorylating eukaryotic translation initiation factor eIF2a (Li et al., 2006; Min et al., 2007).
NSI1 prevents the activation of another interferon-stimulated gene, RNase L, by binding and
sequestering any free double stranded RNA (dsRNA) generated during viral replication. RNase
L is a ribonuclease that destroys all RNA in the cell when activated by 2'-5'-oligoadenylate
synthetase (OAS). OAS detects the presence of (viral) double-stranded RNA, but with a weak
affinity that can be outcompeted by NS1 (Krug, 2014; Min and Krug, 2006). Another important

function of many NS1 proteins is broad suppression of host protein expression (Das et al., 2008;
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Hale et al., 2010b; Khaperskyy and McCormick, 2015; Kuo and Krug, 2009; Nemeroff et al.,

1998; Noah et al., 2003), discussed in section 1.3.2.

1.3.1 NS1 protein phylogeny and host adaptation

Apart from the surface antigens HA and NA, NSI1 is the most polymorphic protein of
influenza A viruses (Chen and Holmes, 2006; Kumar et al., 2006; Obenauer et al., 2006). IAV
NSI proteins fall into two phylogenetic clades that diverged very early in IAV evolution, called
allele A and allele B (Treanor et al., 1989; Webster et al., 1992; Xu et al., 2014). Between
members of a single allele, whether A or B, there is approximately 90% amino acid sequence
conservation; between alleles, NS1 proteins share approximately 72% identity (Treanor et al.,
1989). With rare exceptions, all known mammalian strain NS1 proteins fall into allele A, while
avian strains can possess either allele A or allele B NS1 proteins (Guo et al., 1992; Ludwig et al.,
1991; Xu et al., 2014; Zohari et al., 2008). Within each allele can be found species-specific, and
geographically isolated lineages (Xu et al., 2014), but allele A and allele B strains can also be
found co-circulating in wild birds in the same geographic regions at the same time, though allele

B appears more rare (Zohari et al., 2008).

The observation that B-allele NS segments are virtually restricted to birds initially led to the
hypothesis that the NS1 or the NEP proteins belonging to that allele are less well-adapted to
replication in mammalian hosts. This was supported by the fact that recombinant influenza
A/Udorn/1972 (H3N2) bearing a B-allele NS1 gene was attenuated in the respiratory tracts of
squirrel monkeys compared to the wild-type virus (Treanor et al., 1989). Similarly, an allele A
NS1 from A/Mink/Sweden/1984 (H10N4) was more potent at inhibiting an interferon-stimulated
response element reporter system than B-allele NS1 from A/Chicken/Germany/N/1949 (H10N7)

in human A549 cells (Zohari et al., 2010). On the other hand, Turnbull et al. (2016) found that
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swapping NS alleles in the context of human HIN1 and H3N2 viruses did not attenuate them in
various mammalian cell lines or in mice, and did not reduce their ability to inhibit interferon
signaling. Furthermore, replacing the endogenous NS segment (allele A NS1) in
A/FPV/Rostock/1934 (H7N1) with the NS segment from A/Goose/Guangdong/1/1996 (H5N1)
(allele B NS1) improved replication efficiency in human and murine cells, and pathogenicity in

live mice (Ma et al., 2010).

Phylogenetically, the NS segments of all currently circulating human and swine viruses
derive from a single lineage that traces back to the 1918 pandemic HIN1 strain. Since then,
human and swine NS1 proteins have been evolving separately from the avian lineages, and have
accumulated species-specific substitutions in both protein domains and in the inter-domain linker
region (analyzed systematically by Vasin et al., 2017). The dimerization interface of the N-
terminal RNA-binding domain of NS1 depends on six amino acids (Liu et al., 1997; Wang et al.,
1999) that are universally conserved in all IAV strains. RNA binding depends, in part, on
residues R35, R38, and K41, which also form a nuclear localization sequence (NLS) essential for
interaction of NS1 with importin o (Greenspan et al., 1988; Melén et al., 2007). R35 and R38 are
universally conserved, as is K41, with the exception of the human H3N2 lineage, which acquired
a K41R mutation in 1974 (Vasin et al., 2017). An R44K substitution arose in the seasonal human
HINI NS1 lineage in 1935 and also independently in the classical swine lineage in 1971, which
was maintained in the triple-reassortant swine and subsequent pdm09 viruses. However, in the
seasonal H2N2 viruses that arose out of the seasonal HIN1 lineage in 1957, and the H3N2
lineage that replaced it in 1968, this amino acid reverted to the original R44. The functional
consequences of this polymorphism are unknown, but in combination with mutations V18A and

S195P it yields an attenuated, temperature-sensitive virus (Garaigorta et al., 2005). Several other

25



substitutions exist in the NS1 RBD that only occur in the human lineage — R21Q, F22V, A23V,
A60V, and 181 — which fall outside of known interaction interfaces and whose functional
consequences are unknown. A serine at position 42 (S42) has been linked to pathogenicity in
mice (Jiao et al., 2008), but this residue is conserved in the majority of human, swine, and avian

strains in the NCBI influenza database.

Another polymorphism in the NS1 RBD that may be associated with host adaptation is
located at position 55. According to the sequences in the NCBI influenza database, 68% of avian
NS1 proteins (22986 sequences on January 9, 2020) encode a glutamic acid at this position
(E55). The next most common residue is an arginine (R55), and a small fraction of the sequences
encode a lysine (K55). On the other hand, approximately 63% of human and swine influenza
NSI1 proteins (44326 sequences on January 9, 2020) encode K55, with E55 being the next most
prevalent, and a small fraction of sequences encoding Q55 and, even more rarely, R55. Li et al.
(2018) examined growth kinetics and interferon induction of three different HSN1 viruses in
human A549 cells and macrophages. They found that having a glutamic acid (E) instead of a
lysine (K) at position 55 in NS1 enhanced viral replication and interferon suppression. The
A/Puerto Rico/8/1934 (HIN1) strain (PR8), which has been propagated in laboratories around
the world since the 1940s, exists as several variants, some of which encode K55 in the NS1
protein, and some of which encode E55. Several groups have investigated the contribution of this
polymorphism to viral replication and virulence. Liedmann et al. (2014) compared two PRS8
variants with different passage histories that had different pathogenicities in mice. The two
variants differed by multiple substitutions across 8 viral proteins, including K55E in NS1. The
PR&8 variant encoding NS1-K55 was lethal to mice and induced less interferon, but the authors

found that swapping the NS gene did not alter the viral phenotype. Instead, the changes in
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pathogenicity and immune induction were attributed to changes in the PB1 and PA proteins. On
the other hand, in their investigation of several PR8-based recombinant vaccine viruses,
Murakami et al. (2008) found that a glutamic acid at position 55 in PR8 NS1 enhanced interferon
inhibition and growth kinetics. It is possible that viruses with NS1 proteins encoding E55 may be
more virulent in humans and thus less likely to be maintained in the population. However, more
systematic research is necessary to establish if that is the case, and to investigate the

consequences of these substitutions in avian hosts.

A flexible 12-aa linker (residues 73-84) joins the N-terminal RBD to the C-terminal
effector domain. Its flexibility allows the domains to move relatively independently and to adopt
several different conformations relative to each other (Carrillo et al., 2014). A five-amino-acid
truncation in this region arose in avian H5N1 viruses that reassorted with the progeny of the
highly pathogenic A/Goose/Guangdong/1/1996 (H5N1) and became prevalent in HPAI H5N1
strains circulating in the first decade of the 2000s (Guan et al., 2004; Li et al., 2004; Zhou et al.,
2006). The presence of this truncation increases HSN1 strain virulence in chickens and mice

(Long et al., 2008).

The effector domain of NS1 is responsible for many important protein-protein
interactions in host cells. The region between residues 81 and 113 mediates the interaction with
elF4GI that promotes viral mRNA translation (Aragon et al., 2000; Zhou et al., 2010). Several
lineage-specific substitutions have occurred in this region, including T91A, which was replaced
by A91S in pdm09 strains, and L911, which became 195T in seasonal H3N2 strains since 1975,
and 195V in seasonal HINT strains since 2001 (Vasin et al., 2017). Avian H5N1 strains between
1957 and 2001 acquired a glutamic acid at position 92 (E92) that enhanced pathogenicity in

experimentally-infected pigs (Seo et al., 2002). However, all other known human, swine, avian
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and equine influenza A viruses have an aspartic acid at this position (D92), and the D92E
polymorphism has since disappeared from circulating viruses (Jiao et al., 2008; Li et al., 2004).
Tandem glutamic acids at positions 96 and 97 (E96, E97) have been identified as critical for
several protein-protein interactions (Gack et al., 2009; Hale et al., 2010a). These residues are
universally conserved, and appear to be involved more so in the maintenance of NS1 structural

stability than directly in protein-protein contacts (Hale et al., 2010a; Koliopoulos et al., 2018).

Several conserved residues of NS1 are sites of covalent modifications. A proline-to-
tyrosine substitution (P215T) in the human NS1 lineage (Finkelstein et al., 2007) has been linked
to phosphorylation. In human cells, NS1 proteins are phosphorylated at T215, and loss of
phosphorylation by mutating T215A reduces viral propagation independently of interferon
suppression (Hale et al., 2009). Another covalent modification occurs at two lysine residues
close to the C-terminus, K217 and K219, which serve as substrate for the conjugation of small
ubiquitin-related modifier 1 (SUMOI1) in human cells (Xu et al., 2011). Mutating these residues
to glutamic acids attenuates viruses in cell culture, but the mechanism is unclear (Xu et al.,
2011). Both lysines are highly-conserved in avian NS1 sequences, but K217 is present in only

50% of the human and swine NS1 sequences available on NCBI.

One of the most striking examples of NS1 species-specific adaptation occurs at the very
C-terminal end of the effector domain, in the structurally disordered tail between residues 208
and 230. The length of most avian and mammalian NS1 proteins is 230 amino acids, but the
length of this tail varies. Spontaneous truncations occur in both avian and mammalian isolates. In
the late 1940s, circulating human seasonal HIN1 strains acquired a seven-amino-acid extension
at the C-terminus, which was maintained in the progeny H2N2 and H3N2 lineages until it was

lost in the 1980s (Hale et al., 2008). Amino acids 227-230 in avian NS1 isolates contain a PDZ-
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binding motif. PDZ is a structurally conserved protein domain that appears in many diverse
proteins. Its name represents the three proteins first discovered to contain it — post synaptic
density protein (PSD95), Drosophila disc large tumor suppressor (Dlgl), and zonula occludens-1
protein (zo-1). PDZ domains recognize and bind short peptide motifs to facilitate protein-protein
interactions, similarly to the well-known Src-homology (SH2 and SH3) domains (reviewed by
Fanning and Anderson, 1996). PDZ domains are found in a variety of signaling proteins, tyrosine
phosphatases, at neuronal synapses, and in association with the cytoskeleton where they
participate in motor trafficking of protein complexes. They are divided into several families that
bind to the carboxyl-terminus of various proteins bearing an appropriate sequence of amino acids
(Nourry et al., 2003). One such consensus sequence bound by a family of closely-related PDZ

domains is an (S/T)xV motif.

Large-scale sequencing studies have revealed a PDZ-binding motif (PBM) in the last four
amino acids of a majority of avian influenza A virus NS1 proteins (Obenauer et al., 2006;
Thomas et al., 2011). The majority of circulating avian influenza A viruses have NS1 proteins
with a C-terminal consensus sequence ESxV. The majority of circulating human strains in the
past decades share the C-terminal consensus sequence RSxV. The human RSxV motif has a
lower affinity than ESxV for mammalian PDZ domain-containing proteins (Golebiewski et al.,
2011; Liu et al., 2010). NS1 proteins with an ‘ESEV’ PBM specifically associate with the PDZ
proteins Scribble, Digl, MAGI-1, MAGI-2, and MAGI-3, while ‘RSKV’ does not. Infection
with a virus that expresses a NS1 protein with the ESEV PBM results in co-localization of NS1,
Scribble, and Dlgl within perinuclear puncta. Association with Scribble prevents apoptosis and
increases viral replication compared to an ‘ESEA’ point-mutant virus in HeLa cells (Liu et al.,

2010). Infection of polarized MDCK cells with the ‘ESEV’ virus additionally results in
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functional disruption of cellular tight junctions (Golebiewski et al., 2011). The consequences of
this species-specific difference for viral fitness and pathogenicity are unclear, however. The
introduction of ‘ESEV’ sequence into the swine strain A/WSN/1933 (HIN1) increased virulence
in mice in an interferon-independent manner (Jackson et al., 2008). Replacing ‘ESEV’ with the
human ‘RSKV’ in A/Turkey/Italy/977/1999 (H7N1) had different effects in human, mouse, and
duck cells in vitro. ‘RSKV’ virus replicated more efficiently in human A549 cells and in duck
embryonic fibroblasts, whereas in mouse 3T3 cells ‘ESEV’ virus replicated to higher titres
(Soubies et al., 2010a; Volmer et al., 2011). In live mice, the same ‘ESEV’ virus was more
virulent and lethal and induced orders of magnitude more type-I interferon in the lungs, but in
ducks neither virus was pathogenic, with ‘RSKV’ inducing slightly higher ISG transcription in
the lungs, by qPCR. Removing the ‘ESEV’ motif from the NS1 of LPAI
A/Turkey/Italy/977/1999 (H7N1) by truncation slightly increased the histopathology in infected
chicken lungs without increased replication, and no pathology or replication differences were
seen in ducks (Soubies et al., 2013). In the context of highly-pathogenic H5N1, the addition of
either the avian ‘ESEV’ or the human ‘RSKV’ motifs to the naturally-truncated NS1 of
A/Vietnam/1203/2004 (H5N1) did not affect its virulence or replication efficiency in mice and

chickens (Zielecki et al., 2010).

More species-specific polymorphisms exist in NS1 than described here, but phylogenetic
analyses to identify them have so far outpaced the experimental investigations of their
significance. Evidence for host-adaptations in two specific functions of NS1 most relevant to this

thesis is discussed in the sections below.
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1.3.2 NS1 inhibition of CPSF4

NS1 broadly and non-specifically blocks host protein expression in infected cells by
interacting with a component of host mRNA processing machinery, cleavage and
polyadenylation specificity factor 4 (CPSF4, 30 kDa subunit, also called CPSF30) (Das et al.,
2008; Hale et al., 2010b; Kuo and Krug, 2009; Nemeroff et al., 1998; Noah et al., 2003) (Fig
1.2). By sequestering CPSF4, NS1 prevents the proper 3'-end processing of host pre-mRNA
species and their export from the nucleus. This theoretically benefits the virus in two ways — by
liberating more cellular resources for viral protein synthesis and by repressing innate immune

signaling and effector functions because mRNA is not being translated (Khaperskyy et al., 2014).

A crystal structure of NS1 in complex with a CPSF4 fragment is available (Das et al.,
2008) and is congruent with NS1 mutagenesis studies (Hale et al., 2010b; Steidle et al., 2010).
NSI1 proteins bind the second and third zinc fingers of CPSF4, which are perfectly conserved at
the amino acid level between humans, pigs, chickens, and ducks. The interaction occurs through
two separate interfaces involving NS1 residues F103 and M 106 at one and K108, D125,
GGLEWNDI183-189 at the other (Das et al., 2008; Hale et al., 2010b). Mutation of either of
these interfaces abolishes the interaction. Examining their conservation among avian strains
versus human and swine strains available on the NCBI influenza database revealed an interesting
inverse pattern. Residues 183-188 are universally conserved. In human and swine NS1 peptide
sequences available on NCBI (44326 sequences on January 9, 2020) residues F103 and M106
are conserved in 98% of proteins, but residues 108, 125, and 189 are poorly conserved. K108 is
conserved in only 54% of human and swine sequences, D189 in 55%, and a D125E substitution
occurs in 77% - a majority of human and swine isolates. The NS1 protein of A(HIN1)pdmO09,

which is of human origin, does not bind CPSF4 because of substitutions at these three poorly
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conserved residues (Hale et al., 2010b). In avian NS1 sequences (22986 sequences on January 9,
2020) the pattern is the opposite. Residues 108, 125, and 189 are highly conserved, while residue
F103 is conserved in only 69% of sequences, and residue M106 in 86%. The NS1 proteins of
some avian viruses that infect humans, like A/Hong Kong/156/1997 (H5N1) and
A/Shanghai/patient1/2013 (H7N9), do not interact with CPSF4 because of tandem substitutions
at positions 103 and 106 (Dankar et al., 2013; Liu et al., 2013). It appears that CPSF4 binding is
not strictly conserved in viruses of either host pool, but that different selective pressures act on

different residues that make up the two interacting interfaces.

A/Puerto Rico/8/1934 (HIN1) NS1 also lacks the ability to interact with CPSF4 due to
paired substitutions at positions 103 and 106 (Steidle et al., 2010). This is unusual for human
strains, but PR8 has been a prototypical laboratory strain for generations, and had been
propagated in mice for a long time before the advent of sequencing (Bouvier, 2015). Dankar et
al. (2011) showed that loss of function mutations at positions 103 and 106 were spontaneously

selected when a human H3N2 virus was serially passaged in mice.

The intuitive hypothesis is that losing the ability to bind CPSF4 would attenuate the virus
(Noah et al., 2003), but the reality appears more complicated. Spesock et al. (2011) found that
restoring CPSF4 binding by mutating residues 103 and 106 in recombinant A/Hong
Kong/483/1997 (H5N1) increased its virulence in mice by enhancing systemic spread. On the
other hand, restoring CPSF4 binding in A(HIN1)pdmO09 NS1 attenuated the virus in mice and in
ferrets (Hale et al., 2010b). Similarly, Dankar and colleagues reported increased lethality in mice
when CPSF4 binding was abolished in an H3N2 background (Dankar et al., 2013; Dankar et al.,
2011). Examining equine H3N8 virus evolution since its introduction from birds in 1963,

Chauché et al. (2018) found that the original avian NS1 protein was a competent CPSF4 binder,
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but progeny of that lineage in horses acquired an E186K mutation that abolished this interaction,
but enhanced the viruses’ ability to control JAK/STAT signaling in equine cells. This seems
similar to the spontaneous selection of CPSF4 non-interacting mutants in mice (Dankar et al.,
2011). Thus, there is some evidence that influenza A viruses evolve away from the ability to

interfere with CPSF4 in mammalian hosts.

1.3.3 NS1 interference in the RIG-I pathway

There are three ways in which NS1 potentially inhibits the signaling of the human RIG-I
pathway: by sequestering double-stranded RNA (dsRNA), by interacting directly with RIG-I, or
by blocking TRIM25-mediated ubiquitination of RIG-I CARD domains. Early studies suggested
that dsSRNA binding was a key mechanism of innate immune suppression by NS1 (Lu et al.,
1995; Ludwig et al., 2002). However, it appears that the affinity of NS1 for the dSRNA backbone
is relatively weak and insufficient to competitively inhibit human RIG-I (Krug, 2014; Min and
Krug, 2006). There is some evidence for high-affinity co-operative binding of NS1 RBDs to
certain virus-specific RNA sequences (Marc et al., 2013), but there are also studies suggesting
that very little free dSRNA actually accumulates within influenza A-infected cells (Pichlmair et

al., 2006; Weber et al., 2006; Wisskirchen et al., 2011).

NS1 can interact with RIG-I CARD domains directly, in a strain-specific manner (Dankar et
al., 2013; Jureka et al., 2015; Mibayashi et al., 2007). This interaction appears to involve residues
in both the N-terminal RNA-binding domain (Jureka et al., 2015) and residues 103 and 106 in
the C-terminal effector domain (Dankar et al., 2013). Crude purifications from cells
overexpressing recombinant proteins showed that NS1 could be found in insoluble fractions
containing RIG-I and MAVS (Mibayashi et al., 2007). However, a more recent study by the

same group, using bimolecular fluorescence complementarity and super-resolution microscopy
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showed that, in fixed cells, NS1 localizes to cytoplasmic foci that contain TRIM25 and RIG-I,
but exclude MAVS, and that NS1 interacts to a greater extent with TRIM25 than with RIG-I in

those cells (Sanchez-Aparicio et al., 2017).

NSI proteins bind human TRIM2S5 to prevent K63-linked ubiquitination of RIG-I1 CARD
domains and thus destabilize the RIG-I/MAVS interaction (Gack et al., 2009; Koliopoulos et al.,
2018; Woo et al., 2019) (Fig 1.2). This interaction depends on four critical residues in the NS1
protein — arginine 38 (R38), lysine 41 (K41), and two glutamic acids at positions 96 and 97 (E96,
E97) (Gack et al., 2009; Rajsbaum et al., 2012). As described above, residue R38 is universally
conserved in virtually all known IAV isolates, and K41 is conserved in all lineages except the
human H3N2, which acquired a K41R mutation whose functional significance is unknown
(Vasin et al., 2017). Residues E96 and E97 are universally conserved and make internal polar
contacts within the NS1 protein (Koliopoulos et al., 2018). There are currently two model
mechanisms to explain how NS1 binding blocks TRIM25 enzymatic activity. The first model
proposes that NS1 prevents TRIM25 dimerization (Gack et al., 2009). Antiparallel homo-
dimerization is necessary for TRIM25 proteins to be able to covalently attach K63-linked
ubiquitin chains to target molecules (Sanchez et al., 2016; Sanchez et al., 2014) Gack et al.
(2009) proposed that NS1 binding to the TRIM25 coiled-coil domain prevents dimerization. The
second model arises from a recent crystal structure of NS1 in complex with TRIM25, showing it
binding to already-formed dimers (Koliopoulos et al., 2018). The Koliopoulos et al. model
proposes that NS1 binds to TRIM25 dimers and sterically inhibits ubiquitin ligation to the target

protein by occupying the space where ubiquitin ligation should happen.

An earlier investigation of several different NS1 proteins from mammalian and avian

influenza A strains found host species-specific and strain-specific differences in their interactions
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with human, mouse, and chicken TRIM25 (Rajsbaum et al., 2012). In that study, all the tested
NS1 proteins bound to human TRIM25, but only avian virus NS1 bound strongly to chicken
TRIM2S5. Chickens are missing the RIG-I gene, but possess the related MDAS receptor and
many other functional components of the RIG-I signalling pathway (Barber et al., 2010; Magor
et al., 2013). In murine cells, NS1 proteins did not bind mouse TRIM25 and were unable to
inhibit mouse RIG-I-CARD ubiquitination (Rajsbaum et al., 2012). In terms of interactions with
the RIG-I pathway in ducks, all we know so far is that NS1 from strain
A/Duck/Guangdong/212/2004 (H5N1) blocks Muscovy duck MDAS signaling (Wei et al.,
2014). It is not known whether this is achieved by blocking the ubiquitination of MDAS CARD
domains, or in another manner. Thus, there is evidence of host-specific adaptations in NS1

function that I aimed to explore further in this thesis.

1.4 Experimental aims and results summary

Mallard ducks, the natural hosts of influenza A viruses, have co-evolved a relationship
that permits tolerance of infection and resistance to disease. A well-adapted innate immune
response is likely an important element of that relationship. LPAI viruses replicate in duck
intestines and do not elicit much immunity. In response to HPAI infections, ducks respond with a
rapid and potent type-I interferon response that is also brief, but maintains a prolonged
upregulation of ISGs. Aberrant and prolonged inflammation is rare. The observation that the lack
of RIG-I in chickens makes them extremely susceptible to influenza A viruses, and that
reconstituting with duck RIG-I ameliorates this phenotype, has focused our lab on the duck RIG-
I signaling pathway. Little is known about host-pathogen interactions of influenza A virus with

the duck RIG-I pathway, which is the subject of this thesis.
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The primary objective of this thesis work, outlined in chapter 3, was to investigate
whether NS1 proteins from different IAV strains interfere with the duck RIG-I pathway at the
level of TRIM25 and K63-linked ubiquitination, as they do in human cells. I compared four NS1
proteins from avian influenza virus strains of high and low pathogenicity, and one mammalian
strain, in their abilities to interact with human and duck TRIM25. I found that all of the NS1
proteins bound efficiently to duck TRIM25, but were unable to prevent duck RIG-I-CARD
ubiquitination. In contrast, I saw strain-specific differences in the ability of avian NS1 proteins to
interact with human TRIM25 in vitro, but they all potently inhibited human RIG-1 CARD

ubiquitination and signaling.

Chapter 4 outlines a collaboration with Dr. Yanna Xiao to study the effects of the
influenza accessory protein PB1-F2 on duck MAVS signaling. We found that PR8 PB1-F2 co-
localizes with duck MAVS in avian cells and inhibits interferon induction. To our surprise we
found that PR8 PB1-F2 was able to inhibit TRIM25-mediated K63-linked ubiquitination of both

human and duck RIG-I CARD domains through a mechanism that is still under investigation.

Chapter 5 describes collaboration with David Tetrault to investigate the anti-interferon
activity of the AV polymerase subunit PB2. Knowing that PB2 localizes to mitochondria in
human cells and interacts with MAVS to inhibit interferon, we sought to determine if this also
occurs in avian cells with duck MAVS. I show preliminary evidence suggesting that this does
appear to be the case, and that strain-specific differences may influence the localization of PB2

proteins and the magnitude of interferon inhibition.
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Figure 1.1. The RIG-I signaling pathway.

The RLR family consists of three cytoplasmic receptors: RIG-I, MDAS, and LGP2. RIG-I and
MDAS detect viral RNA species and initiate interferon signaling. LGP2 does not possess a
signaling domain and may act as a positive or negative regulator of the other two. RIG-I
recognizes 5'-triphosphorylated RNA “panhandle” structures formed by the complementary ends
of each influenza genome segment. MDAS recognizes long double-stranded RNA. Ligand
recognition leads to oligomerization of the receptors and releases the N-terminal caspase
activation and recruitment domains (CARD) domains (shown as yellow rectangles) from
repression by the C-terminal regulatory domain. Short K63-linked polyubiquitin chains
synthesized by tripartite motif-containing protein 25 (TRIM25) stabilize the RIG-I CARD
domain oligomers, which interact with similar CARD domains on mitochondrial MAVS.
Activation of MAVS proteins leads them to multimerize in turn, and to serve as an assembly
platform for a kinase cascade, which terminates in the phosphorylation of the transcription
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factors IRF3 and IRF7. Phosphorylated IRF dimerizes and is translocated to the nucleus where it
initiates transcription of type I and type III interferon and interferon-stimulated genes. The
expressed interferon is secreted to induce an antiviral state in the neighbouring cells and can also
amplify RLR signaling in a positive feedback loop, since the pathway components are
themselves interferon-inducible.

38



RIG-I (missing in chickens)
—

5'ppp-dsRNA

“panhandle” \/\/\/wwm

o® —\ﬁw |

NS1
oo
TRIM25 dimer \
% IRF3/IRF7 !
MAVS b ’
Mitochondrion Type I IFN and 1SGs

I

—
e o me e e

1

I Nucleus
1

1

Figure 1.2. Two mechanisms of interferon inhibition by IAV NS1 in human cells.
Influenza A virus NS1 proteins target human TRIM25 to block K63-linked ubiquitination of

activated RIG-I CARD domains. In the nucleus, NS1 binds to CPSF4 and prevents the host
mRNA polyadenylation and nuclear export.
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Chapter 2 Materials and Methods

2.1 Cell culture and transfection.

HEK?293T cells, DF-1 cells, A549 cells, and HeLa cells were maintained in Dulbecco's
modified Eagle's medium (DMEM) plus 10% FBS. DF-1 cells are a chicken embryonic
fibroblast cell line derived from an East Lansing line (EV-0) embryo (Schaefer-Klein et al.,
1998). For recombinant protein expression, cells were seeded overnight in 6-well plates (8x10°
cells/well) and 24 h later transfected with 1-2 pg/well of each DNA construct using

Lipofectamine 2000™ reagent (Invitrogen) (DNA:lipofectamine ratio 1:2.5).

2.2 Plasmids and constructs.

pcDNA3.1/Hygro(+) (Invitrogen) served as the backbone plasmid for all the constructs
used in this work. Phusion® High-Fidelity DNA polymerase (NEB) was used in all PCR and
site-directed mutagenesis reactions. Avian NS1 protein coding sequences were amplified from
cDNA of mallard duck lung samples collected at 1 day post infection with the appropriate
viruses (A/Duck/British Columbia/500/2005(H5N2); A/Duck/D4AT/71.1/2004(H5N1);
A/Vietnam/1203/2004(H5N1)) and cDNA from DF-1 cells infected with
A/Chicken/California/431/2000(H6N2). Primers used for amplification can be found in table 2.1.
The CDS of PR8 NS1 (A/Puerto Rico/8/1934 (HIN1)) was kindly provided by Dr. Yan Zhou.
Avian NSI proteins were amplified using primers that incorporated an N-terminal single Flag tag
(DYKDDDDK) and BamHI and Notl restriction enzyme sites (Fig 2.1A). PR8 NS1 was

amplified and Flag-tagged in the same manner, but using Nhel and Xhol sites (Fig 2.1A). PCR
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products were first cloned into pCR2.1-TOPO (Invitrogen) and sequenced in the forward and
reverse directions using BigDye Terminator v3.1 (Applied Biosystems), then subcloned into the
pcDNA3.1/Hygro(+) expression vector and sequenced again (Table 2.2). Human GST-RIG-I-
CARD (GST-h2CARD) and human TRIM25-V5 constructs were kindly provided by Dr.
Michaela U. Gack. Duck GST-RIG-I-CARD (GST-d2CARD) and TRIM25-V5 constructs were
cloned previously (Miranzo-Navarro and Magor, 2014). GST-tagged coiled-coil domains (CCD)
of human and duck TRIM25 were constructed by amplifying the CCDs from human and duck
TRIM25-VS5 constructs (nucleotide residues 538-1347 for human, 565-1401 for duck) and
cloning them into the pcDNA3.1-GST vector described previously (Miranzo-Navarro and
Magor, 2014). Primers used for amplification can be found in table 2.1. pcDNA3.1-HAUB
(Addgene plasmid 18712) (Kamitani et al., 1997) was used to detect ubiquitination of RIG-I
CARD domains. PR8 PB1-F2 was amplified from the cDNA of infected DF-1 cells and cloned
into pcDNA3.1/Hygro (+) between BamHI and Notl restriction sites with an N-terminal Flag tag,
by Dr. Yanna Xiao. V5-tagged duck MAVS (V5-MAVS) and viral PB2 proteins were cloned
previously (Tetrault, 2015). All plasmids were transformed into Escherichia coli DH5a.
Individual clones of each transformation were used for plasmid isolation using the Qiagen
Miniprep Kit (Qiagen). High-concentration and high-purity plasmid preps for transfection were

generated using the Qiagen Midiprep Kit (Qiagen).

2.3 Site-directed mutagenesis.

Site directed mutagenesis was performed with a one-step PCR method based on the
QuickChange protocol. Forward and reverse primers were designed for increased QuickChange
efficiency (Zheng et al., 2004) (Table 2.3). NS1 mutants (G184R and R38A) and RIG-1 CARD
domain mutants (h2CARD-D122A and d2CARD-A120D) were generated by PCR amplification
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of the entire expression vector with partially-overlapping mutagenesis primers and Phusion®
High-Fidelity DNA polymerase (NEB). A Dpnl digests were performed to degrade the
methylated template DNA, PCR products were transformed into E. coli DH5a, screened and

sequenced (Table 2.2).

2.4 Immunoprecipitation, GST pulldown, and immunoblotting.

Immunoprecipitations and GST pulldowns were performed as previously described
(Miranzo-Navarro and Magor, 2014). Briefly, cells in a 6-well plate were transfected with DNA
constructs, one well per sample. 24 h later, cells were lysed in 1000 pL of lysis buffer (50 mM
TRIS pH 7.2, 150 mM NaCl, 1% [vol/vol] Triton X-100, protease inhibitor cocktail [Roche]),
followed by two 10-second cycles of sonication. Whole cell lysate (WCL) samples were
collected post-sonication, and the remainder of the lysates were centrifuged at 14,000 rpm for 15
min. For GST-pulldown assays, clarified supernatants were mixed with 50 pL of glutathione
Sepharose 4B resin (GE Healthcare) pre-equilibrated with lysis buffer, and the binding reaction
mix was incubated for 3 to 4 h at 4°C. The GST-pulldown was washed four times with ice-cold
lysis buffer and then the beads were boiled in Laemmli sample buffer for 10 min.
Immunoprecipitations with anti-V5 agarose were performed analogously, using anti-V5 Agarose
Affinity Gel (A7345; Sigma-Aldrich). For immunoblotting, proteins were separated by SDS—
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane.
Proteins were detected with anti-V5 monoclonal (1:5000) (R96025; Fisher), anti-Flag-M2
monoclonal (1:5000) (F3165; Sigma-Aldrich), anti-HA-HRP monoclonal (1:5000) (A01296;

GenScript), and anti-GST polyclonal (1:5000) (G7781; Sigma-Aldrich) antibodies and were
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visualized by chemiluminescence using Pierce® ECL Western blotting substrate (Thermo

Scientific) and a ChemiDoc imager (Bio-Rad).

2.5 Confocal microscopy and co-localization analysis.

DF-1, HeLa, or HEK293T cells were seeded onto coverslips in 6-well plates at 8x10°
cells/well and transfected with 1 pg of each DNA construct. 24 h after transfection, cells were
fixed in 1% PFA overnight at 4°C. Fixed cells were permeabilized by a 10-minute incubation in
PBS + 0.2% [vol/vol] Triton X-100 and blocked in 4% BSA for 1 h. The subcellular
distributions of the recombinant proteins were determined by staining with rabbit anti-V5
conjugated to Dylight650 (ab117489; Abcam) and mouse anti-Flag-M2 monoclonal (F3165;
Sigma-Aldrich) followed by a secondary goat anti-mouse antibody conjugated to Alexa Fluor
488 (A-11001; Thermo Scientific). The cell nuclei were stained with Hoechst 33342 (Life
Technologies). Images were taken on a Leica TCS SP5 confocal microscope. Co-localization

analysis by Pearson's coefficient was completed using ImageJ (Schindelin et al., 2012).

2.6 Dual luciferase reporter assays and interferon beta protein quantification.

The human IFN-B promoter luciferase reporter plasmid (pLuc125) was generously
provided by Dr. Yan Zhou. The chicken IFN-B promoter luciferase reporter plasmid (pGL3-
chIFNP) was derived from the chicken IFN2 gene as previously described (Barber et al., 2010;
Childs et al., 2007; Sick et al., 1998). Luciferase activity was measured using the Dual-
Luciferase Reporter Assay System (Promega) according to the manufacturer’s instructions.

Briefly, DF-1 or HEK293T cells were seeded in 24-well plates at 2x105 cells per well. 24 h later
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they were transfected with fixed amounts of the appropriate IFN-f reporter plasmid (150 ng) and
the synthetic Renilla luciferase internal control construct phRTK (10 ng). Cells also received 5
ng of GST-RIG-I-CARD construct, 150 ng of TRIM25-V5 construct, and 500 ng of Flag-NS1
construct, as indicated. Variable amounts of pcDNA3.1/Hygro(+) backbone vector were added to
keep the amount of transfected DNA constant. 24 h after transfection, cells were lysed with 100
uL/well passive lysis buffer for 15 min. at room temperature. 20 pL of cell lysate was transferred
to a 1.5 ml Eppendorf tube containing 100 uL Luciferase Assay Reagent II and firefly luciferase
activity was measured using the GloMax 20/20 Luminometer (Promega). Then, 100 uL Stop &

Glo® reagent was added to the lysate mix, and Renilla luciferase activity was measured.

For quantification of secreted human IFN-B, HEK293T cells were transfected with 500
ng of GST-RIG-I-CARD construct, 1 pg of TRIM25-V5 construct, and 2 pg of Flag-NS1
construct, as indicated. Culture supernatants were collected 24 h-post transfection, cleared by
centrifugation at 18,000 x g for 5 min. at 4°C, and sent to Eve Technologies for Luminex bead-

based quantification (Human IFN beta Array 1-plex).

2.7 Virus infections in cell culture.

Wild-type A/Puerta Rico/8/1934(H1N1) (PR8) was propagated in 10-day-old chicken
eggs. Recombinant del-NS1 PR8 (ANS1 rPR8) was propagated in MDCK cells stably expressing
PRS8 NSI. The titre of all stocks was determined by plaque assay on MDCK cells or by
hemagglutination of chicken erythrocytes. 24 hours after plating or transfection HEK293T and

AS549 cells were infected at a multiplicity of infection of 2 (MOI=2) for 11 hours before lysis.
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For infections, cells were cultured in DMEM supplemented with 0.3% BSA and L-(tosylamido-

2-phenyl) ethyl chloromethyl ketone-treated trypsin (Worthington Biochemical) (0.2 pg/mL).

2.8 Recombinant virus plasmid rescue.

Eight ambisense plasmids (pHW) containing each genome segment of influenza A/Puerto
Rico/8/1934 (HINT1) between Poll and Polll promoters (Fig 2.2) was kindly provided by Dr. Yan
Zhou, and sequenced (Table 2.4). An NS-split plasmid containing full coding sequences of PR8
NS1 and PR8 NEP separated by an autocatalytic cleavage site was kindly provided by Dr.
Adolfo Garcia-Sastre, and sequenced (Table 2.4). In this vector, the splice acceptor site in the
NS1 CDS is silently mutated and the complete CDS of the NEP gene is included downstream of
a porcine teschovirus-1 2A site (Nogales et al., 2016; Perez et al., 2013) (Fig 2.2). NS1 coding
sequences from other viral strains were cloned into this vector using a Gibson Assembly (New
England Biolabs) approach from three fragments. The vector backbone was generated by a
restriction digest of the purified parent vector at Sacl and Xhol restriction sites. A fragment
containing the 2A site and the adjacent PR8 NEP CDS was amplified by PCR from the parent
vector by Michelle Lee, an undergraduate student under my supervision (Table 2.1). NS1 CDS
fragments for wild-type avian, G184R-mutant PR8, and R38A-mutant PRS8, with the splice
acceptor sites silently mutated, were synthesized by Integrated DNA Technologies. Identity of

assembled vectors was confirmed by sequencing using internal primers (Table 2.4).

Virus generation from plasmids was performed as previously described (Martinez-
Sobrido and Garcia-Sastre, 2010). Briefly, an almost confluent co-culture of Madin Darby canine

kidney (MDCK) cells and human embryonic kidney (HEK293T) cells was transfected
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simultaneously with seven ambisense plasmids (pHW) containing seven of the eight genome
segments of influenza A/PR/8/34 between Poll and Polll promoters (kindly provided by Dr. Yan
Zhou) and one NS-split plasmid containing full coding sequences for NS1 and PR8 NEP
separated by an autocatalytic cleavage site (kindly provided by Dr. Adolfo Garcia-Sastre
(Nogales et al., 2016; Perez et al., 2013)). After 72 hours the cell culture supernatant was
collected, centrifuged to remove cellular debris, and used to infect fresh monolayers of MDCK

cells for plaque assay.

2.9 Plaque assays

MDCK cells were cultured in 1X Minimal Essential Media (MEM) supplemented with
10% FBS, sodium bicarbonate, PSF (Streptomycin, Penicillin, Amphotericin B), MEM vitamins,
and L-glutamine (Gibco). Infection media for MDCK cells was the same as growth media, but
with 0.3% BSA in place of 10% FBS, and with addition of 1 pg/mL of L- (tosylamido-2-phenyl)
ethyl chloromethyl ketone—treated trypsin (Worthington Biochemical). Supernatant from
infected HEK293T cells were collected 24 hours post infection, and serially diluted in infection
media. Monolayers of MDCK cells grown in 6-well plates were infected with serially diluted
supernatants. After one hour, supernatants were removed and cells were washed with 1X PBS.
Cells were then overlaid with infection media containing 0.9% agar. After 72 hours agar was

removed and cells were stained with 0.1% crystal violet solution.

2.10 Viral RNA extraction

Recombinant virus rescue supernatants were used to infect fresh monolayers of

HEK293T cells as previously described. 24 hours after infection, cell culture supernatant was
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collected and centrifuged for 5 minutes at 13000 rpm at 4°C to remove cellular debris. 250 pL of
each cleared cell culture supernatant was transferred to a new tube and mixed with 750 puL of
TRIzol reagent (Invitrogen) for extraction of total RNA. cDNA was synthesized using SuperscriptIIl
(Invitrogen) reverse transcriptase and a universal influenza A genome primer targeting the conserved
sequences at the termini of influenza A genome fragments (Hoffmann et al., 2001). The NS1 coding
sequences were amplified out of the viral cDNA using Phusion® High-Fidelity DNA polymerase

(NEB), verified on agarose gels, and sequenced to confirm identity (primers in Table 2.4).
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Table 2.1. Primers for amplifying and cloning recombinant proteins.

Protein Primer Primer Sequence (5'2>3")
NS1 PR8 Forward GCTAGCGCCACCATGGATCCAAACACTGTGTCAAGCTTTCAGGTAG
Reverse CTCGAGTCATCAAACTTCTGACCTAATTGTTCCCGCCATTTCTCGTTTCT
Forward Flag GCTAGCGCCACCATGGATTATAAAGATGATGATGATAAAGGAATGGATCC
AAACACTGTGTCAAGCTTTCAGGTAG
NS1 BC500 Forward GGATCCGCCACCATGGATTCCAACACGATAACCTCGTTTCAGGTAG
Reverse GCGGCCGCTCATCAAACTTCTGACTCAACTCTTCTCGCCATGTAGCGTT
Forward Flag GGATCCGCCACCATGGATTATAAAGATGATGATGATAAAGGAATGGATTC
CAACACGATAACCTCGTTTCAGGTAG
NS1 CA431 Forward GGATCCGCCACCATGGACTCCAACACGATAACCTCGTTTCAGGTAG
Reverse GCGGCCGCTTATCAAACTTCTGACTCAGCTCTTCTCGCCATGTAGCGTTTCT
Forward Flag GGATCCGCCACCATGGATTATAAAGATGATGATGATAAAGGAATGGACTC
CAACACGATAACCTCGTTTCAGGTAG
NSI1 D4AT Forward GGATCCGCCACCATGGATTCCAACACTGTGTCAAGCTTTCAGGTAG
Reverse GCGGCCGCTCATCAAACTTCTGACTCAATTGTTCTCGCCATTTTCC
Forward Flag GGATCCGCCACCATGGATTATAAAGATGATGATGATAAAGGAATGGATTC
CAACACTGTGTCAAGCTTTCAGGTAG
NS1 VN1203 Forward GGATCCGCCACCATGGATTCCAACACTGTGTCAAGCTTTCAGGTAG
Reverse GCGGCCGCTTATTACCGTTTCTGATTTGGAGGGAGTGGAAGTCTCC
Forward Flag GGATCCGCCACCATGGATTATAAAGATGATGATGATAAAGGAATGGATTC
CAACACTGTGTCAAGCTTTCAGGTAG
hTRIM25 CCD Forward GGATCCCTGGTGGAGCATAAGACCTGCTCTCC
Reverse ATCGATTTATTATCTGGACTTGGCCAGGAAGGTCTCC
dTRIM25 CCD Forward GGATCCCTCCTCAGCCACAAGCTGTGTAACGC
Reverse ATCGATTTATTATCTGTCTTTCTGAAGAAAGCTGCTAATAAGATCTTTTGTA
TTAGCCGC
2A-NEP Forward GCGACCAACTTTAGCCTGCTG

Reverse

GGGAAAAAGATCTGCTAGCTCGAGC
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Table 2.2. Primers for sequencing expression constructs.

Construct Primer Primer Sequence (5'>3")
pCR2.1-TOPO M13F(-20) CAGGAAACAGCTATGAC
(vector) MI13R GTAAAACGA CGGCCAG
pcDNA3.1/Hygro(+) T7-pgem TAATACGACTCACTATAGGG
(vector) BGHR TAGAAGGCACAGTCGAGG
hTRIM25-V5 Internal F1 CAGGACCACCCGCTGCAGCC
Internal F2 AGATTGAACAGAGCCTGACC
Internal F3 GCTTCTGTGGCTGAGATGCC
Internal R1 GTGCCAGGCAGAGATCTTGG
Internal R2 GTGGACGCTGGGTCATGCTC
Internal R3 CAGGTCGGCGCTGGCCTGGC
dTRIM25-V5 Internal F1 GAGACAGCTGCCAGAAAGCGAG
Internal F2 GGGAGCACCAAGCACAGCAGCA
Internal F3 GCGCTGACCCGAGCCGTGTCC
Internal R1 TGCCATCTCAATCTGGTCTCTG
Internal R2 GGTGAAACGCTGAGGGTGGTGG
Internal R3 TCCGCCACCGCCTCATCTTCC
GST-h2CARD Internal F1 GGGCTGGCAAGCCACGTTTGGTG
GST-d2CARD Internal F1 GGGCTGGCAAGCCACGTTTGGTG
Flag-hRIG-I Internal F1 GATGTTGAAACAGAAGATCTTGAGG
Internal F2 GATGCGTCAGTGATAGCAACAGTC
Internal F3 GCATTCAAAGCCAGTGGAGATC
Internal R1 CTCACTAAGATTCTGGCATTCTGG
Internal R2 CAACTTGCTCCAGTTCCTCCAG
Internal R3 GTAATGGCATTCCTCTATCACTC
Flag-dRIG-I Internal F1 CCCATCAAAACACCTGGCTTTATGT
Internal F2 ACTGGAAGAGCTTGTCTGCATCCTG
Internal F3 GATGATGCGTACCGCTATAACCCA
Internal R1 CTACCTTGACATACAGGCCATATCC
Internal R2 GTGAAATGACAGATGCCTCTGAG
Internal R3 CACTGAGATTATCATCAGGTTCTGC
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Table 2.3. Primers for mutagenesis.

Protein

Mutation

Primer

Primer Sequence (5'2>3")

NS1 PR8

NS1 PR8

NS1 BC500

NS1 CA431

NS1 D4AT

NS1 VN1203

h2CARD

d2CARD

R38A

G184R

G184R

G184R

G184R

G184R

DI122A

A120D

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

GGCGATGCCCCATTCCTTGATCGGCTTCGCGCAGATCAGAAATCCCTA
AGAGGAAGGGGCAGTACTCTCGGTCTGGACATCAAGA
CCAGACCGAGAGTACTGCCCCTTCCTCTTAGGGATTTCTGATCTGCGC
GAAGCCGATCAAGGAATGGGGCATCGCCTAGTTCTT

GTCAAAAATGCAGTTGGAGTCCTCATCGGACGACTTGAATGGAATGAT
AACACAGTTCGAGTCTCTGAAACTCTACAGAGATTCG
GTAGAGTTTCAGAGACTCGAACTGTGTTATCATTCCATTCAAGTCGTC
CGATGAGGACTCCAACTGCATTTTTGACATCCTCAG

GTCAAAAATGCAATTGGAATCCTCATCGGTCGACTTGAATGGAATGAT
AACTCAATTCGAGCGTCTGAAAATATACAGAGATTCG
GTATATTTTCAGACGCTCGAATTGAGTTATCATTCCATTCAAGTCGACC
GATGAGGATTCCAATTGCATTTTTGACATCCTCTG

GTCAAAAATGCAATTGGAATCCTCATCGGTCGACTTGAATGGAATGAT
AACTCAATTCGAGCGTCTGAAAATATACAGAGATTCG
GTATATTTTCAGACGCTCGAATTGAGTTATCATTCCATTCAAGTCGACC
GATGAGGATTCCAATTGCATTTTTGACATCCTCTG

GTCAAAAATGCAATTGGCGTCCTCATCGGACGACTTGAATGGAATGAT
AACACAGTTCGAGTCACTGAAACTATACAGAGATTCG
GTATAGTTTCAGTGACTCGAACTGTGTTATCATTCCATTCAAGTCGTCC
GATGAGGACGCCAATTGCATTTTTGACATCCTCAC

GTCAAAAATGCAATTGGCGTCCTCATCGGACGACTTGAATGGAATGAT
AACACAGTTCGAGTCACTGAAACTATACAGAGATTCG
GTATAGTTTCAGTGACTCGAACTGTGTTATCATTCCATTCAAGTCGTCC
GATGAGGACGCCAATTGCATTTTTGACATCCTCAC

AACCAGAATTATCCCAACCGCTATCATTTCTGATCTGTCTGAATGTTTA
ATTAATCAGG
CAGACAGATCAGAAATGATAGCGGTTGGGATAATTCTGGTTTTAAATT
CTGG

GTTAGAAGTCGACCCAGTAGATCTCATTCCCTATATAAGCACATGCCT
GATAGAC
GTGCTTATATAGGGAATGAGATCTACTGGGTCGACTTCTAACATTGTT
GCCTCTATCCG
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Table 2.4. Primers for sequencing A/Puerto Rico/8/1934 (HIN1) recombinant viral rescue

plasmids.
Construct Primer Primer Sequence (5'>3")
pHWI191 Internal F1 AGCGAAAGCAGGTCAATTATATTC
(genome segment 1) Internal F2 GGATACTAACATCGGAATCGC
Internal F3 AGAACAAGCGGATCATCAGTC
Internal R1 AGTAGAAACAAGGTCGTTTTTAAACTATTCG
Internal R2 CTGCATTCTACTTTGCTTTGGTGG
Internal R3 CGTGCTGGAGTACTCATC
pHW192 Internal F1 AGCGAAAGCAGGCAAACC
(genome segment 2) Internal F2 CAGAGAAAGAGACGGGTGAG
Internal F3 GAGAGCAAGAGTATGAAACTTAGAACTC
Internal R1 AGTAGGAACAAGGCATTTTTTCATG
Internal R2 TTCAGTGGGTTGCATAAACG
Internal R3 GAATTCAAATGTACCTGTTCTGTTTATG
pHW193 Internal F1 AGCGAAAGCAGGTACTGATC
(genome segment 3) Internal F2 GGCAGACTACACTCTCGATG
Internal F3 CTTCTGTCATGGAAGCAAGTACTG
Internal R1 AAGGTACTTTTTTGGACAGTATGG
Internal R2 TCTCAAGAACACAGTACTTCTCCC
pHW194 Internal F1 AAATGAAGGCAAACCTACTGG
(genome segment 4) Internal F2 CGGAGAAGGAGGGCTC
Internal R1 AGTAGAAACAAGGGTGTTTTTCC
Internal R2 CTCGATAACAGTGTTCACCTTG
pHW195 Internal F1 AGCAAAAGCAGGGTAGATAATCAC
(genome segment 5) Internal F2 GGAATGGATCCCAGGATGTG
Internal R1 AGTAGAAACAAGGGTATTTTTCTTTAATTGTCG
Internal R2 CAGAATGGCATGCCATCCAC
pHW196 Internal F1 AGCGAAAGCAGGGGTTTAAAATG
(genome segment 6) Internal F2 GGCTAACAATCGGAATTTCAGG
Internal R1 AGTAGAAACAAGGAGTTTTTTGAACAG
pHW197 Internal F1 AGCGAAAGCAGGTAGATATTGAAAG
(genome segment 7) Internal R1 AGTAGAAACAAGGTAGTTTTTTACTCCAG
pHW198 Internal F1 AGCAAAAGCAGGGTGACAAAG
(genome segment 8) Internal R1 AGTAGAAACAAGGGTGTTTTTTATTATTAAATAAGCTG
pDZ-NS1-2A-NEP Forward TCTGGCGTGTGACCGGCGGCT

(NS split plasmid)

Reverse

Internal F B/C/D/V
Internal F PR
Internal R1

TTGCCCTCCCATATGTCCTTCCGAG
GAGGATGTCAAAAATGCAATTGG
GAGGATGTCAAAAATGCAGTTGG
GTTATCATTCCATTCAAGTCC
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Figure 2.1. Maps of expression constructs in the pcDNA3.1/Hygro(+) vector backbone.

(A) Flag-tagged NS1 (Flag-NS1) (B) V5-tagged TRIM25 (TRIM25-V5) (C) GST-tagged RIG-I
CARD domains (GST-2CARD) (C) GST-tagged coiled coil domain of TRIM 25 (GST-TRIM25-
CCD).
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Figure 2.2. Schematic of the pDZ-NS1-2A-NEP plasmid that separates the two protein
coding sequences in the 8th (NS) genomic segment of PRS virus.

All of the viral rescue plasmids used in this study (pHW and pDZ) contain genomic segments of
PR8 virus between Pol II and Pol I promoters to allow the generation of mRNA and negative-
sense VRNA copies in transfected eukaryotic cells. The non-coding ends of the influenza A
genomic segments are included, but not shown here for clarity. The pDZ-NS1-2A-NEP plasmid
contains the full coding sequence of PR8 NS1 with the splice acceptor site silently mutated. The
full coding sequence of the NEP protein is directly downstream, separated from NS1 by a 3-
amino-acid linker and a 19-amino-acid porcine teschovirus-1 2A site that catalyzes its own
proteolytic cleavage. NS1 and NEP proteins are expressed as a polycistron and then cleaved
apart. This figure is adapted from (Perez et al., 2013).
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Chapter 3 Avian influenza NS1 proteins inhibit human, but not duck, RIG-I-

CARD ubiquitination and interferon signaling.

3.1 Introduction

The influenza A virus non-structural protein 1 (NS1) is a major virulence factor that
facilitates viral replication and controls host cell immune responses. It is a small, multifunctional
protein that is expressed only in host cells and participates in multiple protein-protein
interactions to regulate viral RNA synthesis (Min et al., 2007), control host protein expression
(Nemeroff et al., 1998), and inhibit innate immune signaling (Ayllon and Garcia-Sastre, 2015;
Hale et al., 2008). Without NS1, influenza A viruses do not replicate efficiently in
immunologically competent hosts (Garcia-Sastre et al., 1998; Kochs et al., 2007; Soubies et al.,
2010b; Zhu et al., 2008). However, NS1 is also the most polymorphic gene of influenza A
viruses, after the hypervariable surface antigens, in mammalian and in avian hosts (Obenauer et
al., 2006). This means that not all NS1 proteins participate in the entire repertoire of interactions
and functions that have been experimentally described. Two of the most well-studied functions
of NS1 proteins are an interaction with cleavage and polyadenylation specificity factor 4
(CPSF4) and interference in the RIG-I signaling pathway. By binding to and sequestering human
CPSF4, NSI1 inhibits host mRNA maturation and achieves a broad and non-specific shutoff of
host protein synthesis (Das et al., 2008; Hale et al., 2010b; Kuo and Krug, 2009; Nemeroff et al.,
1998; Noah et al., 2003). By interfering with the retinoic acid-inducible gene I (RIG-I) signaling
pathway, a key component in the early detection of influenza virus infection, NS1 proteins block
the induction of type I interferons (IFN-a and IFN-f) and the ensuing antiviral response (Gack et

al., 2009; Koliopoulos et al., 2018).
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In humans, RIG-I is a key pattern recognition receptor for influenza virus detection (Kato
et al., 20006; Liu et al., 2015a; Loo et al., 2008; Opitz et al., 2007; Weber-Gerlach and Weber,
2016). It detects viral 5'-triphosphate RNA species and signals through the mitochondrial
antiviral signaling (MAVS) protein to induce nuclear translocation of interferon response factors
(IRF3 and IRF7) and the transcription of type I interferons and antiviral interferon-stimulated
genes (Weber, 2015; Weber et al., 2013; Wu et al., 2014). RIG-I interacts with MAVS through a
homotypic interaction between mutual caspase activation and recruitment (CARD) domains, an
interaction that is stabilized by K63-linked polyubiquitination of the RIG-I CARD domains by
tripartite motif-containing protein 25 (TRIM25) (Sanchez et al., 2016; Wu et al., 2014). NS1
binds human TRIM25 to prevent this ubiquitination and thus destabilize the RIG-I/MAVS

CARD interaction (Gack et al., 2009; Koliopoulos et al., 2018)

TRIM2S5 is comprised of four protein domains (Fig 3.1). The N-terminal RING-type zinc
finger domain is responsible for E3 ubiquitin transferase activity — it synthesizes K63-linked
ubiquitin chains and attaches them to a target (Sanchez et al., 2016). The C-terminal
B30.2/SPRY domain recruits the RIG-I CARD domains for ubiquitination (D'Cruz et al., 2013;
Gack et al., 2008; Gack et al., 2007). In the interior of the protein lie the B boxes domain and the
coiled-coil domain. The B boxes have a potential role in protein-protein interactions that are not
defined with respect to RIG-I ubiquitination (Sanchez et al., 2016). The coiled-coil domain is a
long alpha-helix responsible for antiparallel homo-dimerization of TRIM2S5 proteins (Sanchez et
al., 2014), which is necessary for their enzymatic activity (Sanchez et al., 2016). In human cells,
NS1 binds to the coiled-coil domain of TRIM2S5 to prevent RIG-I-CARD ubiquitination (Gack et
al., 2009; Koliopoulos et al., 2018). An investigation of several NS1 proteins from representative

human, swine, and avian influenza A virus strains found host species-specific and strain-specific
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differences in their interactions with human, mouse, and chicken TRIM25 (Rajsbaum et al.,
2012). In that study, all of the tested NS1 proteins bound to human TRIM25, but only the
representative avian virus NS1 bound strongly to chicken TRIM25. Chickens are missing the
RIG-I gene, but possess the related MDAS receptor and many other functional components of
the RIG-I signalling pathway (Barber et al., 2010; Magor et al., 2013). In murine cells, NS1
proteins did not bind mouse TRIM25 and were unable to inhibit mouse RIG-I-CARD
ubiquitination (Rajsbaum et al., 2012). NS1 proteins did bind mouse Riplet, another E3 ubiquitin
ligase that helps to fully activate RIG-I by ubiquitinating at its other end, the C-terminal
repressor domain (Oshiumi et al., 2009; Oshiumi et al., 2010; Rajsbaum et al., 2012). Riplet
functions analogously in human cells and is also targeted by NS1, but this is beyond the scope of

this study.

Waterfowl are the primordial hosts of influenza viruses (Webster et al., 1992) and today
dabbling ducks are the main ecological reservoir of low-pathogenic avian influenza viruses
(Yoon et al., 2014). Mallards are more resistant to disease caused by influenza viruses than most
other afflicted species, including, in many cases, disease caused by highly pathogenic avian
influenza viruses (Alexander et al., 1986; Cooley et al., 1989; Laudert et al., 1993). The co-
evolution of mallard ducks with influenza viruses has likely produced unique host—pathogen
interactions that allow ducks to tolerate disease and act as asymptomatic carriers of almost all
known strain types. It is possible that this co-evolution has affected duck RIG-I pathway

regulation and its inhibition by influenza A virus NSI.

We recently cloned duck TRIM25 and duck RIG-I and characterized the induction of the
MAYVS signaling pathway (Miranzo-Navarro and Magor, 2014). Full-length human and duck

TRIM25 proteins share 49% amino acid identity (Fig 3.2). Despite this low conservation, we
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found that duck RIG-I signaling functions analogously to the human mechanism (Wu et al.,
2014), with RIG-I signaling through MAVS, stabilized by TRIM25-mediated polyubiquitination
of the RIG-I CARD domains. Unlike human RIG-1 CARD domains, which are ubiquitinated at a
single lysine residue, duck RIG-I CARD domains can be ubiquitinated at either of two lysines,
and can still be activated by unanchored ubiquitin chains synthesized by TRIM25 when these
lysines are mutated (Miranzo-Navarro and Magor, 2014). The coiled-coil domain of human
TRIM25, which is bound by NS1 (Gack et al., 2009; Koliopoulos et al., 2018), shares only 37%
amino acid identity with the homologous region of duck TRIM25 (Fig 3.2). To answer the
question of whether NS1 proteins bind duck TRIM2S5 to inhibit interferon induction in the
natural host, I compared the abilities of several different avian influenza NS1 proteins and one
mammalian NS1 protein to interact with human and duck TRIM25, and compared the
consequences on RIG-I ubiquitination and signaling in both species. I found that NS1 proteins
associated with both human and duck TRIM2S5 in vitro, but could only block ubiquitination of
and interferon induction by human RIG-I CARD domains, while duck RIG-I CARD
ubiquitination and interferon induction remained unaffected. I also show that the major NS1
binding pocket for host CPSF4, centered on NS1 residue glycine-184, may also affect interferon

regulation through a separate, unknown mechanism.

3.2 Results

3.2.1 The NS1 proteins used in this study and their sequence features.

I cloned five influenza A virus NS1 proteins for use in this study (Fig 3.3A). Two NS1
proteins were cloned from highly pathogenic avian influenza (HPAI) viruses —

A/Duck/D4AT/Thailand/71.1/2004 (H5N1) abbreviated D4AT, and A/Vietnam/1203/2004
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(H5N1) abbreviated VN1203. These two HPAI H5N1 viruses are closely phylogenetically
related (both belong to the A/goose/Guangdong/1/1996 lineage, HA antigenic clade 1) (Kim et
al., 2008; WHO/OIE/FAO H5N1 Evolution Working Group, 2012), but whereas D4AT was
isolated from a duck (Songserm et al., 2006), VN1203 was isolated from a fatal human case
(Govorkova et al., 2005). Both of these NS1 proteins belong to allele A. In experimental
infections, D4AT was more lethal in ducks (Sturm-Ramirez et al., 2005) and induced more
interferon (Saito et al., 2018), compared to VN1203. We were interested to see if differences
between these NS1 proteins could be correlated with virulence and interferon induction, with
respect to the duck RIG-I pathway. Two NS1 proteins were also cloned from low-pathogenic
avian influenza (LPAI) viruses — A/Duck/British Columbia/500/2005 (H5N2) abbreviated
BC500, and A/Chicken/California/431/2000 (H6N2) abbreviated CA431. Both of these NS1
proteins belong to allele B. We also cloned the NS1 protein from a well-studied, mouse-adapted

laboratory strain A/Puerto Rico/8/1934 (HIN1), abbreviated PR8. PR8 NS1 belongs to allele A.

NSI proteins are relatively small (~230 amino acids) and possess a two-domain structure
— an N-terminal RNA-binding domain (RBD) (residues 1-72) and a C-terminal effector domain
(ED) (residues 85-207) joined by a flexible linker region (Fig 3.3A). The linker region varies in
length between different strains; the two HSN1 NS1 proteins I used contain a 5-amino-acid
truncation in that region (Fig 3.3B), which may affect the structural conformations that can be
adopted (Bornholdt and Prasad, 2008; Carrillo et al., 2014) and is associated with enhanced
virulence (Long et al., 2008). The extreme C-terminal end of NS1 is also highly variable in
sequence and in length, and possesses species-specific signatures. The majority of circulating
avian influenza A viruses sampled between 1976 and 2004 contain NS1 proteins that are 230

amino acids long, with the last four amino acids forming the consensus sequence ESxV
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(Obenauer et al., 2006; Thomas et al., 2011); three of the avian NS1 proteins used in this study
belong to this group (Fig 3.3B). The majority of low-pathogenic human strains sampled in that
timeframe share the C-terminal consensus sequence RSxV (Obenauer et al., 2006; Thomas et al.,
2011), which is borne by PR8 NS1 (Fig 3.3B). The C-terminal tail of VN1203 NSI1 is truncated
by ten amino acids, which is the most striking difference between it and the highly-related D4AT
NS1. Overall, the two LPAI NS1 proteins (BC500 and CA431, allele B) share 96.5% amino acid
sequence identity and the two HPAI NS1 proteins (allele A) share 97.7% amino acid sequence
identity. PR8 NS1, belonging to allele A, is more similar to the HPAI NS1 proteins (89.8%
identity with VN1203) than to the LPAI (67.4% identity with BC500). The interaction of NS1
proteins with human TRIM2S5 involves both the RNA-binding and effector domains (Gack et al.,
2009; Rajsbaum et al., 2012). Four critical residues for this interaction have been identified, R38
and K41 in the RNA-binding domain, and E96 and E97 in the effector domain (Gack et al.,

2009). These residues are conserved in all of the NS1 proteins that I cloned (Fig 3.3B).

3.2.2 Recombinant NS1 expression and the glycine-184-to-arginine (G184R) mutation.

For protein interaction studies, I amplified the avian NS1 protein coding sequences out of
infected duck mRNA and cloned them into an overexpression vector. However, the wild-type
avian NS1 proteins were expressed only to a very low level in transfected cells (Fig 3.4), even
under the control of a highly active CMV promoter, due to their interaction with host cleavage
and polyadenylation specificity factor 4 (CPSF4). NS1 proteins that bind and sequester host
CPSF4, broadly and non-specifically repress host mRNA maturation and nuclear export in those
cells (Nemeroff et al., 1998). When NSI1 is expressed heterologously, without viral polymerase,
nascent NS1 proteins repress their own continued expression by host machinery and are virtually

undetectable by Western blot (Chauché et al., 2018). The four avian NS1 proteins used in this
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study possess the amino acids required to interact with human CPSF4 (Das et al., 2008), while
wild-type PR8 NS1 does not (Steidle et al., 2010). Thus, of the wild-type NS1 proteins, only PR8
could be expressed to a high level in HEK293T cells (Fig 3.4A). NS1 binds the second and third
zinc fingers of CPSF4 (Das et al., 2008), which are perfectly conserved at the amino acid level
between humans, chickens, and ducks. Thus, in the DF-1 chicken cell line also, wild-type avian
NST1 proteins could only be expressed to a low level (Fig 3.4B). A glycine-184-to-arginine
(G184R) point mutation rescued heterologous protein expression in both cell types (Fig 3.4A and
B). G184 is a surface-accessible residue that sits at the center of a small binding pocket on NS1
into which CPSF4 docks. Mutating G184 abrogates the interaction with CPSF4, but does not
affect the ability of PR8 NS1 to bind TRIM25 and inhibit interferon induction in HEK293T cells,
according to a previous study using intentionally mutated recombinant viruses (Steidle et al.,
2010). I included a G184R-mutant PR8 NS1 as a control, to confirm that this mutation would not
affect interactions with TRIM25. I also cloned a loss-of-function mutant of PR8 NS1,
substituting an alanine in place of arginine-38 (R38A), to abolish TRIM25 interaction (Gack et
al., 2009) and serve as a negative control (Fig 3.4C).

3.2.3 NS1 proteins co-precipitate with human and duck TRIM25 proteins, with strain-specific
differences.

To validate my controls, I co-expressed the PR8 NS1 variants with hTRIM25-V5 in
HEK293T cells for anti-V5 co-immunoprecipitation. As expected, both wild-type and G184R-
mutant PR8 NS1 proteins co-precipitated with hTRIM25, while the R38 A mutant did not (Fig
3.5A). I compared the abilities of the avian NS1 proteins to interact with human and duck
TRIM2S5 by similar anti-V5 co-precipitations with hTRIM25-V5 in HEK293T cells (Fig 3.5B)

and with dTRIM25-V5 in DF-1 cells (Fig 3.5C). Of the four avian NS1 proteins, three co-
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precipitated with human TRIM25: BC500, D4AT, and VN1203 NS1 proteins were pulled down,
while CA431 was not, consistently (Fig 3.5B). In contrast, all of the NS1 proteins tested, except
the negative control mutant R38A, co-precipitated readily with dTRIM25 (Fig 3.5C). Thus, both
avian and mammalian-origin NS1 proteins associate with duck TRIM25, and demonstrate

apparent strain-specific differences in the ability to associate with human TRIM?25.

3.2.4 NS1 proteins co-localize with human and duck TRIM?2S in the cytoplasm of human and

avian cells.

To compare the interactions of the NS1 proteins with human and duck TRIM25, I began
by examining their subcellular distributions and co-localization (Figs 3.5 and 3.6). To
demonstrate that NS1 proteins co-localized with TRIM25 to the same subcellular compartment, I
performed confocal microscopy on Flag-tagged NS1 proteins (Flag-NS1) and V5-tagged human
TRIM25 (hTRIM25-V5) co-expressed in HEK293T cells (Fig 3.6A), and Flag-NS1 and V5-
tagged duck TRIM25 (dTRIM25-V5) co-expressed in DF-1 cells (Fig 3.6B). In both cell types,
TRIM25 proteins localized to the cytoplasm while Flag-NS1 proteins were always diffusely
distributed throughout both the nuclei and the cytoplasm (Fig 3.6A and B). Pearson’s co-
localization coefficient analysis in one plane showed a low degree of quantifiable co-localization
between human TRIM2S and all of the tested NS1 proteins in the cytoplasm of HEK293T cells —
mean R values between 0.0 and 0.5 (Fig 3.6C). The R value for co-localization of hTRIM25-V5
with D4AT-G184R NS1 was lower than the rest, reflecting an overall lower abundance of that
NSI in the cytoplasm that was visually apparent. In DF-1 cells, NS1 proteins also co-localized
with dTRIM25-V5 in the cytoplasm. Pearson’s co-localization analysis produced mean R values
above 0.5 1n all cases, with no statistical differences between any of the groups (Fig 3.6D). When

the NS1 proteins and the two TRIM25 orthologues were expressed separately in cells, their
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subcellular distributions looked similar to what I saw in co-expressing cells (Fig 3.7A and B). To
control for the potential influences of cell type and the Flag tag, I performed similar microscopy
with untagged PR8 NS1 proteins labeled with anti-NS1 antibodies and hTRIM25-V5 in HeLa

cells and observed similar intracellular distributions (Fig 3.7C).

3.2.5 NS1 proteins do not inhibit TRIM?2S5 dimerization through its coiled-coil domain.

To test the functional consequences of the NS1 association with TRIM2S5, I investigated
whether NS1 would prevent the association of TRIM25 with RIG-I-CARD domains and whether
NS1 would prevent homo-dimerization of the TRIM25 coiled-coil domain (CCD). According to
the two currently available model mechanisms for NS1 TRIM2S5 interference, NS1 should either
inhibit CCD dimerization to block enzymatic activity (Gack et al., 2009), or should bind to
TRIM25 dimers and inhibit activity by steric interference (Koliopoulos et al., 2018). In both
cases, NS1 should not affect the association of TRIM25 with RIG-1 CARD domains through its

C-terminal B30.2/SPRY domain (Gack et al., 2009; Koliopoulos et al., 2018).

To test if NS1 proteins inhibit the association between TRIM25 and the RIG-1 CARD
domains, I performed GST pulldowns from cells co-expressing a GST-tagged RIG-1 CARD
domains fragment and TRIM235, in the absence and presence of NS1 proteins. None of the NS1
proteins prevented association between human RIG-I CARD domains (GST-h2CARD) and
hTRIM25 in HEK293T cells (Fig 3.8A), or between duck RIG-1 CARD domains (GST-
d2CARD) and dTRIM25 in DF-1 cells (Fig 3.8B). To determine if NS1 proteins interfere with
TRIM25 homo-dimerization via the coiled-coil domains, I cloned GST-tagged CCD fragments
of human and duck TRIM25. The CCD constructs were used to co-precipitate full-length

TRIM25 by GST pulldown, in the absence and presence of NS1 proteins (Fig 3.9A-C). None of
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the NS1 proteins prevented the association of human TRIM25 with its cognate CCD, when co-
expressed in HEK293T cells (Figs 3.8A and B). Similarly, none of the NS1 proteins prevented
the association of duck TRIM25 with its cognate CCD in DF-1 cells (Fig 3.9C). These results fit
with the model proposing that NS1 proteins bind to already-dimerized TRIM25 proteins

(Koliopoulos et al., 2018).

3.2.6 Avian NS1 proteins inhibit TRIM25-mediated ubiquitination of human RIG-1 CARD
domains, but do not affect duck RIG-I-CARD ubiquitination; PR8 NS1 appears to stimulate

human RIG-I-CARD ubiquitination.

To investigate the effect of the NS1 proteins on TRIM25-mediated ubiquitination of RIG-
I in both species, I co-expressed HA-tagged ubiquitin in cells with RIG-I CARD domains and
TRIM2S5, in the presence and absence of NS1 (Figs 3.9 and 3.10). Co-expression of TRIM25
with RIG-I CARD domains increased the amount of ubiquitination compared to CARD domains
alone, for both the human and duck orthologues (Fig 3.10A and B). In HEK293T cells, the PR8
NSI1 variants increased the proportion of ubiquitinated human RIG-I CARD domains whereas all
four avian NS1 proteins decreased the proportion of ubiquitinated RIG-I-CARD (Fig 3.10A). On
the other hand, in DF-1 cells, NS1 co-expression did not significantly affect the level of
ubiquitination of duck RIG-I CARD domains by dTRIM25, for all variants and strains of origin
(Fig 3.10B). Thus, NS1 proteins from four avian influenza virus strains inhibit human TRIM25-
mediated RIG-I ubiquitination, but not duck TRIM25-mediated RIG-I ubiquitination. Figure
3.11 shows more clearly that, in HEK293T cells, PR8 NS1 variants appear to stimulate RIG-I-

CARD ubiquitination (Fig 3.11A) while the avian NS1 proteins potently suppress it (Fig 3.11B).
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3.2.7 Avian NS1 proteins inhibit interferon induction by human RIG-1 CARD domains in
HEK?293T cells; Wild-type PR8 NS1 inhibits interferon by a separate, TRIM25-independent

mechanism.

To examine the effect of NS1 proteins on type-I interferon induction by the human RIG-I
pathway, I performed dual luciferase reporter assays measuring interferon-beta (IFN-§) promoter
activity (Fig 3.12A-C). I stimulated the human IFN-§ promoter in HEK293T cells by co-
expressing hTRIM25 with the constitutively active human RIG-I CARD domain fragment. When
using small quantities of the h2CARD construct, the addition of hTRIM2S5 significantly elevates
its IFN-P promoter stimulating activity, presumably through ubiquitination. Reflecting the
ubiquitination patterns I observed, co-transfected avian NS1 proteins (BC500, CA431, D4AT,
VN1203) significantly reduced hIFN- promoter activity compared to the empty vector control
and to the G184R and R38A PR8 NS1 variants (Fig 3.12A). However, I also found that wild-
type PR8 NS1, but not PR8-G184R, suppressed IFN-3 promoter activity in this system (Fig
3.12B) even though both of these NS1 proteins did not inhibit human RIG-I-CARD
ubiquitination in vitro. The G184R mutation did not interfere with the ability of the avian NS1
proteins to inhibit TRIM25-mediated RIG-I ubiquitination, which suggests that interferon
suppression by WT PRS8 occurs through a distinct mechanism. Inhibition of hIFN-B promoter
activity by wild-type avian NS1 proteins, possessing also a functional CPSF4 interaction, was

more potent than inhibition by WT PR8 NSI (Fig 3.12C).

To corroborate the luciferase reporter results, I quantified secreted [IFN-3 protein in the
supernatants of co-transfected HEK293T cells (Fig 3.12D). As in the hIFN- promoter reporter
assays, avian NS1 proteins significantly reduced the amount of secreted interferon. It was

unclear whether wild-type PR8 NS1 inhibited secreted interferon - the mean concentration value
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is lower than the control and the other PR8 NS1 variants, but the difference is not statistically
significant. In order to produce an appreciable amount of interferon-beta secretion for this
analysis, | had to stimulate the cells with much larger quantities of transfected DNA than in the

luciferase assays, which, in turn, produced high variability.

3.2.8 NS proteins do not inhibit interferon induction by duck RIG-I in DF-1 cells; Wild-type

PR8 NS inhibits interferon by a separate, RIG-I-independent mechanism.

To test the effects of the NS1 proteins on interferon-beta induction by duck RIG-I, I
performed dual luciferase assays measuring chicken IFN-§ promoter induction in DF-1 cells co-
expressing duck RIG-I CARD domains and dTRIM25 (Fig 3.13). The four avian NS1 proteins
did not inhibit chIFN-B promoter activity (Fig 3.13A), just as they did not inhibit 22CARD
ubiquitination. The two PR8 mutants also did not inhibit interferon induction, but a slight
inhibition by WT PR8 NS1 was recorded. To examine this further, I compared the effect of the
PR8 NSI1 variants on interferon induction downstream of d2CARD, and downstream of duck
MAVS, also constitutively active when overexpressed (Fig 3.13B). Wild-type PR8 NS1 inhibited
interferon downstream of both proteins, suggesting a RIG-I-independent mechanism of
inhibition that is affected by the G184R mutation, similar to what I saw in human cells. I
performed a co-immunoprecipitation to determine if inhibition downstream of MAVS was due to
a unique interaction by wild-type PR8 NS1 with duck MAVS itself (Fig 3.13C). I found that
trace amounts of all the NS1 proteins, except the R38A mutant, were pulled down in complexes
containing duck MAVS (dMAVS-V5) Thus, interferon inhibition by wild-type PR8 NS1 was not

due to a specific interaction with duck MAVS.
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In an effort to find an additional way of quantifying interferon signaling in DF-1 cells, I
investigated nuclear translocation of IRF7 proteins. Overexpressed duck IRF7 (not shown) and
chicken IRF7 translocated to the nucleus of cells stimulated with duck RIG-I CARD domains

(Fig 3.14), but the system did not prove sensitive enough to assay NS1-mediated inhibition.

3.2.9 Recombinant virus infection studies.

To complement recombinant protein work, I wanted to investigate RIG-I ubiquitination
and interferon signaling in cells infected with recombinant viruses bearing different NS1 genes
in identical genetic backgrounds. Using wild-type PR8 virus and a del-NS1 mutant version
lacking the NS1 gene, I wanted to investigate the effect of PR8 NS1 on endogenous human RIG-
I ubiquitination in HEK293T cells, as in Gack et al. (2009). I found, however, that [ was unable
to immunoprecipitate any detectable amount of endogenous RIG-I from HEK293T cells, and
found a statement in the literature to the same effect (Linehan et al., 2018). To determine which
cell type would be more appropriate for me to use, I stimulated three human cells lines with poly
(I:C) and found that A549 cells had the highest inducible endogenous RIG-I expression (Fig
3.15A). Upon infecting A549 cells, I found that I could immunoprecipitate RIG-I, but not in
sufficient quantities to produce a visible and clean ubiquitin blot (Fig 3.15B). I tried
compensating for this by transfecting the cells with recombinant HA-tagged ubiquitin, but found
that this did not solve the problem (Fig 3.15C). I also tried blotting the whole-cell lysates for
human IFN-B, but observed what may be non-specific binding (Fig 3.15C). There is a band at
approximately 22 kDa, the expected size of IFN-B, but the band intensity is equivalent in the
infected and in the mock-infected samples. To overcome protein quantity problems I have

decided to look at ubiquitination of overexpressed full-length RIG-I in cells infected with WT
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and del-NS1 PRS viruses. To date, | have made V5-tagged full-length RIG-I expression vectors,

for both human and duck orthologues, and have verified protein expression.

I will also generate a set of recombinant PR8 viruses encoding the wild-type versions of
each avian NS1 used in this study, along with the G184R and R38 A mutants of PR8 NSI.
Recombinant influenza A viruses can be generated in cell culture from plasmid starting material,
using a rescue method devised by Palese and Garcia-Sastre (Martinez-Sobrido and Garcia-Sastre,
2010; Schickli et al., 2001). PR8 strain genomic segment rescue plasmids were kindly provided
to me by Dr. Yan Zhou and Dr. Adolfo Garcia-Sastre, and their sequences were confirmed. I
have generated seven rescue plasmids encoding each different NS1 CDS within the PR8
genomic segment 8. In all cases, the PR8 NEP protein coding sequence is preserved by silently
mutating the splice acceptor site in the variant NS1 and including the complete PR8 NEP CDS
downstream of the NS1 gene (Nogales et al., 2016; Perez et al., 2013). In a test rescue, |
generated two functional infectious viruses — a wild-type PR8 virus and a PR8 virus encoding
BC500 NS1. Infectivity was verified by plaque assay on MDCK cells, using dilutions of the viral
rescue supernatants (Fig 3.16). Mock rescue supernatant produced no cell death or evidence of
infection. With both viral rescue supernatants, most of the MDCK cells died even at the 1000-
fold dilution. No further dilutions were done because I had not expected the viral rescue to be so
efficient. Viral RNA was extracted from centrifuged supernatants of secondarily infected MDCK
cells (to reduce the possibility of rescue plasmid contamination) and the NS1 genes were
sequenced and their identities confirmed. No viral RNA could be obtained from cells infected

with the mock rescue sample. These rescued viruses still need to be plaque purified.
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3.3 Discussion

A lot of research has been done on the molecular interactions of influenza A NS1
proteins in mammalian cells, but little work has been done in mallard ducks, an important
ecological host species with unique disease dynamics (Evseev and Magor, 2019). Here I show
that NS1 proteins from two LPAI strains and two HPALI strains associate with duck TRIM25, but
this does not reduce the ubiquitination of duck RIG-1 CARD domains and their induction of
interferon, as it does in human cells (Fig 3.17). I also show the existence of potential strain-
specific differences with respect to human TRIM25 binding and ubiquitination inhibition. I
provide support for a model of TRIM25 binding by NS1 that does not block TRIM25
dimerization or its association with RIG-I CARD domains, in both species. Finally, I provide
evidence for the existence of a separate interferon suppression mechanism that functions
downstream of RIG-I and MAVS in both species, which is affected by the residue at position
184 in NS1.

3.3.1 Avian influenza NS1 proteins inhibit human, but not duck, RIG-I-CARD ubiquitination
and interferon signaling.

I mutated the four avian NS1 proteins at glycine-184 to abrogate their interaction with
cleavage and polyadenylation specificity factor 4 (CPSF4), to be able to express them
heterologously (Das et al., 2008). I chose to mutate the single glycine-184 to an arginine
(G184R) because this was sufficient to increase expression, and because it was previously
demonstrated to have no effect on the interaction of PR8 NS1 with human TRIM25 and on the
induction of interferon in HEK293T cells and in mice (Steidle et al., 2010). Wild-type PR8 NS1
possesses two rare substitutions at amino acid positions 103 and 106 that prevent it from
interacting with CPSF4. Using both wild-type and G184R-mutant PR8 NS1 proteins as controls,
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I confirmed that the mutation does not affect association with TRIM25. A five-amino-acid
mutation to increase NS1 expression, at positions 184-188, has also previously been described

(Kumar et al., 2012; Noah et al., 2003).

I tested the interaction of NS1 proteins with human and duck TRIM25 using co-
immunoprecipitation. The PR8 NS1 variants behaved as expected with respect to human
TRIM2S5 - WT and G184R-mutant interacting comparably, and R38A-mutant losing the
interaction. The same pattern held with duck TRIM25. Among the four avian NS1 proteins, there
were consistent differences in the amounts pulled down with human TRIM25, despite the
universal conservation of four amino acid residues that have been identified as critical for this
interaction — R38, K41, E96 and E97 (Gack et al., 2009). This suggests that additional amino
acids contribute to its stability. In fact, a crystal structure of PR8 NS1 bound to hTRIM25 from
Koliopoulos et al. (2018) showed that NS1 residues E96 and E97 do not make contact with
TRIM?2S5 itself, but stabilize the NS1 effector domain through internal polar interactions, whereas
NSI residue L95 fits into a hydrophobic pocket on TRIM25 and makes several important non-
polar contacts. All of the NS1 proteins in my set encode either a leucine (L) or an isoleucine (I)
at this position, except CA431, which does not co-precipitate readily with hTRIM25 and encodes
a smaller valine (V) residue at position 95. It will be interesting to mutate that valine to a leucine
or an isoleucine to see if that enhances the interaction of CA431 NS1 with human TRIM?25.
Strain-specific and host-species-specific differences in the ability of NS1 proteins to interact with
TRIM25 have been documented before (Rajsbaum et al., 2012), but in that study NS1 proteins
from representative avian, human, and swine influenza A strains bound comparably to human

TRIM25 (and all encoded either a leucine or an isoleucine at position 95). In my comparison of
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four avian strains it appears that polymorphisms in NS1 result in strain-specific differences with

respect to the human TRIM2S5 interaction, at least in vitro.

In a comparison of avian, porcine, and human influenza A NS1 proteins, Rajsbaum et al.
(2012) found that only the avian NS1 bound strongly to chicken TRIM25. In my set, PR8 and all
four avian NS1 proteins bound duck TRIM25 efficiently in DF-1 cells. The uniform interaction
of the four avian NS1 proteins with duck TRIM25, in contrast to the strain-specific differences
observed in the human TRIM25 co-precipitation, suggest a potential species-specific difference
in the binding mechanics to the TRIM25 orthologues. The R38A NS1 mutation that abolishes
human TRIM25 binding also abolished binding of PR8 NS1 to duck TRIM25. R38 is an
important residue for multiple NS1 functions, including multimerization (Bornholdt and Prasad,
2008) and dsRNA binding (Min and Krug, 2006). It is conserved in over 99% of NS1 sequences
in the NCBI influenza database, and mutating results in severe attenuation (Donelan et al., 2003;

Steidle et al., 2010).

Certain limitations of the co-immunoprecipitation technique must be kept in mind when
interpreting this data. Co-precipitation of proteins from a cell lysate does not necessarily imply
direct interaction, but can also result from common association of the bait and prey with a larger
protein complex. In the case of NS1 and TRIM2S5, pre-existing functional research and X-ray
crystallography suggest that a direct protein-protein interaction does occur. However, it is also
important to remember that the system itself is somewhat artificial because the molar ratios of
the overexpressed proteins probably do not reflect their actual biological proportions in an
infected cell. Furthermore, in doing these experiments, I did not systematically test different
buffers of varying stringency. To overcome these limitations I incorporated a good negative

control, the loss-of-function mutant NS1 R38A. Within the parameters set by the positive and
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negative controls, I assume that co-immunoprecipitation experiments provide an approximation

of biological reality.

I examined the subcellular distributions of co-expressed TRIM25 and NS1 proteins and
observed some co-localization in the cytoplasmic compartment, with both human and duck
TRIM2S5 orthologues. In HEK293T and in DF-1 cells, NS1 was distributed throughout the nuclei
and cytoplasm, both in the presence and in the absence of TRIM25. Previous studies using
recombinant NS1 proteins showed higher proportions of cytoplasmic versus nuclear NS1 in the
presence of human TRIM25 compared to NS1 alone (Gack et al., 2009; Rajsbaum et al., 2012),
but I observed a consistent distribution of NS1 to both cellular compartments independent of
TRIM25 co-expression. Over all, the degree of co-localization between the NS1 proteins and
either orthologue of TRIM25 does not appear to correlate with the co-immunoprecipitations of
NS1 with TRIM25. These observations differ from previous studies (Gack et al., 2009;
Rajsbaum et al., 2012), but are in line with data demonstrating that inability to bind CPSF4
affects the subcellular distribution of NS1 (Han et al., 2010). Han et al. compared chimeric GFP-
NSI1 proteins and showed that wild-type PR8 NS1, which is naturally unable to interact with
CPSF4, was distributed throughout the nuclei and cytoplasm of HEK293T cells, while wild-type
NSI1 from A/Sydney/5/1997(H3N2), a competent CPSF4 binder, was exclusively nuclear (Han et
al., 2010). Mutating A/Sydney/5/1997 NSI1 to abolish CPSF interaction, either by mutating
residues 103 and 106 to resemble PRS, or by mutating residues 184-188, induced these NS1
proteins to localize diffusely to the nucleus and cytoplasm, similar to WT PR8 NS1 (Han et al.,
2010). A more recent study of NS1 subcellular localization, employing super-resolution
microscopy, found that a fraction of PR8 NS1 co-localizes with hTRIM25 and RIG-I-containing

puncta in the cytoplasm of HelLa cells (Sanchez-Aparicio et al., 2017). The co-localization
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experiments presented here also have limitations that should be considered in interpretation.
Fluorescent signal overlap, as quantified by Pearson’s correlation coefficient, does not
necessarily imply protein-protein interactions. Furthermore, signal overlap between two
diffusely-cytoplasmic proteins may be incidental, as appears to be the case with NS1-R38A.
These experiments do show us, at minimum, that TRIM25 and NS1 proteins localize to the same

cellular compartment where they could theoretically interact.

There are currently two different models in the literature that describe how NS1 blocks
TRIM25-mediated ubiquitination. According to the first model, NS1 binds to the central coiled-
coil domain of TRIM25 and prevents the homo-dimerization that precedes catalytic activity
(Gack et al., 2009; Sanchez-Aparicio et al., 2017; Sanchez et al., 2016; Sanchez et al., 2014).
When I co-precipitated full-length TRIM2S5 proteins with recombinant CCD-only fragments,
with and without co-expressed NS1, I found that none of the NS1 proteins prevented the
association between TRIM25 and its corresponding CCD, for both human and duck orthologues.
This did not agree with the established model, but soon after, Koliopoulos et al. (2018) proposed
an alternative mechanism based on a co-crystallization of NS1 with TRIM25. According to their
crystal structure, NS1 binds to the CCDs of already-dimerized TRIM25 proteins and sterically
prevents the close association of the ubiquitin-bearing RING domain with the B30.2/SPRY
domain, which recruits RIG-I-CARD - this prevents covalent ubiquitin ligation to the target.
Thus, the model proposed by Koliopoulos et al. (2018), in which NS1 does not block TRIM25
homo-dimerization but binds to TRIM25 dimers, corroborates my results. According to both
models, NS1 should not interfere with the interaction between the TRIM25 B30.2/SPRY domain

and RIG-I CARD domains, and I confirmed this with both human and duck orthologues.
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Next, I investigated how the different NS1 proteins would inhibit TRIM25-mediated
ubiquitination of human RIG-I CARD domains, and whether they would inhibit duck RIG-I-
CARD ubiquitination, using a similar method to those employed by Gack et al. (2009),
Rajsbaum et al. (2012), and Koliopoulos et al. (2018). I was surprised to find that the PR8 NS1
variants, wild-type and both mutants, appeared to increase human RIG-I-CARD ubiquitination
rather than decrease it. In all previous work with PR8 NS1, researchers reported inhibition of
TRMI25-mediated ubiquitination, but the details were not unequivocal. Gack et al. (2009) found
that wild-type PR8 NS1 inhibited RIG-I-CARD ubiquitination, but that mutating the critical
residues for TRIM2S interaction in NS1 (R38A+K41A or E96A+E97A) abrogated this
inhibition. In contrast, Koliopoulos et al. (2018) observed ubiquitination inhibition by wild-type
PR8 NS1 and also by mutant NS1 proteins where the same critical residues were mutated to
alanine, in a similar experimental system. These discrepancies demonstrate either the technical
limitations of these assays or that the inhibition of human RIG-I ubiquitination is a complex and
context-dependent process. The single difference between the PR8 NS1 variant that I used and
the one used in the above cited studies is an amino acid polymorphism at position 55. This
naturally occurring polymorphism in PRS strain variants is discussed in Chapter 1 (section
1.3.1). My PR8 NS1 variant encodes a lysine at position 55 (K55) while the variant used in Gack
et al. (2009) and Koliopoulos et al. (2018) encodes a glutamic acid (E55). Two studies have
found that the presence of ES5 in NS1 enhances interferon inhibition and viral replication in
human and mammalian cells (Li et al., 2018; Murakami et al., 2008), and it is notable that ES5 is
the most prevalent residue in avian influenza A isolates while K55 is the most common in human
and swine isolates. It is possible that this polymorphism contributes to the ability of NS1 proteins

to suppress RIG-I-CARD ubiquitination, which would be consistent with my results and the
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observation that E55-encoding NS1 proteins inhibit interferon more effectively. I am currently
working on experiments to test this hypothesis. The other notable difference between my
ubiquitination experiments and the ones cited above is that I overexpressed HA-tagged ubiquitin
in the cells whereas Gack et al. and Koliopoulos et al. blotted for endogenous ubiquitin. It is
possible that the addition of exogenous ubiquitin contributed somehow to the difference that I
saw in my results. However, my results also clearly show that various avian influenza NS1
proteins are able to potently inhibit human RIG-I-CARD ubiquitination, despite variable

association with hTRIM25 in co-immunoprecipitations.

The ubiquitination levels of human RIG-I-CARD that I saw in the GST pull down
experiments correlated with interferon-p promoter induction and interferon-f§ protein secretion
downstream of RIG-I. WT PR8 NS1 was an exception, since it appeared to enhance human RIG-
I-CARD ubiquitination, but to decrease interferon signaling and this is discussed in more detail
below, in section 3.3.2. The suppression of ubiquitination by the four avian NS1 proteins
translated into inhibition of IFN-3 promoter activity and IFN-f protein secretion in HEK293T
cells stimulated with TRIM25 and RIG-I CARD domains. Thus, in human cells, avian influenza
NS1 proteins interact with human TRIM25 to block RIG-I-CARD ubiquitination and signaling.
These findings agree with a recent paper demonstrating that avian NS1 proteins are effective at

suppressing innate immunity in human cells (Monteagudo et al., 2019).

It was striking that none of the tested NS1 proteins decreased the ubiquitination of duck
RIG-1 CARD domains even though all of them bound to duck TRIM25. Correspondingly, I saw
no inhibition of chicken IFN-f promoter activity in dRIG-I-CARD-stimulated DF-1 cells

(excepting PR8 WT NS1, discussed below). DF-1 chicken cells lack endogenous RIG-I, but
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possess the related MDAS receptor and the downstream components of the signaling pathway,
beginning with MAVS (Barber et al., 2010). Duck RIG-I-CARD domains interact with chicken
MAVS to induce interferon, recapitulating RIG-I signaling (Barber et al., 2013; Chen et al.,
2016; Cheng et al., 2015; Miranzo-Navarro and Magor, 2014; Wu et al., 2014). In DF-1 cells,
avian influenza NS1 proteins interacted with duck TRIM25, but did not block duck RIG-I-
CARD ubiquitination and signaling. Human and duck TRIM25 proteins share 49% amino acid
identity overall, and the human TRIM25 CCD shares only 37% identity with the CCD of duck
TRIM25. Of the 9 residues of human TRIM25 that make important contacts with PR8 NS1
according the Koliopoulos et al. (2018) crystal structure, only three are strictly conserved in duck
TRIM25 (Fig 3.18). The fact that all of the NS1 proteins bound dTRIM25 efficiently, without the
sequence-dependent differences that I saw with human TRIM25, suggests that different amino
acid contacts are made. The fact that ubiquitination is not inhibited suggests that binding might
occur in a region that does not sterically inhibit ubiquitin transfer, like it may with human
TRIM25 (Koliopoulos et al., 2018). To discover where on duck TRIM25 do NS1 proteins bind,
we could test a series of fragments of dTRIM25 for NS1 binding by co-precipitation, or perform
X-ray crystallography. It is noteworthy that both human (Zeng et al., 2010) and duck (Miranzo-
Navarro and Magor, 2014) RIG-I-CARD tetramers can also be stabilized by unanchored K63-
linked ubiquitin chains, a redundancy that may partially compensate for viral inhibition. In fact,
according to the Koliopoulos et al. (2018) model, TRIM25 dimers bound by NS1 do not lose
their ability to synthesize unanchored ubiquitin chains, and this likely explains some of the

residual signaling I saw in my human interferon assays.
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3.3.2 RIG-I-independent mechanism of interferon inhibition that requires NS1 residue G184.

Surprisingly, wild-type PR8 NS1, but not PR8-G184R, inhibited IFN- promoter activity
in both HEK293T and DF-1 cells even though, in my experiments, both NS1 proteins did not
block TRIM25-mediated ubiquitination of either RIG-I-CARD orthologue. Secreted human
interferon quantification also suggested potential inhibition by PR8-WT, but the effect was not
statistically significant. NS1 is a multifunctional regulator of host cell dynamics and interferes
with innate immune signaling in multiple ways and in multiple signaling pathways (Ayllon and
Garcia-Sastre, 2015; Hale et al., 2008). The interaction of most NS1 proteins with host CPSF4 to
non-specifically block pre-mRNA maturation is a powerful mechanism that shuts down immune
signaling and host protein production generally (Das et al., 2008; Hale et al., 2010b). The wild-
type versions of the avian NS1 proteins, competent in CPSF4 binding, inhibited human IFN-3
promoter activity more potently than wild-type PR8 NS1. Steidle et al. (Steidle et al., 2010)
studied the effect of several different amino acid mutations in PR8 NS1, which is naturally
unable to interact with CPSF4 due to two rare substitutions - F103S and M1061. In their report,
Steidle and colleagues showed that introducing the G184R mutation into PR8 NS1 did not affect
its in vitro association with human TRIM2S, nor the ability of recombinant viruses bearing this
mutation to inhibit interferon production in HEK293T cells and in reporter-mice (Steidle et al.,
2010). However, they also showed that recombinant viruses bearing the G184R mutant NS1
proteins replicated more slowly than their wild-type counterparts in mice, despite growing at
equivalent rates in MDCK and A549 cells. The authors concluded that the G184R mutation
affects viral fitness by a mechanism unrelated to interferon production. My experiments suggest
that the G184R mutation may actually impact some aspect of interferon inhibition by NS1,

which functions separately from TRIM25 binding and RIG-I ubiquitination. The fact that WT
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PR8& NS1 also inhibited chicken IFN-§ promoter activity downstream of duck RIG-I and duck
MAVS suggests that this is a RIG-I-independent mechanism that is conserved in chickens. I
showed that this was not due to a specific interaction with duck MAVS. Kuo et al. (2010) have
previously reported that NS1 proteins from fifteen human influenza strains differed in their
ability to block IRF3 activation and IFN-f transcription in human cells irrespectively of TRIM25
binding. They found that TRIM25 binding did not always correlate with IRF3 suppression, but
that the ability to block IRF3 activation coincided with glutamic acid (E) at position 196 in NSI.
The authors concluded that E196 likely participates in an important protein-protein interaction.
One such interaction could be with host TRAF3 (Qian et al., 2017), which NS1 targets in human
cells to reduce IRF3 activation downstream of MAVS. Human TRAF3 interacts with the C-
terminal end of NS1, between residues 126 and 225 (Qian et al., 2017). All of the NS1 proteins
used in this study conserve E196. On currently-available NS1 crystal structures, E196 is a
surface-exposed amino acid proximal to G184. It is possible that the protein-protein interaction
that occurs at E196 to suppress IRF3 activation also involves G184, and that the G184R mutation
disrupts this interaction as well as the interaction with host CPSF4. This hypothesis could be
tested with the help of additional mutagenesis and protein mass spectrometry. The first step
would be to mutate E196 in WT PR8 NS1 to see if that also abolishes interferon inhibition under
these conditions. Wild-type and mutant NS1 proteins could be co-precipitated with human and
duck TRAF3 to find out if this interaction may be responsible for the inhibition. Alternatively,
mass spectrometry could be used to find other interacting partners from immunoprecipitated

whole-cell lysates.

It is unclear if this inhibitory function that depends on the C-terminus of PR8 NS1 would

be shared by the avian NS1 proteins in this study, if they were not also mutated at residue G184.
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The C-terminal region of NS1 proteins is highly variable. In their investigation of NS1 and
TRAF3, Qian et al. (2017) found that NS1 proteins from PR8 and from an H5SN1 avian strain
bound human TRAF3, while NS1 proteins from avian H7N9 and HIN2 strains did not. Due to
the plethora of protein-protein interactions in which NS1 despite its small size, it is very difficult

to isolate specific functions with mutagenesis, without unintentionally affecting others.

3.3.3 Recombinant virus infection studies and future directions

I have begun recombinant virus infection studies to corroborate my recombinant protein
results in a more biologically-relevant context. I will examine RIG-I ubiquitination and
interferon signaling in cells infected with recombinant viruses expressing different NS1 proteins.
Using wild-type and del-NS1 PRS viruses I can further investigate the effects of PR8 NS1 on
human RIG-I-CARD ubiquitination. Using recombinant PR8 viruses expressing different NS1
proteins, I can investigate strain-specific NS1 differences and compare functions, like the
inhibition of RIG-I ubiquitination, in human and avian cells. This work has not been completed

yet because I had an unexpected number of difficulties with recombinant protein experiments.

It is important to remember that the RIG-I pathway is only one of many innate antiviral
detection mechanisms, and that interference in this pathway is only one of many functions of
influenza A NS1. Furthermore, NS1-host protein-protein interactions are only one level in a
hierarchy of variables that determine viral fitness and pathogenicity. For example, Ma et al.
(2010) showed that two recombinant viruses containing different NS1 proteins in an identical
background had different replication efficiencies and virulence in mice. The two NS1 proteins
had equivalent PKR and CPSF4 binding affinities in vitro, but in infected mice, one of the NS1

proteins was expressed to a higher level and resulted in faster and stronger PKR and IFN-3
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inhibition (Ma et al., 2010). Thus, in the future, these experiments should be expanded to in vivo
models. It would be interesting to investigate the importance of RIG-I signaling in juvenile ducks
using wild-type and RIG-I-knock-out animals infected with recombinant viruses encoding
different NS1 proteins. Conversely, our lab is also working on knocking duck RIG-I into chicken
embryos, which will add another fascinating platform for the study of antiviral innate immune

signaling.

3.3.4 Conclusion

In this chapter I presented evidence that avian influenza A NS1 proteins may lack the
ability to downregulate duck RIG-I ubiquitination and signaling, as they do in human cells.
Comparing NS1 proteins from several viral strains, I showed that RIG-I antagonism in the
human host is a complex and multifactorial process with potential strain-dependent differences,
the full scope of which we do not yet fully understand. Clearly, avian NS1 proteins from both A
and B alleles are able, in principle, to potently inhibit human TRIM25-mediated RIG-I
ubiquitination. The same avian influenza NS1 proteins interact with duck TRIM25, but do not
interfere with duck RIG-I ubiquitination and signaling. The function of PR8 NS1 remains
unclear, but highlights the functional plasticity of NS1 proteins and the existence of multiple
mechanisms by which they interfere with host innate immune signaling, across multiple

pathways and host species.
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Figure 3.1. TRIM25 domain architecture.

TRIM2S5 proteins comprise four protein domains. The N-terminal RING-type zinc finger domain
is responsible for enzymatic E3 ubiquitin transferase activity. Two tandem B box motifs may
participate in protein-protein interactions and higher-order multimerization. The central coiled-
coil domain (CCD) is a long alpha-helix responsible for antiparallel homo-dimerization of
TRIM2S5 proteins, which is necessary for enzymatic activity. The C-terminal B30.2/SPRY
domain recruits RIG-I CARD domains for ubiquitination. Ribbon diagram of CCD structure is
adapted from Sanchez et al. (2014).
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HUMAN 466 AHNKVALSECYTVASVAEMPQNYRPHPQRFTYCSQVLGLHCYKKG IHYWEVE LOKNNF CGVG I CYGSMNRQGPESRLGRNS ASWCVEWFNTK I S AWHNN 564
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COW 467 AHSKVALSENYTVASVADAS LNYRPHPQRF TYCSQVLGLHCYKKG IHYWE VE LOKNNF CGVG | CYGSMERQGPESRLGRNNASWCVEWFNTK | S AWHNN 565
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DUCK 484 AHNKVHLSERYTKMSVSDTP LNYNHHPOQRFTYCSQVLGFQCFKRG IHYWEVE LOOKNFCA |G| CYGSMDREGPDSRLGRNSSSWC | EWFNSK | S AWHND 582
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HUMAN 565 VEKTLPSTKATRVGVLLNCDHGFV | FFAVADKVHLMYKFRVDFTEALYPAFWVFSAGATLS | CSPK-

ORANGUTAN 565 VEKTLPSTKATRVGVLLNCDHGFV | FFAVADKVHLMYKFRVDFTEALYPAFWVFSAGATLS ICSPK-

COW 566 VEKTLPSTKATRVGYLLMCDOHGFVLFFAAADKVHLLYKYKVDFTEAVYPAFWLFSTGATLS I CSSK-

CAT 543 VEKTLPSTKATRVGVLLNCDHGFV | FFAVTDNVHLMCKFKVDFTEAVYPAFWVFSAGATLS ICSCK-

MOUSE 570 VEKTLPSTKATRVGVLLNCDHGFV | FFAVTEKVHLMYKFKVDFTEALYPAFWVFSAGTTLS ICSK- -
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DUCK 583 VEKNLPNVKATK|GVLLHCEGGFV | FLAVGEKLNL I YKFKTQFTEALYPAFWVFSSGTYLS LCOMK

el BT 1] R

Figure 3.2. TRIM2S multiple sequence alignment.

Peptide alignment of TRIM25 proteins from humans (GenBank accession: NM_005082.4),
orangutans (KX000923.1), cattle (NM_001100336.1), cats (NM_001290251.1), mice
(NM_009546.2), chickens (KM879874.1), and mallard ducks (KF483852.1). Aligned in Jalview
using MAFFT L-INS-i preset. RING domain is boxed in red, coiled coil domain is coloured by
conservation, B30.2/SPRY domain is boxed in black.

630
630
631
608
634
633
649

81



A RBD ED

A/DK/British Columbia/500/2005 (H5N2) (BC500) (T —II_]

LPAI
AICk/California/431/2000 (HEN2) (CA431) MM
AlPuerto Rico/8/1934 (H1N1) (PR8) D) mammalian
AIDK/D4AT/Thailand/71.1/2004 (H5N1) (D4AT) - ([DHIT_)

HPAI
AlVietnam/1203/2004 (H5N1) (VN1203) M

B 38 41
vy
BC500 1 MDSNTITSFQVDCYLWHIRKLLSMRDMCDAPFDDRLRRDQKATKGRGSTLGLDLRVATME
ca431 1
PR8 1 ..pP..
D4AT 1
VN1203 1
w

BC500 61 GKKIVEDILKSETDENLKIATASSPAPRYITDMSIEEISREWYMLMPROKITGGLMVKMD
CR431 Bl .. et L B
PRS 61 ..Q...R...E.S..A. .MIM..V..S..L...TL..M..DJS] [T} K. .VA.P.CIR..
D4AT 61 ..Q...R..EE...KA. M———— ..5..L...TL..M..D.F....K..VA.5.CI...
VN1203 6l ..Q...R..EG.S.KA. M-—--— ..5..L...TL. .M. .D.F....K..VA.S.CI...

BC500 121 QATMDKRIILKANFSVLFDQLETLVSLRAFTDDGAIVAEISPIPSMPGHSTEDVKNAIGI
CA431 I -

PR8 121 ...... N......... I..R....IL..... EE....G....L..L...TA...... v.v
D4AT 116 ...... Vooooooas I..R....TL..... EE....G....L..L...TG........ v
VN1203 116 ...... k T I..R....IL..... EE....G....L..L...TG........ v
184
v
BC500 181 LIGGLEWNDNSIRASENIQRFAWGVRDENGGPPLPPKQKRYMARRVESEV
CA431 B IH..D...cceennnananan A....
PR8 181 .......... Vv.V..TL..... RSSN...R...T..... E..GTIR...
DA4AT 176 ........:. Vv.VI.T...... RSS..D.RL....N...K...TI....
VN1203 176 .......... TV.VT.T...... RNS..D.RL....N...-—————————

Figure 3.3. NS1 proteins used in this study and their sequence features.

(A) NSI1 proteins represented schematically beside their corresponding virus strain names. Strain
name abbreviations are shown in brackets in bold. Red bands on the NS1 proteins represent
conserved critical residues for human TRIM2S5 interaction. LPAI, low-pathogenicity avian
influenza; HPAI, highly pathogenic avian influenza. (B) NS1 peptide sequences were aligned
using MAFFT. Red arrows indicate conserved critical residues for human TRIM25 interaction.
Blue arrow indicates conserved residue glycine-184. Red boxes highlight PR8 NS1 residues
S103 and 1106, which prevent CPSF4 interaction.
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Figure 3.4. Glycine-184-to-arginine (G184R) mutation rescues recombinant avian NS1
protein expression.

(A) HEK293T cells were transfected with the indicated Flag-tagged NS1 proteins (Flag-NS1),
either wild-type (WT) or G184R mutants. Whole cell lysates (WCL) were immunoblotted (IB)
with anti-Flag and anti-actin antibodies. (B and C) DF-1 cells were transfected with the indicated
Flag-tagged NS1 proteins (Flag-NS1). Whole cell lysates (WCL) were immunoblotted as in (A).
Each experiment was repeated at least three times.
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Figure 3.5. NS1 proteins interact with human and duck TRIM2S.

(A and B) HEK293T cells were transfected with V5-tagged human TRIM25 (hTRIM25-V5)
together with the indicated Flag-tagged NS1 proteins (Flag-NS1). Clarified whole cell lysates
(WCL) were subjected to anti-V5 immunoprecipitation (IP), followed by immunoblotting (IB)
with anti-V5 and anti-Flag antibodies. (C) DF-1 cells were transfected with V5-tagged duck
TRIM25 (dTRIM25-V5) together with the indicated Flag-tagged NS1 proteins (Flag-NS1). Co-
precipitation performed as in (A). Each experiment was repeated at least three times.
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Figure 3.6. NS1 proteins co-localize with human and duck TRIM2S in the cytoplasm of

cells.

(A) HEK293T cells overexpressing hTRIM25-V5 and the Flag-NS1 proteins indicated on the left
border were fixed, stained, and imaged using confocal microscopy. Panels show staining with
Hoechst 33324 (nuclei-blue), anti-Flag antibodies (green), anti-V5 antibodies (red), and a
merged image. (B) DF-1 cells overexpressing dTRIM25-V5 and the Flag-NS1 proteins indicated
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on the left border were fixed, stained, and imaged using confocal microscopy as in (A). Scale
bars show 10 um. (C and D) Co-localization of each indicated Flag-NS1 with hTRIM25-V5 (C)
or with dTRIM25-V5 (D) was quantified using Pearson’s correlation coefficient (Pearson’s R).
Bars show mean values from 15 analyzed cells taken from three different slides. Means were
compared using a one-way ANOVA with a Tukey’s multiple comparisons post-hoc test (**,
P<0.01).
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Figure 3.7. NS1 and TRIM2S intracellular distributions.

(A) HEK293T cells overexpressing hTRIM25-V5 or the Flag-NS1 proteins indicated on the left
border were fixed, stained, and imaged using confocal microscopy. Panels show staining with
Hoechst 33324 (nuclei-blue), anti-Flag antibodies (green), anti-V5 antibodies (red), and a
merged image. (B) DF-1 cells overexpressing dTRIM25-V5 or the Flag-NS1 proteins indicated
on the left border were fixed, stained, and imaged as in (A). (C) HeLa cells overexpressing
hTRIM25-V5 and the untagged NS1 proteins indicated on the left border were fixed, stained, and
imaged using confocal microscopy. Panels show staining with Hoechst 33324 (nuclei-blue), anti-
NSI1 antibodies (green), anti-V5 antibodies (red), and a merged image. Scale bars show 10 um.
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Figure 3.8. NS1 proteins do not prevent the association between TRIM2S5 and RIG-I1 CARD
domains.

(A) HEK293T cells were transfected with GST-tagged human RIG-I CARD domains (GST-
h2CARD) and V5-tagged human TRIM25 (hTRIM25-V5) together with the indicated Flag-
tagged NS1 proteins (Flag-NS1). Clarified whole cell lysates (WCL) were subjected to GST
pulldown (GST PD), followed by immunoblotting (IB) with anti-GST, anti-V5, and anti-Flag
antibodies. (B) DF-1 cells were transfected with GST-tagged duck RIG-I CARD domains (GST-
d2CARD) and V5-tagged duck TRIM25 (dTRIM25-V5) together with the indicated Flag-tagged
NS1 proteins (Flag-NS1). GST pulldown and immunoblotting were performed as in (A). Each
experiment was repeated at least three times.
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Figure 3.9. NS1 proteins do not inhibit TRIM2S5 dimerization through its coiled-coil
domain.

(A and B) HEK293T cells were transfected with a GST-tagged coiled-coil domain of human
TRIM25 (GST-hTRIM25-CCD) or empty GST vector, and V5-tagged human TRIM25
(hTRIM25-V5) together with the indicated Flag-tagged NS1 proteins. Clarified whole cell
lysates (WCL) were subjected to GST pulldown (GST PD), followed by immunoblotting (IB)
with anti-GST, anti-V5, and anti-Flag antibodies. (C) DF-1 cells were transfected with a GST-
tagged coiled-coil domain of duck TRIM25 (GST-hTRIM25-CCD) or empty GST vector, and
V5-tagged duck TRIM25 (dTRIM25-V5) together with the indicated Flag-tagged NS1 proteins.
GST pulldown and immunoblotting were performed as in (A). Each experiment was repeated at
least three times.
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Figure 3.10. Avian NS1 proteins inhibit human RIG-I-CARD ubiquitination, but not duck
RIG-I-CARD ubiquitination.

(A) HEK293T cells were transfected with GST-tagged human RIG-I CARD domains (GST-
h2CARD) or empty GST vector, together with HA-tagged ubiquitin (HA-Ub), V5-tagged human
TRIM25 (hTRIM25-V5), and the indicated Flag-tagged NS1 proteins (Flag-NS1). Clarified
whole cell lysates (WCL) were subjected to GST pulldown (GST PD), followed by
immunoblotting (IB) with anti-GST, anti-HA, anti-V5, and anti-Flag antibodies. (B) DF-1 cells
were transfected with GST-tagged duck RIG-I CARD domains (GST-d2CARD) or empty GST
vector, together with HA-tagged ubiquitin (HA-Ub), V5-tagged duck TRIM25 (dTRIM25-V5),
and the indicated Flag-tagged NS1 proteins (Flag-NS1). GST pulldown and immunoblotting
were performed as in (A). Each experiment was repeated at least three times.
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Figure 3.11. PR8 NS1 increases human RIG-I-CARD ubiquitination, while avian NS1
proteins decrease it.

(A and B) HEK293T cells were transfected with GST-tagged human RIG-I CARD domains
(GST-h2CARD) or empty GST vector, together with HA-tagged ubiquitin (HA-Ub), V5-tagged
human TRIM25 (hTRIM25-V5), and the indicated Flag-tagged NS1 proteins (Flag-NS1).
Clarified whole cell lysates (WCL) were subjected to GST pulldown (GST PD), followed by
immunoblotting (IB) with anti-GST, anti-HA, anti-V5, and anti-Flag antibodies. Each
experiment was repeated at least three times.
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Figure 3.12. Human interferon-beta inhibition assays.

(A) HEK293T cells were transfected with 5 ng of GST-tagged human RIG-1 CARD domains
(h2CARD) or empty GST vector, 150 ng of V5-tagged human TRIM25 (hTRIM25), and 500 ng
of Flag-tagged NS1 proteins (Flag-NS1), as indicated, along with human IFN-f luciferase
reporter vector and control Renilla luciferase reporter vector. 24 hours post-transfection, cells
were lysed and the IFN-3 promoter activity was measured by dual luciferase assay. (B)
HEK293T cells were transfected and treated as in (A), but with increasing amounts of either
wild-type (WT) or G184R-mutant PR8 NS1 proteins (50 ng, 100 ng, 500 ng). hTRIM25-V5 and
Flag-NS1 protein expression was confirmed by Western blot. (C) HEK293T cells were
transfected and treated as in (A).

Bars show mean + standard deviation of three independent experiments (n=3) in each case.
Interferon promoter activity of each sample group was normalized to cells stimulated with RIG-
[I-CARD + TRIM25 in the absence of NS1 (black bar). Means were compared using one-way
ANOVA with Dunnett’s (A and B) or Tukey’s (C) multiple comparisons post-hoc tests (*,
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P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001; ns, non-significant). Total DNA quantity
was always kept constant with empty vector.

(D) Secreted interferon quantification. HEK293T cells were transfected with 500 ng of GST-
tagged human RIG-I CARD domains (h2CARD) or empty GST vector, 1 pg of V5-tagged
human TRIM25 (hTRIM2S5), and 2 pg of Flag-tagged NS1 proteins (Flag-NS1), as indicated. 24
hours-post transfection, cell culture supernatants were collected, cleared by centrifugation, and
sent for interferon-beta protein quantification. Graph bars show mean =+ standard deviation of six
independent experiments (n=6). Means were compared using one-way ANOVA with a Dunnett’s
multiple comparisons post-hoc test (*, P<0.05; **** P<0.0001; ns, non-significant).
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DF-1 cells.

(A) DF-1 cells were transfected with Sng of GST-tagged duck RIG-I CARD domains (d2CARD)
or empty GST vector, 150 ng of V5-tagged duck TRIM25 (dTRIM25), and 500ng of Flag-tagged

NST1 proteins (Flag-NS1), as indicated, along with chicken IFN-f luciferase reporter vector and

ion assays in

Figure 3.13. Chicken interferon-beta inhibit
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control Renilla luciferase reporter vector. 24 hours post-transfection, cells were lysed and the
IFN-B promoter activity was measured by dual luciferase assay. Graph bars show mean +
standard deviation of three independent experiments (n=3). Interferon promoter activity of each
sample group was normalized to cells stimulated with RIG-I-CARD + TRIM25 in the absence of
NST1 (black bar). Means were compared using one-way ANOVA with a Dunnett’s multiple
comparisons post-hoc test (*, P<0.05; ns, non-significant).

(B) DF-1 cells were transfected and treated as in (A), but also including 250ng of V5-tagged
duck MAVS (dMAVS) where indicated. Bars show mean =+ standard deviation of one
experiment (n=1). Interferon promoter activity of each sample group was normalized to cells
stimulated with RIG-I-CARD + TRIM25 in the absence of NS1 (black bar). Means were
compared using one-way ANOVA with a Tukey’s multiple comparisons post-hoc test (**,
P<0.01; **** P<0.0001; ns, non-significant). Total DNA quantity was always kept constant
with empty vector.

(C) DF-1 cells were transfected with V5-tagged duck MAVS (dMAVS-V5) together with the
indicated Flag-tagged NS1 proteins (Flag-NS1). Clarified whole cell lysates (WCL) were
subjected to anti-V5 immunoprecipitation (IP), followed by immunoblotting (IB) with anti-V5
and anti-Flag antibodies. dTRIM25-V5 was used as a positive control. This experiment was
repeated twice.

96



pmCherry-chIRF7 Hoechst Merle

——= Cytoplasmic

GST

GST-2CARD

100

== Nuclear

% Fluorescent Cells

204
0 l . ; .
GST -—— s s

GST-2CARD

Figure 3.14. Nuclear translocation of chicken IRF7 in DF-1 cells.

(A) DF-1 cells were co-transfected with mCherry-tagged IRF7 (chIRF7) and empty GST vector
or GST-tagged duck RIG-I-CARD (GST-2CARD). Representative images show IRF7 mCherry
fluorescence (red), nuclear staining (blue), and a merge. (B) DF-1 cells were transfected with
increasing amounts of GST-2CARD expression plasmids (100 ng, 500 ng, 1000 ng) and stained
as in A. One hundred cells were counted from each group, using multiple images of multiple
fields of view chosen at random, and the percentage of cells containing nuclear chIRF7 was
tabulated. Counting data is from one representative of three independent experiments. This
figure, which appears in (Xiao et al., 2018) was made by Adam Caulfield and Matthew Reeves
under my supervision.
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Figure 3.15. Endogenous human RIG-I expression and ubiquitination in infected cells.

(A) HEK293T, A549, and HeLa cells were stimulated overnight with the indicated quantities of
poly (I:C), then lysed. Whole cell lysates (WCL) were immunoblotted (IB) with anti-RIG-I and
anti-B-actin antibodies. This experiment was done once. (B) A549 cells were either mock-
infected or infected with influenza A/PR/8/34 WT or ANS1 rPRS virus at an MOI of 2 for 11 h.
Clarified whole cell lysates (WCL) were subjected to anti-RIG-1 immunoprecipitation (IP),
followed by immunoblotting (IB) with anti-ubiquitin (anti-Ub), anti-RIG-I, anti-NS1, and anti-p-
actin antibodies. This experiment was performed three times. (C) At 36 h post-transfection with
HA-tagged-ubiquitin (HA-Ub), A549 cells were either mock-infected or infected with influenza
A/PR/8/34 WT or ANS1 rPRS virus at an MOI of 2 for 11 h. Clarified whole cell lysates (WCL)
were subjected to anti-RIG-I immunoprecipitation (IP), followed by immunoblotting (IB) with
anti-HA, anti-RIG-I, anti-NS1, and anti-IFN-B antibodies. This experiment was performed twice.
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Figure 3.16. Recombinant virus plaque assay in MDCK cells.

Viruses were generated by transfecting a co-culture of HEK293T and MDCK cells according to
the Martinez-Sobrido and Garcia-Sastre protocol (Martinez-Sobrido and Garcia-Sastre, 2010). In
mock rescue, cells were transfected with no DNA. PR8-WT recombinant was assembled from
plasmids encoding all PR8 gene segments. PR8-BC500 virus encodes BC500 NS1 in a PR8
genetic background. Supernatants from the viral rescue transfections were collected and
centrifuged to remove cellular debris. Cleared viral supernatants were serially diluted tenfold and
used to infect fresh monolayers of MDCK cells for plaque assay. Dilutions indicated at the top.
This experiment was performed once.
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Figure 3.17. Avian influenza NS1 proteins inhibit human, but not duck, RIG-I-CARD
ubiquitination and interferon signaling.

NS1 proteins from two HPAI strains (allele A) and two LPAI strain (allele B) interact with
human TRIM25 and inhibit human RIG-I-CARD ubiquitination and signaling in HEK293T cells.
They also associate with duck TRIM25, but do not inhibit duck RIG-I-CARD ubiquitination and
signaling in DF-1 cells.
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Figure 3.18. Human TRIM25 amino acid residues that interact with NS1 are not well-
conserved in duck TRIM2S.

Peptide alignment with highlighted residues of human TRIM25 that interact directly with NS1

according to a crystal structure (Koliopoulos et al., 2018).
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Chapter 4 PR8 PB1-F2 inhibits duck MAVS signaling and duck RIG-I-CARD

ubiquitination.

4.1 Introduction

PB1-F2 is a small accessory protein encoded by most influenza A strains in the second
reading frame of the PB1 gene (Zell et al., 2007). It a small non-structural protein of 87-90
amino acids, translated from the 4th start codon in the +1 alternate open reading frame, located
120 bp downstream of the first start codon of PB1 gene (Chen et al., 2001). Although not
essential for viral replication, PB1-F2 may have contributed to the virulence of the Hong Kong
1997 H5N1 and the 1918 influenza outbreaks (Conenello et al., 2007). Modulation of virulence
by PB1-F2 in mammalian cells may occur through multiple mechanisms, such as promoting
apoptosis, modulating innate immune responses, and exacerbating secondary bacterial infections
(reviewed in Kamal et al., 2017). Another important function of PB1-F2 is increasing the activity
of the viral polymerase, which enhances replication and pathogenicity (Krumbholz et al., 2011;
Marjuki et al., 2010). The large number of functions and interactions described appears to vary
with context. For example, PB1-F2 proteins have been shown to inhibit type-I interferon and
pro-inflammatory cytokine induction in infected mice and ferrets (Dudek et al., 2011; Meunier
and von Messling, 2012), but can also contribute to the induction of interferon-beta in human
respiratory epithelial cells (Le Goffic et al., 2010) and activate the NLRP3 inflammasome in
mice (McAuley et al., 2013). In chickens, comparison of PB1-F2-expressing and knock-out
viruses showed that PB1-F2 reduced inflammatory responses in the lungs and reduced
pathogenicity in an H5N1 background (Leymarie et al., 2014) and prolonged viral shedding in a

low-pathogenicity HIN2 background (James et al., 2016a).
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The effects of specific PB1-F2 proteins on viral pathogenesis depend in part on their
variable length and amino acid polymorphisms, both of which demonstrate host-species
adaptations (Kosik et al., 2013). Full-length PB1-F2 proteins are widely conserved in avian
viruses (James et al., 2016a). As avian influenza A strains adapt to pig and human hosts, the
PB1-F2 proteins tend to acquire truncations (Pancucharova and Russ, 2006; Zell et al., 2007).
The amino acid residue at position 66 contributes to virulence. Mammalian and human influenza
A strains share a consensus N66 residue, while avian strains share a consensus S66 (Kosik et al.,
2013). The virulent Hong Kong 1997 H5N1 influenza strain and 1918 influenza both carry PB1-
F2 proteins that encode S66 (Conenello et al., 2007). PB1-F2 N66S mutation in an HPAT H5N1
recombinant virus increased virulence and central nervous system infiltration in mice, but did not
affect pathogenicity in juvenile ducks (Schmolke et al., 2011).

It is known that PB1-F2 proteins are expressed naturally in infected duck embryonic
fibroblasts (Schmolke et al., 2011), but little is known about their function in these hosts. Several
studies have observed a direct interaction between the 87-amino-acid PB1-F2 of the PRS strain
and human MAVS, which dampened type I interferon signalling (Varga et al., 2012; Varga and
Palese, 2011). To investigate species-specificity and adaptation, we asked whether PR8 PB1-F2
would also interact with duck MAVS and interfere in the duck RIG-I signaling pathway. We
found that PR8 PB1-F2 co-localizes and interacts with duck MAVS in DF-1 cells and inhibits
type I interferon induction. We also show that PR8 PB1-F2, and not PR8 NS1, abrogates

TRIM25-mediated ubiquitination of human and duck RIG-I CARD domains.

103



4.2 Results

The data in this chapter was assembled in collaboration with my colleagues Dr. Yanna
Xiao and Adam Moghrabi. To avoid confusion, figures that consist predominantly of
experiments performed by my colleagues appear separately in the Appendix, and are designated

as figures S1-S3.

4.2.1 Duck MAVS shares only 28% amino acid sequence identity with human MAV'S.

To compare duck MAVS to that of different species, we did an alignment of duck,
chicken, human and mouse MAVS. The alignment shows that duck and chicken MAVS are quite
divergent from human and mouse MAVS (Fig S1A). Duck MAVS shares low amino acid
identity with chicken MAVS (58%) and human MAVS (28%). However, the CARD domain and
the transmembrane (TM) domain of duck and chicken MAVS are more conserved, at 80.5% and
80% identity respectively. The proline-rich region of duck MAVS only shares 49% amino acid
identity with its counterpart in chicken MAVS. Of the numerous known sites for post-
translational modification of mammalian MAVS (Liu and Gao, 2018), only a few appear to be
conserved in ducks. Sites for attachment of K48-linked ubiquitination near residues K7 and
K420 in human MAVS, leading to proteasomal degradation after infection, are conserved
between species (Castanier et al., 2012; Du et al., 2015). A serine-rich cluster is present in the
duck sequence near Serine 496 and contains the motif HLGLS, which resembles the consensus
pLxIS motif containing (human) Serine 442 that becomes phosphorylated by IKKf and TBK1
upon viral infection, leading to recruitment and phosphorylation of IRF3 (Liu et al., 2015b). To
investigate the relationship between duck and other vertebrate MAVS, including available avian

sequences, a phylogenetic tree was constructed in MEGA7. As expected, duck MAVS grouped
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with other avian MAVS sequences, with the closest evolutionary distance to chicken MAVS (Fig

SIB).

4.2.2 Duck MAVS localizes to mitochondria in DF-1 cells and interacts with duck RIG-1
CARD domains in the cytoplasm.

To investigate the distribution of duck MAVS in DF-1 cells, we transfected them with
V5-tagged duck MAVS expression constructs and visualized them by immunofluorescence at
24h post-transfection. Visually, MAVS co-localized with the mitochondria, stained with
MitoTracker Red (Fig S2A) Co-localization of V5-MAVS with mitochondria was quantitatively
analyzed using Pearson's correlation coefficient (Pearson’s R). The mean Pearson’s R value was
0.79 (Fig S2B), which indicated a high signal correlation. Mitochondrial localization is
consistent with mammalian MAVS (Seth et al., 2005), despite very different amino acid
sequences in their transmembrane domains, which also serve as mitochondrial membrane

targeting sequences.

To confirm that duck MAVS interacts with duck RIG-I-CARD, we investigated the co-
localization of these two proteins with confocal microscopy. The confocal images showed that
overexpressed GST on its own was diffusely distributed within the whole cytoplasm, not related
to the distribution of V5-MAVS, whereas duck RIG-I CARD domains (GST-2CARD) had a
similar staining pattern to duck MAVS in DF-1 cells (Fig S2C). The mean Pearson’s R value for
co-localization between duck MAVS and duck RIG-I-CARD was 0.83 (Fig S2D). The high
signal correlation between V5-MAVS and GST-2CARD suggests that they co-localize in DF-1
cells. In co-immunoprecipitation, V5-MAVS was pulled down by GST-2CARD, but not by GST
alone (Fig S2E). We confirmed that the RIG-I-CARD :: MAVS interaction induces type-I

interferon signaling by dual luciferase assay (Fig S2F). Compared to pcDNA3.1 vector only,
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overexpression of V5-MAVS stimulated chIFN-f3 promoter activity approximately 8-fold in DF-
1 cells, presumably because the overexpressed MAVS protein auto-assembles into the helical
assembly needed for signaling (Fig S2F). The constitutively-active RIG-I CARD domain
fragment on its own increased promoter activity approximately 50-fold through interaction with
endogenous chicken MAVS (Barber et al., 2010). Co-expression of V5-MAVS and GST-
2CARD induced the strongest chIFN-f3 promoter activity, suggesting functional interaction
between duck MAVS and duck RIG-I1 2CARD, though it could simply be additive. That RIG-I
CARD domains induce interferon through functional MAVS interactions is demonstrated by the
fact that duck RIG-1 CARD domains (GST-d2CARD), but not human RIG-I CARD domains
(GST-h2CARD), stimulate the IFN-f promoter in chicken cells, while GST-h2CARD is active in
human HEK293T cells (Fig S2G and H). It is known that the RIG-I :: MAVS interacting
surfaces are sufficiently diverged between humans and ducks that they do not interact across

species (Wu et al., 2014).

4.2.3 Amino acid residue 120 in duck MAVS (122 in human MAVS) contributes to species-
specific MAVS-CARD : RIG-I-CARD interactions.

The MAVS-CARD :: RIG-I-CARD interface is poorly conserved between humans and
ducks, but the overall structure is conserved such that the tandem T175K/T176E mutations on
duck RIG-I permit interaction with human MAVS in HEK293T cells (Wu et al., 2014). Other
residues contributing to interactions between RIG-I and MAVS have not been fully explored. We
previously noted that D122, a RIG-I residue critically involved in the human RIG-I :: MAVS
interaction, is replaced by A120 in ducks (Miranzo-Navarro and Magor, 2014). Notably, the
mutant D122A of human RIG-I can form 2CARD tetramers, but does not engage human MAVS

to initiate signalling (Peisley et al., 2014a). To investigate whether altering these homologous
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residues would allow duck RIG-I to signal in human cells, and vice versa, we created the
appropriate mutant 2CARD domains and investigated their ability to induce signaling activity
compared to the wild-types in DF-1 and HEK293T cells. The wildtype d2CARD induced high
chIFN-B promoter activity, while the A120D mutant d2CARD induced significantly less activity
in DF-1 cells. However, neither the wildtype nor mutant h2CARD constructs induced significant
promoter activity in avian cells (Fig 4.1A). In human cells, the RIG-I d2CARD mutation A120D
increased relative human IFN-B promoter activity compared to the wildtype (Fig 4.1B), while the
h2CARD mutation D122A almost completely abrogated relative IFN-3 promoter activity in
HEK293T cells. We confirmed that both sets of wild type and mutant GST-2CARD fusion
proteins were expressed in DF-1 cells (Fig 4.1C) and HEK293T cells (Fig 4.1D) by Western
blot. All GST-2CARD proteins were expressed, but the wild type h2CARD was expressed at a

lower quantity than the other proteins in DF-1 cells.

4.2.4 PR8 PBI-F2 interacts with duck MAV'S in the cytoplasm of DF-1 cells and inhibits type-
I interferon signaling.

PR8 PBI1-F2 is targeted to the mitochondria in human cells, and interacts with
mitochondrial proteins, like MAVS and Tom40 (a major mitochondrial outer membrane import
channel) (Yoshizumi et al., 2014). To examine the distribution of PR8 PB1-F2 in avian cells, we
transfected a Flag-tagged PB1-F2 expression vector into DF-1 cells and performed confocal
microscopy and co-localization analysis. The distribution of PB1-F2 in HeLa cells served as the
positive control. The confocal images show that PB1-F2 had a clearly similar staining pattern to
the MitoTracker dye in both DF-1 cells and HeLa cells (Fig S3A). The co-localization of PR8
PB1-F2 with mitochondria in DF-1 cells was also quantitatively analyzed, with a mean Pearson’s

R value of 0.82 (Fig S3B). The high signal correlation between PB1-F2 and MitoTracker
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staining indicated that PR8 PB1-F2 is also distributed on mitochondria of DF-1 cells, consistent
with its distribution in human cells. To determine whether PB1-F2 interacts with mallard duck
MAVS, we co-transfected DF-1 cells with Flag-tagged PB1-F2 and V5-MAVS. PB1-F2 had a
similar staining pattern to duck MAVS (Fig S3C). The average Pearsons’s R value of 0.67
indicated moderate co-localization (Fig S3D). PB1-F2 co-immunoprecipitated with V5-MAVS,
but not with another V5-tagged duck protein, the PRY/SPRY domain fragment of duck TRIM27-

L (Blaine et al., 2015), suggesting a specific interaction (Fig S3E).

To investigate whether PR8 PB1-F2 inhibits interferon induction through MAVS, as it
does in human cells (Varga et al., 2011), we performed dual luciferase reporter assays. PB1-F2
inhibited chIFN-B promoter activity downstream of duck RIG-I CARD domains (Fig S3F and G)
and downstream of full-length duck RIG-I (Fig S3H). Similarly, PR8 PB1-F2 inhibited
interferon promoter activity downstream of duck MAVS by over 50% (Fig S3I). Wild-type PR8
NS1 also inhibited interferon signaling in both cases, while the empty expression vector and the

Flag tag on their own had no effect.

4.2.5 PR8 PBI-F2 inhibits TRIM25-mediated ubiquitination of both human and duck RIG-1
CARD domains.

We accidentally stumbled across a surprising result in previous RIG-I-CARD
ubiquitination studies when we included PB1-F2, initially as a negative control protein in place
of influenza NS1. We found that in HEK293T cells co-expressing GST-h2CARD and HA-
tagged ubiquitin, PR8 PB1-F2 visibly decreased h2CARD ubiquitination by endogenous
TRIM25 (Fig 4.2A). When exogenous hTRIM25-V5 was added, a similar pattern was obtained,
with PB1-F2 markedly decreasing TRIM25-mediated ubiquitination (Fig 4.2B). Under the

confocal microscope, in HEK293T cells co-expressing Flag-PB1-F2 and hTRIM25-V5, PB1-F2
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had a punctate distribution in the cytoplasm, and the large puncta appear to exclude the otherwise
diffusely cytoplasmic hTRIM25-V5 (Fig 4.2C). A slightly negative average Pearson’s coefficient
indicates lack of co-localization (Fig 4.2D). In DF-1 cells transfected with GST-d2CARD,
dTRIM25-V5, and HA-tagged ubiquitin, PB1-F2 also suppressed d2CARD ubiquitination (Fig

4.3).

4.3 Discussion

Duck MAYVS localizes to the mitochondria of chicken DF-1 cells and overexpression
induces IFN-f reporter activity, indicating duck MAVS function is conserved in chicken cells,
even though it shares a low amino acid identity with chicken MAVS. PR8 PB1-F2 interacts with
duck MAVS in the cytoplasm of DF-1 cells and inhibits interferon-f promoter activity
downstream of both duck RIG-I and duck MAVS (Fig 4.4).

Signaling of duck MAVS was recently shown in duck embryonic fibroblast cells (Li et
al., 2016), however, transfections were much more reproducible in DF-1 cells. Duck MAVS co-
localized and co-precipitated with duck RIG-I CARD domains in DF-1 cells. Their co-
expression induced chicken IFN-§ promoter activity more strongly than either protein on its own,
suggesting a productive interaction. In contrast, human RIG-I CARD domains did not induce
IFN-B in avian cells, suggesting that h2CARD cannot interact with chicken MAVS. A co-
transfection of h2CARD with duck MAVS should be done to demonstrate this more definitively.
The inverse is also true (Wu et al., 2014). This is partly due to an amino acid polymorphism on
RIG-I-CARD that lies at the interface between MAVS and RIG-I (A120 in duck MAVS,
homologous to D122 in human MAVS) that we previously noted (Miranzo-Navarro and Magor,
2014). Mutation of the alanine residue in duck 2CARD to aspartate partially restored its activity

in human cells, while decreasing its activity in avian cells. Activity was only partially restored
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because of the presence of other polymorphisms at the interface. Previously, we showed that
tandem mutation of the residues T175K/T176E in d2CARD allowed it to engage the appropriate
residues on the CARD of human MAVS and restore filament formation and immunostimulatory
activity (Wu et al., 2014). The additive effects of all three mutations could be interesting to
investigate.

Using the reconstituted RIG-I - MAVS signaling pathway in chicken DF-1 cells, we
investigated the function of PR8 PB1-F2. We observed the mitochondrial distribution of
recombinant PB1-F2, consistent with its localization in HeLa cells (Chen et al., 2001; Varga et
al., 2011). We also demonstrated co-localization and immunoprecipitation with duck MAVS,
suggesting that the interaction with PB1-F2 is conserved. PB1-F2 has been shown to bind to the
C-terminal region containing the transmembrane domain of mammalian MAVS (Varga et al.,
2012), which is poorly conserved between avian and mammalian orthologues. Remarkably,
although duck MAVS shares only 28% identity with human MAVS, PR8 PB1-F2 appears to
interact with both proteins. The C-terminal region of MAVS includes the transmembrane domain
and a conserved phosphorylation motif that allows MAVS to recruit IRF3 (Liu et al., 2015b). In
their investigation of PR8 PB1-F2 and human MAVS, Varga et al. (2012) proposed that PB1-F2
could be interfering with the correct formation of MAVS-associated signaling complexes, but
also showed that mitochondrial membrane potential was disrupted by PB1-F2. Mitochondrial
membrane potential is necessary for proper MAVS signaling (Koshiba et al., 2011). Varga et al.
(2012) suggested that both mechanisms, direct disruption of MAVS complex formation by PB1-
F2 and disruption through membrane potential loss, could be contributing to signaling
suppression. Another group confirmed that PR8 PB1-F2 disrupts mitochondrial membrane

potential and observed translocation of PB1-F2 into the mitochondrial inner membrane space
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(Yoshizumi et al., 2014). Both the interaction with MAVS and the disruption of membrane
potential depend on the C-terminus of PB1-F2. It is unclear in our results which of these two
mechanisms, and to what extent, is contributing to the interferon inhibition in the duck RIG-I
pathway. PB1-F2 decreased signaling stimulated by overexpression of either duck MAVS or
duck RIG-I. Therefore, if interference occurs at the level of MAVS, this suggests that PB1-F2
can interact with both duck and chicken MAVS. Mitochondrial membrane potential
perturbations could be investigated using a tetramethylrhodamine ethyl ester (TMRE) dye
(Varga et al., 2012).

Unexpectedly, we observed that overexpression of PB1-F2 inhibits TRIM25-mediated
ubiquitination of RIG-I-CARD, in human and avian cells. It is particularly surprising that PB1-
F2 inhibited duck RIG-I-CARD ubiquitination because none of the NS1 proteins investigated in
the previous chapter did. Several possibilities must be considered. PB1-F2 may directly block
ubiquitination by direct interaction with TRIM25, but this seems unlikely given their lack of co-
localization in HEK293T cells. The fact that PB1-F2 aggregates in the cell cytoplasm exclude
TRIM?25 suggests that PB1-F2 could perhaps sequester RIG-I CARD domains away from
TRIM25. This possibility could be investigated by checking for co-localization between PB1-F2
and RIG-I CARD domains with confocal microscopy. No mitochondrial staining was done on
the TRIM25 co-expression slides (Fig 4.3C), so it is unclear if mitochondrial co-localization is
disrupted (Fig S3A). Alternatively, loss of ubiquitination may be a consequence of negative
feedback from disrupted MAVS or the loss of mitochondrial membrane potential. RIG-I
signaling is tightly regulated in cells through a complex network of positive and negative
feedback mechanisms that involve several different de-ubiquitinating enzymes (reviewed in

Quicke et al., 2017). Indirect and reciprocal negative regulatory mechanisms have also been
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described (Gack et al., 2008; Wu et al., 2017), including the induction of autophagy through
MAVS (Lee et al., 2018). Finally, it is always possible that some non-biologically-relevant,
technical limitation of the assay is responsible for unexpected results. The first steps towards
investigating this more thoroughly would be to check for co-localization between PB1-F2 and
human and duck RIG-I CARD domains, and to investigate RIG-I ubiquitination and signaling in
cells infected with recombinant viruses, as discussed in the previous chapter. In particular, wild-
type and del-NS1 PRS viruses will help to discriminate between the effects of PB1-F2 and NS1
on RIG-I ubiquitination in a more biologically-relevant context.

In conclusion, we demonstrate that the function of MAVS in the RIG-I signaling pathway
is conserved in ducks, and that PR8 PB1-F2 may interfere in this signaling pathway as it does in
human cells. It is unclear whether PB1-F2 in DF-1 cells perturbs MAVS signaling complex
assembly, mitochondrial membrane potential, RIG-I ubiquitination, or a combination of these
things, but future experiments will likely clarify this issue. In this context, PR PB1-F2

demonstrates a conservation of function across diverse host species.
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Figure 4.1. Amino acid residue 120 in duck RIG-I CARD domains (122 in human RIG-I-
CARD) contributes to species-specific MAVS-CARD :: RIG-I-CARD interactions.

(A) d2CARD A120D mutation decreases IFN- promoter activity in DF-1 cells, while h2CARD
wildtype and the complementary D122 A mutant remain inactive. (B) RIG-I d2CARD A120D
mutant is more active than wildtype d2CARD in HEK293T cells, while the corresponding
mutation in h2CARD nearly abrogates IFN- promoter activity. Graph bars show mean + SD of
three independent experiments (n=3). Means were compared using one-way ANOVA with a
Tukey’s multiple comparisons post-hoc test (****, p<0.0001). Total transfected DNA quantity
was always kept constant with empty vector. (C and D) All GST-2CARD proteins are expressed
in DF-1 cells (C) and HEK293T cells (D). Whole cell lysates were immunoblotted with anti-
GST and anti-actin antibodies. This figure was made by Chase Stevens under my supervision.

113



A GST. + - - - - B G8T & = = = = =

GST-h2CARD: + o+ 4 GST-h2CARD: - + + + + +
HA-Ub: + - + + + hTRIM25-V5 + - + + + +
) HA-Ub: + + - + + +
o x —
—_ O [ B
o 2 s
= g Sa
i =
Flagg - - - 22 gu_
E Flag: % E
S0 | GST PD 1B: 0-GST Bl S
2] GSTPD IB: a-GST
D5 - |
%] ' 257 -
E = GSTPD IB: a-HA
E . GSTPD IB: a-HA
251 - "
[ )
751 |wceL 1B: a-v5
WCL 1B: o-FI
Gk IBafe 257 —
157
- WCL IB: o-Flag
15 R
C Flag-PB1-F2 hTRIM25-V5 Merge D

Pearson's R

Figure 4.2. PR8 PB1-F2 inhibits TRIM25-mediated ubiquitination of human RIG-1 CARD
domains.

(A) HEK293T cells were transfected with GST-tagged human RIG-I CARD domains (GST-
h2CARD) or empty GST vector, together with HA-tagged ubiquitin (HA-Ub) and the indicated
Flag-tagged proteins (NS1 or PB1-F2). Clarified whole cell lysates (WCL) were subjected to
GST pulldown (GST PD), followed by immunoblotting (IB) with anti-HA, anti-Flag, and anti-
GST antibodies. (B) HEK293T cells were transfected as in (A), but with the addition of V5-
tagged human TRIM25 (hTRIM25-V5), as indicated. (C) HEK293T cells overexpressing
hTRIM25-VS5 and Flag-PR8-PB1-F2 proteins were fixed, stained, and imaged using confocal
microscopy. Panels show staining with Hoechst 33324 (blue), anti-Flag antibodies (green), anti-
V5 antibodies (red), and a merged image. (D) Co-localization of Flag-PR8-PB1-F2 with
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hTRIM25-V5 was quantified using Pearson’s correlation coefficient (Pearson’s R). Bar shows
mean value from 15 analyzed cells.
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Figure 4.3. PR8 PB1-F2 inhibits TRIM25-mediated ubiquitination of duck RIG-1 CARD

domains.
DF-1 cells were transfected with GST-tagged duck RIG-I CARD domains (GST-d2CARD) or

empty GST vector, together with HA-tagged ubiquitin (HA-Ub), V5-tagged duck TRIM25
(dTRIM25-V5), and the indicated Flag-tagged proteins (NS1 or PB1-F2). Clarified whole cell
lysates (WCL) were subjected to GST pulldown (GST PD), followed by immunoblotting (IB)
with anti-HA, anti-Flag, and anti-GST antibodies.
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Figure 4.4. Influenza A/Puerto Rico/8/1934 (PR8) PB1-F2 inhibits ubiquitination of RIG-I
CARD domains and signaling downstream of MAVS.

PR8 PB1-F2 interacts with duck MAVS in the cytoplasm of DF-1 cells and inhibits interferon-f3
promoter activity downstream of duck RIG-I and duck MAVS. PR8 PB1-F2 also decreases
TRIM25-mediated K63-linked ubiquitination of both human and duck RIG-I CARD domains,
whereas PR8 NS1 appears to increase it in vitro.
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Chapter 5 Influenza A PB2 proteins interact with duck MAVS and inhibit

interferon signaling.

5.1 Introduction

When influenza A viruses cross the species barrier from birds to mammals, several
genetic mutations are required to help adapt the virus to a new host (Schrauwen and Fouchier,
2014). Several adaptive mutations often occur in the multi-subunit IAV polymerase responsible
for transcription and replication of viral RNA (Arai et al., 2016; Miotto et al., 2008). For
example, several mutations in the polymerase basic protein 2 (PB2) — G590S, Q591K/R, E627K,
and D701N — improve poor avian polymerase activity in mammalian cells or increase virulence
in mammals (Hussein et al., 2016; Manz et al., 2016; Mehle and Doudna, 2009; Subbarao et al.,
1993; Zhu et al., 2015). Other adaptations are required for PB2 to interact with host co-factor
ANP32, which has significant species-specific differences (Hou et al., 2011; Long et al., 2016).
The IAV polymerase is composed of three subunits, PB2, polymerase basic protein 1 (PB1), and
polymerase acidic protein (PA). Variation in all three polymerase subunits can affect virulence;
however, PB2 is the primary polymerase determinant of [AV virulence and host specificity

(Neumann and Kawaoka, 2015).

PB2 proteins in mammalian cells also have the ability to inhibit the IFN-f response
during TAV infection (Graef et al., 2010; Iwai et al., 2010). PB2 localizes primarily to the
nucleus of infected cells to form the IAV polymerase, but a fraction of newly-synthesized PB2 is
imported into the mitochondrial matrix of infected cells via a conserved N-terminal motif (Carr

et al., 2006; Long and Fodor, 2016). Mitochondrial localization of PB2 correlates with a
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mammalian adaptive residue at N9 within the mitochondrial-targeting signal (Graef et al., 2010).
Avian adapted strains, including HSN1 strains, encode D9 and show no mitochondrial
association in mammalian cells (Graef et al., 2010). At the mitochondria, PB2 has at least two
roles that affect virulence. First, PB2 inhibits IFN-f signaling by interacting with mammalian
MAVS (Graef et al., 2010; Iwai et al., 2010; Patel et al., 2013). This interaction involves amino
acid positions 1-37 on the PB2 protein and positions 1-150 on human MAVS (Patel et al., 2013).
PB2 proteins encoding either N9 or D9 both interact with human MAVS in vitro, despite
differences in mitochondrial localization, but reduced mitochondrial localization does correlate
with reduced interferon inhibition capacity (Graef et al., 2010). Presumably, PB2 proteins with
functional mitochondrial targeting through residue N9 are more readily available to interact with
MAVS. However, it seems that there must be a second, MAVS-independent function, since PB2
proteins are also imported into the mitochondrial matrix, whereas MAVS proteins are located on
the mitochondrial outer membrane, and mutating PB2 residue 9 to prevent this attenuated a virus
in MAVS-knockout mouse embryonic fibroblasts (Long and Fodor, 2016). Mutating an avian
HS5NI virus to bear the human residue N9 increased its replication and pathogenicity in mice
(Kim et al., 2010).

It is not known whether PB2 interferes with MAVS signaling in the natural host, mallard
ducks, or how residue 9 affects function. It is known that HSN1 PB2 expression in chicken cells
inhibits IFN-f signaling (Liniger et al., 2012). The N-terminal 150 amino acids of MAVS
include the CARD and part of the proline-rich region (PRR) that recruits downstream signaling
molecules TRAF2 and TRAF6 (Seth et al., 2005; Xu et al., 2005). The CARD domain alone is
insufficient for PB2 interaction, implicating the PRR (Patel et al., 2013). MAVS from ducks

shares only 28% overall amino acid identity with human MAVS (Wu et al., 2014), and the PRR
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is poorly conserved between mammals and ducks (Li et al., 2016). We demonstrate that PB2
proteins from 2 LPAI strains, 2 HPAI strains, one pandemic HIN1/09 strain, and the mouse-
adapted strain PR, all interact with duck MAVS and inhibit duck MAVS-mediated IFN-3
signaling in DF-1 cells. Amino acid polymorphism that distinguish avian-adapted and human-
adapted PB2 proteins, at positions 9, 64, and 81, did not affect interaction with duck MAVS in

vitro.

5.2 Results

5.2.1 Modeling influenza PB2 reveals three species-specific adaptive residues near the human
MAYVS binding interface.

To examine the function of PB2 in avian cells, we cloned PB2 genes from 6 influenza A
strains of avian and mammalian origin (Table 1). Overall, the 6 PB2 proteins have a high degree
of amino acid sequence conservation (> 98% identity). An alignment of the N-terminal region
reveals three host-adaptive amino acid polymorphisms (Fig 5.1A). Mammalian-adapted PRS8
PB2 differs from the avian-strain PB2 proteins at three N-terminal amino acid positions — 9, 64,
and 81. Specific polymorphisms at these positions are associated with strains that transmit
among wild birds versus strains that transmit among humans (Miotto et al., 2008), and residue
N9 imparts mitochondrial localization to PB2 proteins in mammalian cells (Graef et al., 2010).
PRS8 PB2 encodes the human-consensus residues N9, T64, and M81. The HPAI and LPAI avian
PB2 proteins differ amongst themselves by a conservative substitution at position 64 — BC500
and M546 PB2 proteins encode M64; D4AT and VN1203 PB2 proteins encode 164. The 2009
pandemic A(HIN1)pdmO9 strain, though a swine-origin virus that transmitted successfully
among humans, is a multiple-reassortant that contains an avian PB2 gene (Smith et al., 2009b),

and bears the avian-consensus residues. To visualize the locations of these adaptive residues, we
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modeled the PR8 PB2 amino acid sequence on the recently published bat influenza A PB2
crystal structure (4WSB) (Fig 5.1B). The three adaptive residues (N9, T64, M81) reside within
the same domain, but only one of them — N9 — falls within the first 37 amino acids of PB2 that
are essential for binding human MAVS (Patel et al., 2013)(Fig 5.1A-C). However, their locations
suggest that they could potentially participate in a common protein-protein interface (Fig. 1C).
The PB2 proteins from the human pandemic pdm09 strain and from the VN1203 strain, which is
an avian H5N1 strain that was isolated from a fatal human case, also contain mutations that
increase polymerase activity in human cells — Q591R in pdm09 and E627K in VN1203 — but this

is beyond the current scope of this study (Manz et al., 2016; Mehle and Doudna, 2009).

5.2.2 PB2 proteins from human-adapted and avian-adapted influenza A strains interact with
duck MAVS.

In human cells, PB2 proteins bearing either of the species-specific adaptive residues at
position 9 co-precipitate with human MAVS (Graef et al., 2010). We investigated whether PB2
proteins also interact with duck MAVS, and whether the polymorphisms at positions 9, 64, and
81 affect this potential interaction. Co-immunoprecipitations showed that PB2 proteins bearing
both the avian-consensus and the human-consensus residue trios interact with duck MAVS (Fig
5.2). In the first co-immunoprecipitations, done by a past student, M546 PB2 did not appear to
interact with MAVS, despite being identical to BC500 PB2 in the first 100 amino acids (Fig
5.2A). When I repeated the experiment, I showed that M546 PB2 does interact with duck MAVS
(Fig 5.2B), and so does avian PB2 from a 2009 pandemic isolate A/Halifax/210/2009 (HIN1)
(pdm09) (Fig 5.2C). Thus, PB2 proteins from human-adapted and avian-adapted influenza A
strains interact with duck MAVS in vitro, regardless of polymorphisms at positions 9, 64, and

81.
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5.2.3 PB2 proteins from human-adapted and avian-adapted influenza A strains inhibit
interferon-beta promoter induction by duck MAVS in DF-1 cells.

To investigate whether the in vitro interaction of PB2 proteins with duck MAVS
correlates with inhibition of type-I interferon signaling, I performed dual luciferase assays
measuring chicken IFN-f promoter activity downstream of transfected duck MAVS in DF-1
cells (Fig 5.3). Overexpressed duck MAVS induced interferon promoter activity, which was
suppressed by the positive control wild-type PR8 NS1 and unaffected by the negative control
protein duck Riplet (a ubiquitin ligase that acts in the RIG-I pathway upstream of MAVS). All
the PB2 proteins significantly inhibited MAVS signal transduction. The HPAI and LPAI PB2
proteins had comparable activities. The mammalian PR8 PB2 and the avian pdm(09 PB2

suppressed interferon signaling more effectively than the avian HPAI and LPAI proteins.

5.3 Discussion

In mammalian cells, PB2 proteins from different strains are known to inhibit IFN-3
signaling downstream of MAVS to varying degrees based on their host origin, and the amino
acid residue at position 9 (Graef et al., 2010; Iwai et al., 2010; Long and Fodor, 2016; Patel et al.,
2013). In these preliminary results, I show that PB2 proteins from avian and mammalian sources
also interact with duck MAVS in vitro and inhibit type-I interferon signaling in DF-1 cells (Fig

5.4).

It is interesting that the PB2-MAVS interaction is conserved in the duck host despite the
low degree of sequence conservation with human MAVS, especially in the N-terminal proline-
rich region. To determine if binding to duck MAVS occurs in the same region, co-precipitations
can be done with truncated MAVS mutants. Just as the natural polymorphism at position 9 in

PB2 does not affect in vitro interaction with human MAVS, so it did not affect co-precipitation
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with duck MAVS. Additionally, two other N-terminal host-adaptive polymorphisms in PB2, at
positions 64 and 81, do not appear to influence association with duck MAVS. This can be
explained in two different ways. It is possible that duck MAVS interacts with the first 37 amino
acids of PB2 proteins, just as human MAVS (Patel et al., 2013), and there is some plasticity in
this interaction. Alternatively, it is possible that duck MAVS interacts with another region of
PB2 that is conserved between avian and mammalian strains. Experiments with truncated PB2

mutants could help to discriminate between these possibilities.

Certain limitations of the co-immunoprecipitation technique must be kept in mind when
interpreting this data. It is understood that co-precipitation of proteins from a cell lysate does not
necessarily imply direct interaction, but it is also important to remember that the system itself is
somewhat artificial because the molar ratios of the overexpressed proteins probably do not
reflect their actual biological proportions in an infected cell. Factors like bait:prey ratio and
buffer stringency, as well as other manipulations, may affect the results. This is exemplified in
figure 5.2, where my colleague and I obtained different results with respect to PB2 from the
M546 strain, even though we used the same protocol and buffer recipes. Testing a series of
different buffer stringencies and establishing a loss-of-function mutant negative control would be

helpful to bolster these results.

The interferon inhibition luciferase assay showed that all of the PB2 proteins inhibited
MAVS-induced signaling to some extent, but produced an unclear pattern with respect to PB2
species adaptation. PR8 PB2 encodes N9 and inhibited IFN- promoter activity to a greater
extent than the LPAI and HPAI PB2 proteins, which all encode D9 and performed similarly to
each other. This resembles data from mammalian cells (Graef et al., 2010), assuming that residue

N9 also imparts mitochondrial localization in chicken cells. We have preliminary data suggesting
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that residue N9 does increase mitochondrial localization in chicken cells and may affect
interferon inhibition, but the results are inconclusive. The experiments need to be optimized and

repeated.

Surprisingly, avian-origin pdm09(HIN1) PB2, bearing the avian consensus residues at
positions 9, 64, and 81, inhibited interferon to the same extent as PR8 PB2, more effectively than
the other avian PB2 proteins in the set. The pdm09(HINT1) PB2 has two unique amino acid
residues in the N-terminal region — an arginine at position 52 (R52) in place of the lysine (K52)
in the rest of the PB2 sequences, and an aspartic acid at position 65 (D65) in place of the
glutamic acid (E65) in the rest of the PB2 sequences. These polymorphisms do not seem to affect
in vitro interaction with duck MAVS, but could potentially influence mitochondrial localization
or interferon inhibition in other ways. There are also several other unique polymorphisms in the
pdmO09(H1IN1) PB2 protein, closer to the C-terminus, whose contributions could also be
investigated. To explore these possibilities, the mitochondrial localization of pdm09(HIN1) PB2
in avian cells should be examined and mutagenesis studies should be performed to discover the
contributions of specific amino acids, if any. I must also consider that the enhanced inhibition
could be simply due to greater PB2 protein expression in the pdm09-transfected groups in my

luciferase assays, since protein expression was not verified.

In conclusion, avian-adapted and human-adapted PB2 proteins appear to interact with
duck MAVS and inhibit type-I interferon transduction. Additional experiments will need to be
performed to discover if the mechanisms of binding and interferon inhibition are analogous to
what has been described in mammalian cells. Recombinant viral infection studies should follow,
comparing wild-type and point-mutant PB2 proteins in identical backgrounds to substantiate the

contributions of the described polymorphisms.
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Table 5.1. Influenza A virus strains used to clone PB2.

Strain name Abbreviation Virus Type Source
A/duck/British Columbia/500/2005 (H5N2) BC500 avian-LPAI duck
A/duck/Memphis/546/1974 (H11N9) M546 avian-LPAI duck
A/duck/D4AT/Thailand/71.1/2004 (H5N1) D4AT avian-HPAI duck
A/Vietnam/1203/2004 (H5N1) VN1203 avian-HPAI human
A/Halifax/210/2009 (HIN1) pdm09 human, triple-reassortant human
A/Puerto Rico/8/1934 (HIN1) PR8 human, mouse-adapted human
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Figure 5.1. Map of adaptive residues within the PB2 structure.

(A) Alignment of the first 100 residues of PB2 from 6 influenza strains, 2 low-pathogenic avian
influenza strains (LPAI), 2 highly pathogenic avian influenza strains (HPAI), a pandemic
HIN1/09 strain (A(HIN1)pdm09, A/Halifax/210/2009 (H1N1)), and the mouse-adapted PRS.
The residues are coloured according to their physiochemical properties based on the Zappo
colour scheme in Jalview. The known PB2 residues involved in MAVS binding are overlined,
and the PB2 residues involved in host adaptation are indicated with asterisks. Influenza PB2 has
three adaptive residues that localize near the MAVS-PB2 interaction domain. PR8 PB2 bears the
amino acids commonly found in human-to-human transmitting viruses (Miotto et al., 2008). (B)
Modeled influenza PB2 (PRS) is shown from the N-terminus (blue) to the C-terminus (red). PB2
(PR8) was modeled to the bat influenza A PB2 crystal structure (4WSB) template using the
SWISS-MODEL protein structure homology-modelling server. (C) The first 103 residues of PB2
(PRS) are displayed with the location of three adaptive residues (green) that differ between
mammalian and avian influenza strains indicated. Panels B and C were prepared by David Guy
Tetrault and Dr. Katharine Magor.
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Figure 5.2. PB2 proteins interact with duck MAVS regardless of the amino acid residues at

positions 9, 64, and 81.

(A-C) DF-1 cells were transfected with duck MAVS-V5 and the indicated PB2 proteins for 24 h.
Pre-cleared whole cell lysates (WCL) were subjected to anti-PB2 immunoprecipitation (IP),
followed by immunoblotting (IB) with anti-PB2 and anti-V5 antibodies. X31 PB2 panel A is
from a reassortant strain derived from PR8 and human vaccine strain A/Aichi/68 (H3N2)
(Kilbourne, 1969); it is identical to PR8 PB2. Experiments in panels B and C were performed

twice. Panel A was made by David Guy Tetrault.
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Figure 5.3. PB2 proteins inhibit interferon-beta promoter induction by duck MAVS.

(A) DF-1 cells were transfected with 25 ng of V5-tagged duck MAVS (MAVS-V5) or empty
vector, and 500 ng of PB2 expression constructs or of the indicated controls (NS1, Riplet,
PSMART-CMYV vector), along with chicken IFN- luciferase reporter vector and control Renilla
luciferase reporter vector. pPSMART-CMYV is the vector backbone of the PB2 expression
constructs. 24 hours post-transfection, cells were lysed and the IFN-f promoter activity was
measured by dual luciferase assay. Graph bars show mean + standard deviation of three
independent experiments (n=3). Means were compared using one-way ANOVA with a Tukey’s
multiple comparisons post-hoc test (*, P<0.05; *** P<0.001).
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Figure 5.4. Influenza A virus PB2 proteins interact with duck MAVS and inhibit interferon
signal transduction.

Avian-adapted and human-adapted PB2 proteins associate with duck MAVS in vitro irrespective
of host-adaptive polymorphisms in their N-termini (positions 9, 64, and 81). The exact
mechanism(s) of inhibition and whether PB2 proteins are imported into the inner mitochondrial
matrix in avian cells remains unclear.
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Chapter 6 General discussion

Influenza A viruses are important pathogens of humans and animals. Virtually all IAV
strains that we know of descend from a common ancestor that arose in mallard ducks, the
primordial hosts of IAV. Mallard ducks today serve as a reservoir for the maintenance,
diversification, and spread of IAV strains all over the world. They are more resistant than other
animals and birds to disease caused by almost all strains of IAV. The ability of [AVs from
different hosts to genetically reassort in co-infected ‘mixing vessel’ animals poses a serious
pandemic threat, particularly when human and swine IAVs acquire new avian genetic elements.
IAVs in mammals and in avian hosts display divergent evolution. All of the viral proteins
acquire species-specific polymorphisms that probably contribute to viral adaptation. Comparing
the molecular interactions of [AVs in different hosts, and the functional significance of some of
these species-specific polymorphisms may reveal mechanisms of viral adaptation and host
susceptibility or disease resistance. The classical understanding of host-virus co-evolution
suggests a natural progression toward efficient viral replication that minimizes damage to the
host, benefiting both host and virus (Arien et al., 2005; Webster et al., 1992). Relatively little is
known about IAV host-pathogen interactions in mallard ducks. In this thesis, I focused on
interactions between [AV and innate immunity, particularly the RIG-I signaling pathway, which
is critical for limiting viral spread during the earliest points of infection. I investigated three
known mechanisms of type-I interferon signaling suppression by IAV identified in mammals,

and assessed whether they are also present in ducks.

The findings described in this thesis should be considered in the context of what is
already known about the co-adaptation between mallard ducks and IAV. The primary site of [AV

replication in ducks is the intestine, not the airway as it is in mammals. LPAI viruses replicate to
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high titres in duck intestines and do not induce appreciable immune responses or apparent
morbidity in the animals (Hinshaw et al., 1980; Webster et al., 1978). In chickens, LPAI viruses
also replicate in the lower intestine, but also frequently infect the airways and kidneys (Claes et
al., 2013; Condobery and Slemons, 1992; Guan et al., 2013; Slemons and Swayne, 1995). HPAI
viruses do replicate in the airways and other organs of ducks, but ducks are more resistant
compared to other hosts and have a less pronounced pro-inflammatory response than other birds
(reviewed in Evseev and Magor, 2019). Additionally, HPAI viruses display weaker endothelial
tropism in ducks than in galliform birds, which is also linked to the induction of inflammation
(Short et al., 2014). Mallards appear able to tolerate a certain amount of systemic HPAI replication,
particularly strikingly in the brain and central nervous system, and still successfully clear the virus
(Bingham et al., 2009). In humans, viral replication in CNS is associated with severe symptoms
and sequelae (Studahl, 2003). These apparent macroscopic co-adaptations provide the context for

the molecular investigations in this thesis.

To date, only one previous study has examined the species-specificity of NS1
interference with various hosts” TRIM25 proteins (Rajsbaum et al., 2012). Rajsbaum and
colleagues found that NS1 proteins from representative avian, human, and swine influenza A
strains all bound human TRIM2S in vitro. In that study it was assumed that binding to TRIM25
necessarily leads to the suppression of RIG-I ubiquitination, although this was not directly
verified. Thus, we know that NS1 proteins can inhibit human RIG-I ubiquitination (Gack et al.,
2009) and that NS1 proteins from different host-species interacted with human TRIM25
(Rajsbaum et al., 2012). Rajsbaum et al. also reported that chicken TRIM25 interacted only with
an avian NS1 protein, and that this interaction reduced interferon induction in vitro, even though

chickens lack RIG-I and the target of chicken TRIM25 ubiquitination was unclear.
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In Chapter 3, I show that various NS1 proteins do not appear to inhibit duck TRIM25-
mediated ubiquitination of RIG-I-CARD and the resulting interferon signaling. It is possible that
this lack of inhibition is a product of co-evolution that preserves the intestinal tropism of LPAI
viruses in ducks, and limits the extra-intestinal replication of highly pathogenic strains. Using
transgenic mice that express a luciferase reporter, Kallfass et al. (2013) found that lung epithelial
cells were the first cells to produce IFN-B upon infection with an influenza A virus lacking a
functional NS1 protein. By contrast, in reporter mice infected with the wild-type NS1-competent
virus, the lung epithelial cells did not begin to produce visible interferon until 48 hours post-
infection, and at that point the viral spread in lung tissues was extensive. Ducks acquire IAV
naturally through their dabbling behaviour, and LPAI viruses initially infect the airways, but do
not persist in that location. Although the preferred a-2,3-Gal sialic acid receptors for LPAIV
hemagglutinin are abundant in both the airways and the lower intestine, both naturally and
experimentally infected ducks display virus replication principally in the lower gut, where there
is little innate immune signaling (Vanderven et al., 2012), and long-term shedding from the
cloaca only (Costa et al., 2012; Daoust et al., 2011). Experiments with LPAIV subtypes H3NS,
H5N2, H2N3, and H13NG6 all show that the airways do get infected through the mucosa of the
head, and mild tracheitis and pneumonia are detectable in the first two days after infection, but
all the viruses become undetectable in tracheal swabs after 3 or 4 days and replicate for longer
and to higher titres in the colon, cecum, and bursa of Fabricius, and (Daoust et al., 2013; Franca
et al., 2012). It is possible that uninhibited RIG-I signaling in the airway epithelium limits IAV
establishment in the lungs of ducks, while the intestinal tissue is more permissive. In ducks
infected with BC500, an LPALI strain used in this study, there was no detectable viral shedding

from the trachea at 3 days post infection (Vanderven et al., 2012).
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The two evolutionary lineages of avian NS1 proteins, alleles A and B, diverged early in
the evolution of IAV (Webster et al., 1992). The fact that representatives of both alleles did not
inhibit RIG-I-CARD ubiquitination supports the supposition that this is specifically adaptive and
maintained. To ascertain this, it would first be necessary to confirm that duck RIG-I
ubiquitination does occur during actual infections with recombinant viruses encoding different
NSI1 proteins, as discussed in Chapter 3. Furthermore, the interactions between NS1 proteins and
duck Riplet should also be examined. Riplet also activates RIG-I by ubiquitinating the C-
terminal repressor domain (Oshiumi et al., 2009; Oshiumi et al., 2010). In their comparative
study, Rajsbaum et al. (2012) showed that in mice, Riplet, but not TRIM25, was targeted by
multiple NS1 proteins to reduce the induction of type-I interferon. They also found that NS1
proteins from two human viruses also targeted human Riplet, and supressed type-I interferon
more effectively than NS1 proteins that targeted TRIM25 only. Thus, it will also be important to
investigate duck Riplet function in the RIG-I pathway, and secondly, whether NS1 proteins

interact with it to suppress type-I interferon induction.

Two strains of origin for my NS1 proteins were HPAI H5N1 viruses. Data from several
experimental infections of mallard ducks with these strains is available (Saito et al., 2018; Sturm-
Ramirez et al., 2005; Vanderven et al., 2012). Both viruses can cause severe disease, and can be
fatal to ducks (Sturm-Ramirez et al., 2005), but in those ducks that survive, there is a rapid and
brief induction of type-I interferon and a sustained upregulation of ISGs (Saito et al., 2018). It is
tempting to say that uninhibited RIG-I signaling is contributing to survival in these cases.
However, this kind of interpretation is complicated by the fact that circulating leukocytes also
produce type-I interferon in infected animals. In Kallfass and colleagues’ study of transgenic

mouse lungs, they noted that when IFN-f is supressed by NS1 in epithelial cells and in lung-
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resident CD11” macrophages, infiltrating CD11" cells produce IFN-B (Kallfass et al., 2013).
Because of the complexity of whole-organism immune responses, and the high degree of
entanglement and cross-talk between innate immune signaling pathways, it is difficult to clearly
discriminate between protective and deleterious responses. Sustained induction of pro-
inflammatory cytokines is usually accompanied by similarly high and prolonged induction of
type-I interferons (Cao et al., 2017; Moulin et al., 2011; Penski et al., 2011; Soubies et al.,
2010a) and higher viral titres usually correlate with higher interferon induction (Hammerbeck et
al., 2007; Wyde et al., 1982). Li et al. (2018) showed that the internal genes (not NS1) of an
HPAI H5N1 strain allowed a recombinant virus to replicate to high titres in murine myeloid
cells, which resulted in severe disease and elevated type-I interferon secretion by those cells. For
these reasons many studies correlate high IFN-a induction with pathogenicity. Two elements
appear to determine the effectiveness of a type-I interferon response — that it occurs early at the
site of infection to delay initial viral establishment, and that strong activation does not persist.
Both of these conditions are met in ducks that survive HPAI H5N1 infections (Fleming-Canepa
et al., 2019; Saito et al., 2018). However, measuring whole tissue mRNA levels at 24-hour
intervals does not provide the resolution needed to distinguish which cells are secreting
interferon, especially during the earliest times of infection. It would be interesting to adapt the
transgenic interferon-reporter visualization techniques described by Kallfass et al. (2013) to
ducks, and investigate interferon production in duck lung epithelial cells immediately upon

infection with different viruses.

The need to introduce a G184R mutation into the avian NS1 proteins in my study
highlights a limitation of the reductionist approach. Reductionist experiments aim to isolate and

characterize individual protein functions and interactions in absence of other variables. They do
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not recapitulate the additive, synergistic, or competitive effects of multiple functions of a single
protein. In order to investigate interference in the RIG-I pathway, I had to abrogate the
interaction of the avian NS1 proteins with host CPSF4, with unintended consequences. A
systematic comparison of several NS1 mutations in a PR8 background, by Steidle et al. (2010),
showed that in human A549 cells and in mice, the G184R mutation does not affect the levels of
interferon induction. In contrast, I found that it did, and the possible reasons for this and how to
test them experimentally are discussed in detail in Chapter 3. But this observation also raises a
more fundamental question, about the relative importance and contributions of different NS1
functions during infection. The species-adaptive value of CPSF4 interaction is not clear. Studies
suggest that avian-origin NS1 proteins tend to evolve away from this function in non-human
mammals (Chauché et al., 2018; Dankar et al., 2011). Sequence analysis suggests that CPSF4-
interacting residues are not strictly maintained in either human or avian hosts, and there are
notable examples of pandemic or HPAI avian viruses whose NS1 proteins lack this function, as
discussed in the introductory chapter of this thesis. Studies show that removing or rescuing the
interaction with CPSF4 has different and contradictory effects on pathogenicity, depending on
the genetic background of the virus (Chauché et al., 2018; Dankar et al., 2011; Hale et al., 2010b;
Spesock et al., 2011; Steidle et al., 2010). It appears that the loss of CPSF4 binding in seasonal
human strains enhances viral replication and pathogenicity in mice (Dankar et al., 2011; Hale et
al., 2010b), but the opposite is true for an H5N1 strain (Spesock et al., 2011). Steidle et al.
(2010) found that rescuing CPSF4 interaction in the PR8 strain did not significantly affect
interferon induction or replication efficiency of the virus in interferon-reporter mice. The
spontaneous loss of CPSF4 interaction by the equine H3NS virus lineage appears to correlate

with enhanced replication in horses (Chauché et al., 2018). In ducks, we see sustained induction
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of ISG mRNA when they are infected with viruses whose NS1 proteins would be expected to
interact with duck CPSF4, such as the strains used in this study (Saito et al., 2018). However, the
ISG induction at the tissue level could be due to non-infected cells being activated by type-I
interferons secreted by leukocytes. Here too, it would be interesting to couple recombinant viral
work with a cell-by-cell visual reporter system in live animals, like the interferon-reporter mice
described by Kallfass et al. (2013), to look at interferon and ISG responses in infected tissues and

individual cells early during infection.

In Chapter 4, in collaboration with my colleagues Dr. Yanna Xiao and Adam Moghrabi, I
investigated whether the IAV accessory protein PB1-F2 from the PRS strain would interact with
duck MAVS and suppress interferon induction, as it does in human cells. PB1-F2 first came to
our attention with the discovery that mutations therein can affect viral polymerase efficiency and
attenuate an avian HPAI H5N1 virus in ducks (Marjuki et al., 2010). It was also discovered that
PB1-F2 proteins could help to inhibit type-I interferon induction in human cells by interacting
directly with MAVS (Varga and Palese, 2011; Varga et al., 2012). Relatively little is known
about the species-specificity of PB1-F2 besides that fact that most avian viruses tend to conserve
full-length PB1-F2 proteins (James et al., 2016b), while truncations are common in strains that
enter the human pool (Pancucharova and Russ, 2006; Zell et al., 2007). We showed that
recombinant duck MAVS induces interferon promoter activity in the DF-1 chicken cell line and
that PR8 PB1-F2 co-localizes with and suppresses duck MAVS signaling. We were surprised to
find that PR8 PB1-F2 also inhibited TRIM25-mediated ubiquitination of both duck and human
RIG-I CARD domains, a function that had been previously ascribed only to IAV NSI proteins.
Continuation of this research requires first the corroboration of these observations with

recombinant PRS virus infection studies, as described in Chapter 4. We need to determine the
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relative contributions of PR8 NS1 and PB1-F2 proteins to the ubiquitination of both duck and
human RIG-I CARD domains during actual infections, which can be accomplished by removing
NS1. Then, it would be interesting to investigate interferon inhibition (and polymerase activity in
a mini-replicon system (Marjuki et al., 2010)) by other PB1-F2 proteins from human and avian
viral sources. Recombinant viral studies to test different PB1-F2 proteins in the same viral
backbone would be more difficult to accomplish, since PB1-F2 is expressed from an alternate
reading frame of the PB1 polymerase component and altering polymerase subunits can have
profound effects on viral fitness. Mutants lacking PB1-F2 expression, made by mutating the

possible start codons, have been described.

Many studies have investigated species-specific adaptations of the polymerase
components, like PB2. Many of them have focussed on polymorphisms that enhance polymerase
activity in different hosts (Hussein et al., 2016; Manz et al., 2016; Mehle and Doudna, 2009;
Subbarao et al., 1993; Zhu et al., 2015). A secondary, immunomodulatory function of PB2 was
also discovered that occurs through two distinct but cooperative mechanisms. In human cells,
PB2 proteins interact with MAVS to suppress interferon induction, but may also be trafficked
into the inner mitochondrial matrix, which enhances interferon suppression (Graef et al., 2010;
Iwai et al., 2010). Mitochondrial trafficking depends on a single polymorphism that is
maintained in the human IAV pool. In Chapter 5, my colleague David Tetrault and I showed that
several avian and one human PB2 proteins all associate with duck MAVS irrespective of the
substitution at position 9 or at two other species-specific polymorphism sites. However,
interferon inhibition efficiencies differed between the PB2 proteins and suggest the involvement
of one or more polymorphisms in mitochondrial targeting, as in human cells. As described in the

chapter discussion, immediate future experiments should confirm that mitochondrial trafficking
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in avian cells also differs according to the identity of PB2 residue 9. Mutagenesis studies will
help to determine which polymorphisms are responsible for the differences in interferon

inhibition that we observed.

Taken together, these data fit into several plausible models of viral interference in the
RIG-I pathway and beyond. Most likely, NS1, PB1-F2, and PB2 proteins work co-operatively to
inhibit the human and duck RIG-I signaling pathways at several points. In human cells, NS1
interacts with TRIM25 to inhibit RIG-I CARD ubiquitination, while in avian cells duck TRIM25
activity is not inhibited by NS1 interaction. PB1-F2 inhibits the RIG-I pathway a little further
downstream by associating with MAVS or a MAVS-containing complex, in both human and
avian cells. A fraction of PB2 proteins is also targeted to the mitochondria and associates with
MAVS to also suppress signaling. These complementary inhibitory mechanisms may occur
simultaneously in infected cells, or may occur at different times during the viral replication
cycle, with varying degrees of overlap. Theoretically, this has a co-operative effect to suppress
the signaling of this important innate viral detection pathway. Importantly, the PB2 and PB1-F2
functions appear to be at least partially conserved between the species (human and duck), unlike
the NS1 inhibition of human TRIM2S5 activity. However, NS1 is multifunctional, and I show
evidence that another immune-inhibitory function of NS1, possibly outside of the RIG-I pathway
and associated with NS1 residue 184, is conserved between the species. It is also possible that
the association between NS1 and duck TRIM25 inhibits some other unaccounted-for function of

duck TRIM25, which may be relevant for viral replication but has escaped my attention.

Two potential explanations can be given regarding PR8 PB1-F2 and its inhibition of both
human and duck RIG-I-CARD ubiquitination by TRIM25, given the following caveat: In

Chapters 3 and 5, my colleagues and I investigated and compared NS1 and PB2 proteins from
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several different strains of IAV. In contrast, in Chapter 4 we investigated only the interactions of
PB1-F2 from the PRS strain. Whereas interferon inhibition by PB1-F2 proteins from other strains
has been studied in human cells (reviewed by Kamal et al., 2017) and in avian cells by Dr.
Yanna Xiao, Chapter 4 of this thesis contains the first investigation of the effect of PB1-F2 on
TRIM2S5 function, and only with that single strain. We do not yet know whether other PB1-F2
proteins also inhibit RIG-I-CARD ubiquitination by TRIM25. Thus, two or three models can be
proposed based on two different assumptions. The fact that PR8 PB1-F2 inhibited K63-linked
ubiquitination by both human and duck TRIM25 proteins, unlike all the NS1 proteins
investigated in Chapter 3, suggests that this occurs through a distinct mechanism. If the
mechanism involves negative feedback from inhibition at the level of MAVS, we can assume
that this would be conserved in other PB1-F2 proteins that similarly inhibit MAVS. In human
cells this provides a co-operative inhibition, and it ducks cells, presumably compensates for the
inability of NS1 proteins to achieve the same. The other possibility is that inhibiting RIG-I-
CARD ubiquitination is not a common function of PB1-F2 proteins. It is interesting that this
inhibition by PB1-F2 was discovered in a strain whose NS1 variant was unable to inhibit RIG-I-
CARD ubiquitination in both human and duck cells. In Chapter 3, I hypothesize that this lack of
function of NS1 is due to a polymorphism at position 55, and point out that residue K55,
encoded in my PR8 NS1, is far more common in human and porcine NS1 proteins than in avian
isolates. It is possible, therefore, that PR8 PB1-F2 evolved a mechanism that compensates for
NSI loss of function in that aspect, and perhaps this occurs in other NS1-K55-encoding strains as
well. Thus, either inhibition of RIG-I-CARD ubiquitination is common to all PB1-F2 proteins

that inhibit MAVS signaling, or it might be associated with the acquisition of K55 in the NS1
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proteins of mammalian strains, or it might be totally independent. Investigating several other

PBI1-F2 proteins from different strains would allow us to differentiate between these models.

Insofar as these models represent reality, they raise some interesting evolutionary
questions. For example, the fact that multiple different avian NS1 proteins inhibit RIG-I-CARD
ubiquitination in human cells, but not in avian cells, suggests that duck TRIM25 may have
evolved to escape this inhibition. This is interesting because viruses evolve much faster than
their hosts. Has this adaptation in ducks occurred recently in evolutionary time? Is NS1 unable to
evolve to counter this because of some constraints on its own evolution in this host, or is this
escape from inhibition compensated by other viral immune-antagonistic mechanisms in duck
cells, for example by PB1-F2? More broadly, is maximum possible innate immune inhibition not
necessarily advantageous for co-evolutionary balance in the natural host? A theme that seems to
emerge repeatedly in the literature is that avian influenza A virus strains are more potent
inhibitors of innate immune signaling in human cells than human-adapted IAV strains. If NS1
residue K55 reduces RIG-I inhibition in human cells, why is this residue common in mammalian
NSI1 proteins? Finally, it is important to keep the null hypothesis in mind — that some or all of the
results presented here are artifacts of the techniques and not necessarily representative of
biological activities in actual infections. Until these results are corroborated by data from

infection experiments, it is important to remember that these are speculative models.

Viral success in a host depends not only on interactions with host proteins, but also on the
well-matched activities of its own proteins that must work together. A good example is the
balancing of HA and NA activities that is required for efficient viral budding (de Vries et al.,
2020), or ribonucleoprotein components, which interact with each other and acquire mutations at

these interacting interfaces in new hosts (Chen et al., 2006; Finkelstein et al., 2007). The link
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between individual viral protein functions and overall viral fitness or phenotype is imprecise and
conditional. Each data chapter in this thesis investigated a different viral protein in isolation,
making it difficult to combine all of the results into a single comparable dataset without an
unreasonable amount of assumptions. Furthermore, host immune responses are complex and
multilayered, and exhibit individual variation. Therefore, all of the findings in this thesis, and the
potential findings from the future experiments that I suggested, exist in multiple hierarchically-
nested layers of complexity. The relationship of ducks with AV, sometimes described as
“evolutionary stasis,” is a dynamic equilibrium, where new changes may be mitigated or
balanced by other changes, such that there is no single optimal adapted state, but multiple
context-dependent ones. In general then, future studies should aim to couple phylogenetic
analyses with functional protein work and in vivo studies to create a more comprehensive mosaic

from which conclusions can be drawn.
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Figure S1. MAVS sequences are poorly conserved between species.

(A) Amino acid alignment of duck, chicken, human, and mouse MAVS proteins, made with
Clustal Omega and edited with Boxshade. Black and grey shading indicates identical and similar
amino acids (50% threshold). The solid line, dotted line, and dashed line indicate the CARD,
proline-rich region, and transmembrane domains, respectively. (B) Phylogenetic analysis of
MAYVS proteins by the Neighbor-Joining method using MEGAT7. The bootstrap consensus tree
was inferred using the Neighbor-Joining method from 1000 replicates. This figure was made by

Dr. Yanna Xiao.
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Figure S2. Duck MAYVS localizes to mitochondria and interacts with duck RIG-1 CARD
domains in DF-1 cells.

(A) DF-1 cells overexpressing duck MAVS (V5-MAVS, green) were also stained to show
mitochondria (MitoTracker Red) and nuclei (blue). (B) Co-localization of V5-MAVS with
mitochondria was quantified using Pearson’s correlation coefficient (Pearson’s R). Bar shows
mean value from 6 analyzed cells. (C) DF-1 cells overexpressing duck MAVS and GST-tagged
duck RIG-I CARD domains (GST-2CARD) or GST alone were stained for GST (red) and V5-
MAVS (green). (D) Co-localization of V5-MAVS with GST-2CARD was quantified using
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Pearson’s correlation coefficient (Pearson’s R). Bar shows mean value from 11 analyzed cells.
(E) DF-1 cells overexpressing V5-MAVS and GST-2CARD were lysed. Clarified whole cell
lysates (WCL) were subjected to GST pulldown (anti-GST) and blotted with anti-GST and anti-
V5 antibodies. (F) Duck MAVS and RIG-I-CARD overexpression promotes chicken IFN-f3
promoter activity in DF-1 cells as measured by dual luciferase assay. Graph bars show mean +
standard deviation of three independent experiments (n=3). Means were compared using one-
way ANOVA with a Tukey’s multiple comparisons post-hoc test (*, p<0.05; **, P<0.01; ***,
P<0.001). (G) In chicken DF-1 cells, duck RIG-I CARD domains (GST-d2CARD) but not
human RIG-I CARD domains (GST-h2CARD) stimulate chIFN-f activity as measured by dual
luciferase assay. (H) GST-h2CARD is functional in human AD293T cells and promoter activity
of the hulFN-f reporter vector was measured by dual luciferase assay as above. This figure was
made by Dr. Yanna Xiao.
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Figure S3. PR8 PB1-F2 co-localizes with duck MAVS and inhibits innate signaling activity
in DF-1 cells.

(A) Mitochondrial localization of PB1-F2 in DF-1 and Hela cells overexpressing Flag-PB1-F2
(anti-Flag, green) and stained with MitoTracker Red. (B) Co-localization of PB1-F2 with
MitoTracker in DF-1 cells was quantified using Pearson’s correlation coefficient (Pearson’s R).
Bar shows mean value from seven analyzed cells. (C) DF-1 cells overexpressing Flag-PB1-F2
and duck MAVS (V5-MAYVS). (D) Co-localization of V5-MAVS with Flag-PB1-F2 was
quantified using Pearson’s correlation coefficient (Pearson’s R). Bar shows mean value from
eight analyzed cells. (E) DF-1 cells were transfected with V5-MAVS or a V5-tagged fragment of
duck TRIM27-L (V5-TRIM27-L-PRY/SPRY), along with Flag-tagged PB1-F2 or Flag-tagged
R38A-mutant PR8 NS1 (NS1-R38A), as indicated. Clarified whole cell lysates (WCL) were
subjected to anti-V5 immunoprecipitation (IP), followed by immunoblotting (IB) with anti-V5
and anti-Flag antibodies. (F and G) PB1-F2, but not empty vector (pcDNA3.1) or the Flag tag
(3xFlag), inhibits chicken IFN-B promoter activity downstream of duck RIG-I CARD domains
(2CARD) in DF-1 cells, by dual luciferase assay. (H) PB1-F2, but not empty vector (pcDNA3.1)
or the Flag tag (3xFlag), inhibits chicken IFN-B promoter activity downstream of full-length
duck RIG-I (dRIG-I) in DF-1 cells, by dual luciferase assay. (I) PB1-F2 inhibits chicken IFN-f3
promoter activity downstream of duck MAVS (dMAVS) in DF-1 cells, by dual luciferase assay.
Graph bars show mean + standard deviation of three independent experiments (n=3). Means
were compared using one-way ANOVA with a Tukey’s multiple comparisons post-hoc test (**,
P<0.01; *** P<0.001; **** P<0.0001; ns, non-significant). Total transfected DNA quantity was
always kept constant with empty vector. Panel (E) in this figure was made by me, the rest were
made by Dr. Yanna Xiao and Adam Moghrabi.
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