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Abstract 

 

The influenza A viral RNA polymerase is responsible for viral replication and greatly affects 

influenza A virus (IAV) virulence and host range. The PB2 influenza polymerase subunit is the 

primary polymerase determinant of influenza host range and virulence. It was previously shown 

that PB2 interacts with and inhibits MAVS-mediated interferon-β (IFN-β) expression to differing 

degrees depending on the localization of PB2 within mammalian cells. Specifically, mammalian 

adapted PB2 localized to the mitochondria while avian strains do not. This difference in 

localization was shown to be determined by a single amino acid difference in PB2. Here, I 

helped elucidate, in collaboration with the Sun Hur research group, the mechanism by which 

RIG-I activates MAVS-mediated IFN- β signaling. I subsequently determined that the PB2 

proteins from 2 mammalian and 4 avian IAV strains differ in their abilities to inhibit duck 

MAVS-mediated IFN-β signaling in avian cells. Contrary to what was expected, mammalian 

adapted PB2 remained a potent inhibitor of avian IFN-β signaling despite major differences 

between human and duck MAVS. Additionally, swapping the adaptive PB2 residue 9, between 

avian and human adapted IAV strains, did not affect the general pattern of PB2-mediated IFN-β 

inhibition. Although, changes in PB2-MAVS interactions and PB2 localization were observed. 

My results demonstrate that the PB2 inhibition of IFN-β in avian cells is partially dependent on 

PB2-MAVS interactions and PB2 localization. Together, these findings suggest mammalian IAV 

PB2 proteins have acquired a cross species ability to inhibit IFN-β signaling, which has the 

potential to affect both IAV virulence and fitness. 
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Importance 

During an influenza virus infection, IFNs are produced through MAVS-mediated signaling, 

creating an antiviral state within the host cell. IFN then works to limit IAV replication within the 

host, which has an effect on viral transmission and fitness. Avian adapted IAVs are capable of 

reaching high rates of replication and transmission in ducks. However, very few avian adapted 

IAVs can transmit efficiently between humans. I wondered whether this was partially due to 

specific adaptations in IAV PB2 proteins that restricted PB2 inhibition of MAVS-mediated IFN 

signaling to specific hosts. Surprisingly, I have shown that mammalian adapted IAV PB2 has 

acquired the cross species ability to be a potent IFN inhibitor in avian cells. Here I have begun to 

characterize how this IFN inhibition is mediated, as it is important to comprehend the 

mechanisms that influenza uses to adapt and improve viral fitness in new hosts. 
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Preface 

Some of the data presented in this thesis is from a research collaboration, led by Associate 

Professor Sun Hur at the Harvard Medical School, and Professor Katharine Magor, the lead 

collaborator at the University of Alberta. The collaborative data discussed in this thesis has been 

published as Wu B., Peisley A., Tetrault D., Li Z., Egelman E.H., Magor K.E., Walz T., Penczek 

P.A., Hur S., “Molecular imprinting as a signal-activation mechanism of the viral RNA sensor 

RIG-I,” 2014, Molecular Cell, vol. 55, issue 4, 511-523.  

 

The results in Figures 6 and 7 have been taken from the published work above, and the 

discussion of these results has been described in my own words in chapters 3.1, 3.2, 4.1, and 4.2. 

The functional assays performed to quantify the chicken IFN-β promoter activity in DF-1 cells 

(Figure 6 and 7), were performed by myself. All other data presented in figures 6 and 7 was 

published as previously stated. The wild type duck MAVS and duck MAVS-V5 expression 

constructs were both created by myself, however all other mutant MAVS and RIG-I constructs 

presented in Figures 6 and 7 were supplied by the Sun Hur research group. The introduction in 

Chapter 1, materials and methods in chapter 2, the additional results in chapter 3, and the 

discussion in chapter 4 outside of what has been mentioned is my original work. 
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Chapter 1. Introduction 

1.1 Influenza A virus biology 

1.1.1 Influenza A genome organization 

 

Influenza A viruses (IAV) are enveloped RNA viruses belonging to the family 

Orthomyxoviridae, which are characterized by a negative-sense, single-stranded, segmented 

RNA genome (reviewed in [1]). The segmented genome of IAVs is composed of 8 segments, 

which express several different proteins.  Traditionally, the largest RNA segments, 1 through 3, 

encode the three subunits of the IAV polymerase, polymerase basic protein 2 (PB2), polymerase 

basic protein 1 (PB1), and polymerase acidic protein (PA) (reviewed in [2]).  These polymerase 

subunits together with the IAV nucleoprotein (NP), encoded by segment 5, make up the 

ribonucleoprotein (RNP) complex, which is contained within the virion core. Segments 4 and 6 

encode for the exterior glycoproteins, hemagglutinin (HA) and neuraminidase (NA), which are 

embedded within the host cell-derived membrane envelope. The envelope also contains the viral 

ion channel protein, matrix protein 2 (M2), which is encoded by segment 7. The viral envelope 

surrounds the virion core, which is composed of matrix protein 1 (M1) encoded by segment 7.  

Within the core, segment 8 encodes for the nuclear export protein (NEP/NS2). Only the non-

structural protein 1 (NS1), encoded by segment 8, is not found within the virion core (reviewed 

in [2]). 

 

In more recent studies, the number of identified IAV proteins has grown. Segment 2 has been 

found to express two similar PB1 like proteins PB1-F2 and PB1-NP40. PB1-F2 is expressed 

from the second open reading frame from the PB1 gene, and it is found to be a trigger of 
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proapoptotic function and increased IAV pathogenicity in mice (3). While PB1-NP40 is 

composed of the N-terminal 39 residues of PB1, and is found to affect IAV replication (4). 

Additionally, segment 3 has been identified to express three novel PA related peptides, PA-X, 

PA-N155, and PA-N182.  All three of the PA related peptides do not exhibit polymerase activity, 

however mutant IAVs which lack any one of these novel peptides display a decrease in viral 

replication and virulence (5, 6). More recently, a 10 kDa PB2 related protein, sharing the N-

terminal portion of PB2, has been identified (7).  This truncated PB2 has been implicated in 

inducing the expression of interferon-β (IFN-β), an effect that is the exact opposite of full length 

PB2 (8, 9). Together, the genomic segments of IAVs encode for several viral proteins during 

infection. Most of the primary functions of these viral proteins are known, however novel 

proteins and functions are discovered annually and represent a large area of IAV research. 

 

1.1.2 Influenza A replication cycle 

 

IAVs use sialic acids on the surface of host cells as receptors to trigger viral entry (10). It is the 

viral HA protein that mediates the interaction with specific host sialic acid receptors. After 

binding, IAVs are primarily internalized through clathrin-mediated endocytosis (11). Once 

internalized, a drop in pH within the endosome causes conformational changes to the HA 

structure, exposing the IAV fusogen. This allows for the fusion of the viral envelope to the host 

endosomal membrane, creating an endosomal pore (reviewed in [12]). At the same time, the M2 

viral ion channels are also lowering the pH within the IAV virion. This disrupts protein-protein 

interactions and releases the RNPs from the M1 proteins in the acidified virion, allowing for the 

delivery of the freed RNPs through the newly opened endosomal pore to the cytoplasm (13). 
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RNPs are then translocated to the nucleus via their nuclear localization signals (NLS), which 

instruct cellular host proteins to import the viral RNPs to the nucleus (reviewed in [14]).  

 

The nucleus is where IAV mRNA synthesis and replication occurs (reviewed in [1]). The IAV 

RNA-dependent RNA polymerase, a component of the RNP complex, is composed of PB1, PB2, 

and PA. The IAV polymerase uses viral negative sense ss-RNA to synthesize both viral mRNA 

for viral protein expression and full-length RNA copies for packaging into new IAV virions. To 

initiate transcription, the IAV polymerase interacts with the host polymerase II (15), which 

allows for the PB2 and PA viral polymerase subunits to steal the 5 cap from host pre-mRNA in 

a process known as “cap snatching” (16, 17). Once capped and polyadenylated, the newly 

synthesized mature viral mRNAs are then exported and translated like any other host mRNA to 

create viral proteins. The newly copied full-length viral RNA segments then assemble with NP 

and the viral polymerase subunits, creating new RNPs. The RNPs are then exported from the 

nucleus to the cytoplasm through interactions with M1 and NEP (18, 19).  

 

Assembly of new IAV virions occurs in lipid rafts on the apical side of the cell surface, where 

M1 matrix protein begin to accumulate (20). Signals for the association of HA and NA directs 

the IAV glycoproteins to the lipid rafts (21). RNPs then translocate to the site of assembly within 

the lipid rafts, where interactions with M1 and plasma membrane initiate budding (22). After 

budding, HA keeps the virion anchored to the cell membrane via interactions with the host sialic 

acid receptors, consequently NA is required for the release of the virion by cleaving surface 

sialic acid molecules from the host cell (23). After release, the newly synthesized viral particles 

continue on to repeat the infection cycle described above.  
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1.2 Wild waterfowl and influenza A viruses 

 

IAVs are classified into subtypes based on the antigenic properties of their HA and NA surface 

glycoproteins. Currently there are 18 HA subtypes (H1-H18) and 11 NA subtypes (N1-N11) 

known to exist within the IAV population (24). The combination of any one HA subtype with 

any other NA subtype provides the information needed to name the subtype of an IAV, for 

example H1N2. Almost all IAV subtypes have been shown to circulate in wild waterfowl and 

therefore wild aquatic birds (ducks) are long thought to be the natural reservoir of IAVs (25). 

H17-18 and N10-11 are the only subtypes that have not been shown to circulate in wild birds, as 

these subtypes were recently discovered in wild bat samples (24). Avian IAVs usually replicate 

asymptomatically in the intestinal tract of ducks and are excreted in high volumes into the 

environment via fecal contaminated pond water (26). IAV infection can then spread from the 

natural host to several other species such as swine, poultry, and humans. In humans however, 

only the H1-H3 and N1-N2 subtypes of IAV have been able to circulate with regularity and are 

capable of causing severe pathologies (27). 

 

Avian IAVs can be further subdivided into two categories, low pathogenic avian influenza 

(LPAI) and high pathogenic avian influenza (HPAI). The designation of pathogenicity is based 

on two criteria laid out by the World Organization for Animal Health (OIE). Firstly, HPAI must 

exhibit a certain level of pathogenicity in 4-8 week-old chickens, where either 75% mortality is 

caused within 10 days, or the inoculation of 10 susceptible 6-week-old chickens results in an 

intravenous pathogenicity index greater than 1.2 (28). Secondly, regardless of chicken 

pathogenicity, any IAV that displays a similar HA amino acid sequence to an H5 or H7 virus 

containing the multibasic cleavage site (MBCS), will be considered a HPAI as well.  
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Wild waterfowl are fundamentally important to the worldwide spread of IAVs, due to the sheer 

geographic distance that migratory birds can cover (29). Ducks and other wild waterfowl are 

known to have the broadest IAV subtype variety and highest IAV prevalence rates, thus 

providing an ideal vessel to harbor a genetically diverse IAV gene pool.  A gene pool, which 

yields the capability of producing highly pathogenic and pandemic influenza strains in other 

species (25). In humans, four IAV strains have caused pandemics within the last century, all of 

which have been caused by IAVs with avian genetic origins. The 1918 ‘Spanish’ influenza 

pandemic was caused by an H1N1 IAV strain, which is thought to have evolved from an avian 

adapted IAV in 1910 (30). The 1918 pandemic is known as the deadliest pandemic in recorded 

history, as it killed an estimated 50 million people worldwide (31).  The ‘Asian’ influenza 

pandemic then occurred 39 years later, in 1957, and was caused by an H2N2 IAV.  Although not 

as lethal, it is estimated to have caused 2 million deaths worldwide (32), and originated from the 

combination of a circulating H1N1 and an avian adapted H2N2 IAV (33). About 10 years later, 

the ‘Hong Kong’ H3N2 IAV pandemic replaced the circulating H2N2 viruses in 1968 and 

caused about 1 million deaths worldwide (32). The H3N2 pandemic is thought to have been 

caused by a reassortment event between an avian H3 virus and the circulating human H2N2 IAV 

(33). Finally, the most recent pandemic was caused by the 2009 H1N1 IAV. Within the first 

year, it is estimated that the 2009 H1N1 pandemic caused an estimated 151 700 to 575 400 

deaths worldwide (34). However, unlike the other pandemics, the 2009 IAV originated from a 

reassortment event between a Eurasian swine IAV and a triple reassortant human, swine, and 

avian IAV (35). Taken together, these pandemics demonstrate that avian reservoirs can harbor 

IAVs that contain the genetic traits that are favorable for increases in transmission and 
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pathogenicity in mammals. Interestingly however, these avian related viruses display limited 

pathology in wild birds (25). Thus, to help explain these differences and help identify future 

human IAV strains with pandemic potential, it is important to characterize the adaptive genetic 

changes that are associated with increased IAV virulence and host specificity in humans. 

 

1.3 Mammalian adaptive influenza A mutations 

 

1.3.1 Hemagglutinin (HA)  

 

Initially, the HA IAV protein is translated as an inactive polypeptide precursor (HA0) and must 

be cleaved into the HA1 and HA2 domains for functionality to be attained. The number of basic 

residues within the HA cleavage site determines which cellular proteases can activate HA. LPAI 

strains only display a single basic residue that can be cleaved by trypsin-related enzymes, which 

are restricted to the intestinal and respiratory tracts of birds (36). Conversely, HPAI viruses such 

as H5 and H7 subtypes contain a MBCS, which can be cleaved by multiple and more ubiquitous 

cellular proteases, and thus they are not limited to replicating in certain tissues (37). Although 

the association of HA cleavability and systemic infection is well correlated in avian IAV 

infections, this correlation does not show the same phenotype in mammals. Recently, studies 

have found that the depletion of the MBCS in the H5N1 HPAI results in decreased viral 

replication that is restricted to the respiratory tract in ferrets (38, 39). However, the addition of 

the MBCS does not necessarily confer the ability to replicate systemically, as a mammalian 

H3N2 virus with an added MBCS could not initiate a systemic infection in ferrets (40). 

Therefore, it appears that virulence, replication, and most likely transmission in mammalian 
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adapted IAVs are affected by a MBCS in HA. However, it appears there are several other HA 

factors that determine IAV adaptation to mammals. 

 

As discussed previously, IAV HA is responsible for initiating viral entry by interacting with host 

cell surface sialic acid (SA) receptors (10).  It is known that human adapted IAVs preferentially 

interact with SA receptors that display an α2,6-glycosidic bond (SA-α2,6), while avian adapted 

IAVs prefer an α2,3-glycosidic bond (SA-α2,3). Consequently, this determines where adapted 

IAVs can replicate, as the SA-α2,6 is predominantly expressed in the upper respiratory tracts 

(URT) of humans, and the SA-α2,3 is expressed in avian intestinal epithelium and the lower 

respiratory tracts (LTR) of humans. In humans, URT binding and replication is thought to 

correlate strongly with increased human IAV transmission, as it increases the possibility for 

IAVs to transmit via aerosol droplets. Specifically, the SA receptor specificity of HA is 

determined by amino acid residue substitutions in the receptor binding domain of HA. Briefly, 

the residue substitution Q226L in H2 and H3 IAV subtypes has been shown to change the HA 

binding specificity from avian to human SA receptors (reviewed in [41]). Yet, some IAV 

subtypes have displayed dual receptor binding capabilities between avian and mammalian SA 

receptors. The novel H7N9 IAV subtype has displayed HA binding capabilities for both the SA-

α2,6 and SA-α2,3 receptors (42), granting H7N9 IAVs the ability to attach in both the LRT and 

URT in humans. To date, some H5N1 IAVs have also displayed this dual SA receptor 

attachment; however, both H7N9 and H5N1 viruses primarily replicate in the LRT of humans, 

which correlates with increased virulence in humans (43). Therefore, it can be reasoned that 

adaptive HA mutations that increase IAV binding to human URT SA receptors, would increase 
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transmission but at the cost of possibly decreasing virulence. This is a trade-off that directly 

affects viral fitness in new hosts.  

1.3.2 Neuraminidase (NA) 

 

While HA is required for IAV binding and entry, the IAV NA is required for the release of 

progeny IAV virions from an infected cell. It accomplishes this by cleaving surface sialic acid 

molecules from the infected host cells, to allow for efficient release of viral particles in an 

infected host (23). Since HA and NA have competing functions during an IAV infection by 

either binding or cleaving SA receptors, a balance must be achieved between these two viral 

activities (44). Changes in IAV NA cleavage activities can affect viral replication or virulence, 

and thus be a determinate of host adaptation. An H7N7 HPAI virus in chickens had caused an 

outbreak in humans in 2003, which killed one individual and infected 89 others (45). Upon 

investigating the differences between the lethal and non-lethal H7N7 isolates, it was found that 

four NA mutations had occurred, which increased the NA activity and improved replication in 

mammalian cells by reducing the formation of IAV aggregates (46). Along with these mutations, 

NA deletions that shorten the NA stalk length have also been shown to increase virulence in 

mammalian hosts infected with H5N1 IAVs (47). However, how a shorter NA contributes to 

virulence and subsequent IAV host adaptation is poorly understood and represents a current field 

of research.  

1.3.3 Non-structural protein 1 (NS1) 

 

The primary function of the IAV NS1 is to inhibit the antiviral IFN response in infected cells 

(reviewed in [48]). Due to this IFN inhibition, NS1 is known to be an important molecular 

determinant of IAV virulence and host range. Previously, research has shown that IAV viruses 
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which lack NS1 are only able to replicate in mice or cells where the IFN response is 

compromised (49). This indicates that NS1 plays a crucial role in modulating the host innate 

immune defenses. Specifically, NS1 is known to inhibit cellular gene expression of key antiviral 

interferon stimulate genes (ISGs) by preventing the processing of cellular mRNAs. One way 

NS1 inhibits cellular gene expression is by binding to CPSF30, a cellular factor that is involved 

in pre-mRNA processing (50). Interestingly, CPSF30-NS1 binding is not conserved between all 

strains of IAVs. In fact, several NS1 residue mutations in the H5N1 IAV have been shown to 

increase NS1 binding to CPSF30, which has in turn increased viral replication (51). However, it 

is important to note that CPSF30 and NS1 binding is not the sole determinant of IAV virulence 

or replication. Research has shown that restoring NS1-CPSF30 binding in the H1N1 2009 

pandemic virus did not affect viral virulence in several animal models (52).  

 

In summary of the literature, it is evident that there are several crucial mutations that allow for 

IAVs to infect humans. However, none of these human adaptive IAV mutations can function 

independently to determine host specificity and virulence. Rather, host specificity and virulence 

is most likely determined by a multiplicity of factors that work co-operatively to allow IAVs to 

jump the species barrier. This then demonstrates the importance to characterize all the molecular 

interactions between the virus and host that dictate viral pathogenicity and host range. In the case 

of IAVs, this knowledge is invaluable with regards to disease prevention, since it can yield 

potential drug targets and better surveillance strategies to help identify IAV strains with 

pandemic potential in humans (53). To date, some of these adaptive mutations have been 

described to occur within the IAV polymerase.  
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1.4 The influenza A polymerase 

 

As previously described, the IAV polymerase is responsible for the transcription and replication 

of IAVs. The IAV polymerase is composed of three subunits, PA, PB1, and PB2. PA is known to 

function as an endonuclease and protease, while also contributing to vRNA promoter binding 

(54–56). PB1 houses the viral polymerase active site (57), and also forms the core of the IAV 

polymerase by interacting with both PA and PB2 (58, 59). PB2 contains the cap-binding domain 

that is responsible, in combination with PA, for stealing the 5 cap from host pre-mRNA 

molecules in a process known as “cap snatching” (16, 17).  Furthermore, PB2 also contains a 

bipartite nuclear localization signal that allows it to be transported to the nucleus independently 

of PA and PB1 (60, 61). Together, all three polymerase subunits are required for proper 

polymerase function, however several possible molecular determinants of IAV pathogenicity and 

host adaptation have been identified within each polymerase subunit (62). 

1.5 Influenza A polymerase determinants of host adaptation 

 

IAV virulence is impacted by all three polymerase subunits, however PB2 is the primary 

polymerase determinant of IAV virulence and host specificity (27). A major factor in 

interspecies transmission between different IAV strains is the ability to adapt to different 

importin-α proteins (63), as these vary greatly between avian and mammalian species. Importin-

α is important to IAVs because it is responsible for translocating released viral RNPs to the 

nucleus in order to continue the IAV infection. Specifically, a D701N mutation in an avian IAV 

PB2 protein conferred enhanced importin-α binding and increased PB2 nuclear localization in 

mammalian cells (64). It is thought that this mutation greatly improves the efficiency of the IAV 

polymerase in mammalian cells by more directly targeting PB2 to the nucleus. Furthermore, 
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several other PB2 mutations (E627K, G590S/Q591R) have been demonstrated to improve the 

avian IAV polymerase activity in mammalian cells (65, 66). The E627K mutation is found in 

most human adapted IAVs, as a lysine at position 627 confers the ability for the virus to replicate 

in the URT of mammals (67). This was found to be due to the temperature of the URT, since the 

avian E627 residue restricts viral replication at this lower temperature. Together, these findings 

have identified several mutations within PB2 that have allowed IAVs to adapt to humans. 

However, more recent studies have focused on the capability of PB2 to inhibit the IFN-β 

response during IAV infection (8, 9).  

1.6 Intracellular detection of influenza viral RNA 

 

RNA viruses, like influenza, are typically detected early during infection by the innate immune 

cytosolic receptors RIG-I and MDA5 (68). These receptors then activate the innate immune 

response by stimulating the production of Type-I IFNs, which create an antiviral state by 

upregulating several ISGs in neighbouring host cells. Retinoic Acid-Inducible Gene (RIG-I) and 

Melanoma Differentiation-Associate Gene 5 (MDA5) share similar domain composition, 

consisting of two tandem N-terminal caspase activation and recruitment domains (2CARD), a 

central helicase domain and a C-terminal domain that all function cooperatively to recognize 

specific viral RNA motifs (69). Although RIG-I and MDA5 share similar structures and 

downstream signaling pathways through the mitochondrial antiviral signaling protein (MAVS), 

they still detect largely different groups of viruses due to their RNA binding specificity  (70). 

RIG-I has been found to bind 5-triphosphate ss-RNA molecules that are produced during IAV 

infection (71). However, the molecular mechanism for how active RIG-I interacts with the 

downstream adaptor protein MAVS, to propagate the IFN signaling pathway remained 

uncharacterized until recently (72).  
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Normally, RIG-I is found in an auto-suppressed state in the absence of a viral infection by 

binding the helicase domain to the intramolecular 2CARD (2CARDRIG-I) (73). Upon the binding 

of viral RNA to the RIG-I helicase domain, the 2CARDRIG-I is released and forms a 

homotetramer with the neighbouring free 2CARDRIG-I, as seen in Figure 1 (74). The 2CARDRIG-I 

tetramer then interacts with the lone N-terminal CARD from MAVS (CARDMAVS) to form self-

perpetuating MAVS filaments. These filaments bring several proline rich regions (PRR) of 

MAVS together that then act as a scaffolding or docking site for several downstream adaptor 

proteins, which are necessary to propagate the antiviral signal to produce Type-I interferons 

(IFNs) (75, 76). The RIG-I-MAVS antiviral signaling pathway is crucial to initiating an antiviral 

defense and because of this, it is often a target of viral proteins, such as the IAV PB2 protein. 

Therefore, it is important to characterize the mechanism of MAVS signaling and begin to 

understand how viral proteins such as the PB2 can interact and inhibit the MAVS IFN-signaling.  

1.7 PB2-MAVS interactions 

 

As previously described, PB2 is known to localize to the nucleus of infected cells to help form 

the IAV polymerase. Conversely, PB2 has also been described to localize with the mitochondria 

of host cells (77, 78). In more recent studies, it was shown that this mitochondrial localization of 

PB2 was related to interactions with the host MAVS protein (8). Interestingly, PB2 from 

differentially adapted IAVs displayed varied localization patterns within mammalian cells. It was 

determined that the PB2 mitochondrial localization was caused by a single residue change within 

the PB2 protein at position 9. Specifically, mammalian adapted IAV PB2 proteins (N9) co-

localized with the mitochondria, while avian adapted IAV PB2 proteins (D9) did not. This 

variance in PB2-MAVS co-localization also caused differences in the ability of PB2 to inhibit 
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MAVS-mediated IFN-β signaling (8, 9). Mammalian adapted PB2 was found to be a more potent 

inhibitor of human MAVS IFN-β signaling than avian adapted PB2. This is very interesting as it 

was the first reported case of PB2 directly interfering with an IFN signaling response. Additional 

research then characterized which part of PB2 mediated this MAVS interaction. It was 

determined that the first 37 N-terminal residues of PB2 along with the CARD and PRR domains 

of MAVS mediated the PB2-MAVS interaction in humans (79). To date, it is known that residue 

9 of PB2 is a transmissibility factor that determines the adaptation of IAVs to human hosts (80). 

However, it is currently unknown how this adaptive mutation affects the function of PB2 in the 

natural host, ducks. 

1.8 Experimental aims and results summary 

 

Studies have shown that mammalian adapted PB2 inhibits IFN-β signaling in mammalian cells to 

a greater extent than avian adapted PB2 by interacting with mammalian MAVS (8, 9). This is 

caused by an adaptive mutation in PB2 at position 9 that has been shown to control PB2 

mitochondrial localization. It is currently unknown how this adaptive mutation affects the 

function of IAV PB2 in the natural host, ducks. Therefore, it is hypothesized, that differences in 

IFN inhibition between mammalian and avian adapted IAV PB2, stems from the selective 

pressure for PB2 to interact with specific MAVS molecules to improve viral fitness. MAVS from 

the natural IAV host, ducks, is only ~25% identical to human MAVS, and thus the avian IAV 

PB2 should be better adapted than mammalian PB2 to inhibit and interact with duck MAVS. 

Here, I collaborated with Sun Hur to determine the structural mechanism of RIG-I-MAVS 

activation. I have also demonstrated that PB2 proteins from 2 mammalian and 4 avian adapted 

IAV strains differ in their ability to inhibit duck MAVS-mediated IFN-β signaling in avian cells. 

Unexpectedly, mammalian adapted IAV PB2 is found to be a more potent inhibitor of avian IFN-
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β signaling, as compared to avian adapted PB2. Additionally, swapping the adaptive PB2 residue 

9, between avian and mammalian adapted influenza strains, did not affect the general pattern of 

PB2-mediated IFN-β inhibition, although changes in PB2-MAVS interactions and PB2 

localization were observed. With these results, I demonstrate that the mammalian IAV PB2 has 

most likely adapted to be a potent cross species inhibitor of avian IFN-β signaling, a function 

that is partially dependent on both PB2-MAVS interactions and PB2 cellular localization. 

1.8.1 Experimental aims 

 

Aim 1. Test specific MAVS and RIG-I mutations to test the Sun Hur model of RIG-I-MAVS signal 

activation. 

The Sun Hur research group’s crystal structure and proposed model of RIG-I-MAVS signal 

activation provided a novel mechanism for how RIG-I IFN signaling is achieved (74, 81). In a 

collaborative effort to test their work within an avian model, I tested several of their generated 

duck RIG-I and MAVS constructs in avian DF-1 cells. I provided cloned duck MAVS and Sun 

Hur selected and made mutations in both duck RIG-I and MAVS based on their ability to 

abrogate and restore IFN-β signaling, as predicted from the RIG-I-MAVS crystal structure. I 

established a dual luciferase assay system to analyze the chicken IFN-β promoter activity after 

transfection with duck RIG-I and MAVS constructs in DF-1 cells. 

Aim 2. Identify potential IAV strain specific residues responsible for differences in PB2 function. 

IAV PB2 proteins from 4 avian adapted strains and 2 mammalian adapted strains were cloned, 

sequenced, and analyzed for residue differences near the MAVS binding domain of PB2. PB2 

from PR8 was modeled on a known IAV PB2 crystal structure to obtain structural information 

on where certain known adaptive residues were located within the PB2 structure.  
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Aim 3. Examine the protein interactions between duck MAVS and differently adapted IAV PB2 

proteins. 

PB2 is thought to interact with MAVS to inhibit the IFN response in human cells. Differences in 

PB2-MAVS interactions could explain variation in PB2-mediated IFN inhibition. PB2 and duck 

MAVS expression vectors were co-transfected in DF-1 chicken fibroblast cells. Cell lysates were 

then harvested and analyzed by immunoprecipitation and Western blot, to identify any 

differences in PB2-MAVS interactions in avian cells. 

Aim 4. Determine the effect of differently adapted PB2 proteins on duck MAVS IFN-β signaling. 

The IFN-β inhibitory activities of IAV PB2 proteins on duck MAVS was analyzed in vitro by a 

dual luciferase assay. Duck MAVS, cloned into the expression vector pcDNA3.1/Hygro 

(Invitrogen), was overexpressed to induce the IFN-β signaling pathway in DF-1 cells. IAV PB2, 

cloned into the pSMART-CMV expression vector, was co-transfected with duck MAVS. The 

relative activity of the chicken IFN-β promoter activity was measured and compared between 

PB2 and non-PB2 treated samples. 

Aim 5. Determine the cellular localization of differently adapted IAV PB2 proteins in avian cells. 

The cellular localization of PB2 is shown to have an effect on the PB2-mediated inhibition of the 

IFN response in human cells (8). Differences in PB2 localization with regards to MAVS, could 

explain variation in PB2-mediated IFN inhibition in avian cells. To identify any differences in 

PB2 localization in avian cells, PB2 and duck MAVS expression vectors were co-transfected in 
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DF-1 chicken fibroblast cells. DF-1 cells were then fixed, stained, and analyzed by confocal 

microscopy.  

Aim 6. Determine the significance of PB2 residue 9 in PB2 function. 

The D9N mutation in PB2 is characterized as an adaptive mutation that allows IAV strains to 

infected humans (80). Residue 9 is known to affect the localization of PB2 proteins within 

human cells (8). To investigate the effects of an avian adaptive (D9) or human adaptive (N9) 

residue at position 9, mutations that swapped the avian and human adaptive residues were 

performed in all cloned PB2 proteins. The PB2-MAVS interactions, PB2-mediated IFN-β 

inhibition, and PB2 localization were all analyzed for the newly generate PB2 mutants as 

previously described above.  
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Figure 1. Graphical representation of the RIG-I-MAVS signaling pathway. The helicase and 

C-terminal domain (CTD) of RIG-I recognizes and binds to viral 5 triphsophate dsRNA and 

forms filamentous oligomers on the ends of the dsRNA molecule (74). Once bound, the 

2CARDRIG-I from four RIG-I proteins are in close enough proximity to induce tetramerization. 

This interaction is facilitated by a flexible 50 aa linker region between the 2CARDRIG-I and the 

CTD. Further stabilization of the 2CARDRIG-I tetramer can occur by the addition of K63 linked 

ubiquitin chains. The resulting tetramer resembles a lock-washer and can now nucleate MAVS 

filament formation by interacting with multiple MAVS CARDs, via transient interactions. 

MAVS CARDs are connected to the transmembrane domain of MAVS by a flexible 400 aa long 

linker region, which contains many TRAF binding sites. TRAFs are important adaptor proteins 

that activate further downstream proteins to carry out the IFN signal. MAVS CARD filaments 

bring multiple TRAF binding sites into close proximity and allow for efficient recruitment and 

activation of TRAFs, which would facilitate the propagation of the antiviral signal to produce 

Type-I IFN. Note figure is taken from Wu et al. (72). 
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Chapter 2. Materials and Methods 

 

2.1 Viruses 

 

PB2 proteins cloned from 6 different influenza A virus strains were used during this study. I 

cloned PB2 from two low pathogenic avian influenza (LPAI) strains: A/Dk/British 

Columbia/500/2005 (BC500) and A/duck/Memphis/546/1974(H11N9) (M546). These LPAI 

strains were both environmental isolates from infected ducks. PB2 was also cloned from two 

high pathogenic avian influenza (HPAI) strains: A/Dk/D4AT/71.1/2004 (H5N1) (D4AT) and 

A/Vietnam/1203/2004 (H5N1) (VN1203). D4AT was isolated from an infected duck, while 

VN1203 was isolated from a fatal human case. As well, I cloned PB2 from two mammalian 

influenza strains: A/Puerto Rico/8/1934 (H1N1) (PR8) and A/X-31/2003 (H3N2) (X31). Both 

PR8 and X31 are mouse adapted lab strains of influenza, which contain several conserved human 

adaptive residue within the PB2 protein. PR8 was isolated from a human case, while X31 was 

lab generated. 

 

2.2 Cloning and Plasmids 

 

The Phusion® High-Fidelity DNA Polymerase (New England BioLabs) was used in all PCR 

reactions involved in cloning. The pcDNA3.1/Hygro+ mammalian expression vector 

(Invitrogen) was used as the backbone to clone and express the constructs containing duck 

MAVS and duck MAVS-V5. Duck MAVS was initially cloned into the pCR®2.1-TOPO 

(Invitrogen) vector by Ximena Fleming. I then PCR amplified duck MAVS from this previously 

cloned construct and cloned it into the multiple cloning site (MCS) of the mammalian expression 

vector pcDNA3.1/Hygro+, using the NheI-BamHI restriction sites encoded within the primers 
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listed in Table 1. MAVS-V5 was then amplified from the pcDNA-MAVS construct with the 

addition of an N-terminal V5 epitope tag encoded within the 5 primer. Again, duck MAVS-V5 

was cloned into pcDNA3.1/Hygro+ (Invitrogen) using the NheI-BamHI restriction sites. Both 

duck MAVS constructs were confirmed by sequencing using the primers listed in Table 2. A 

vector map of pcDNA-MAVS can be found in Figure 2.  

 

To insure that both MAVS constructs were functional in DF-1 cells, 150 ng of duck MAVS and 

duck MAVS-V5 were transfected into DF-1 cells and the chicken IFN-β promoter activity was 

assessed via a dual luciferase reporter assay (Figure 3). Briefly, DF-1 cells were seeded (2×105 

cells/well) in 24 well plates for 24 h, then transfected with a total of 310 ng DNA/well using the 

Lipofectamine 2000® reagent (Invitrogen) at a ratio of 1 μg DNA to 2.5 μL Lipofectamine. The 

chicken IFN-β promoter luciferase reporter plasmid (pGL3-chIFNβ), constructed from the 

chicken IFN2 gene was used to assess the relative activity of the chicken IFN-β promoter as 

previously described (82–84). DF-1 cells were transfected with a constant amount of pGL3-

chIFNβ (150 ng DNA/well). To serve as an internal control, the renilla luciferase reporter 

construct (phRTK) was co-transfected with pGL3-chIFNβ at 10 ng DNA/well. The relative 

luciferase activity of pGL3-chIFNβ compared to phRTK was measured using the Dual-

Luciferase Reporter Assay System (Promega) 24 h after transfection. As displayed in Figure 3, 

both duck MAVS and duck MAVS-V5 constructs are capable of increasing the activity of the 

chicken IFN-β promoter activity in DF-1 cells. This indicates duck MAVS can function in DF-1 

cells. 
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To clone the 6 different IAV PB2 proteins used in this study, RNA was obtained from infected 

embryonated chicken egg allantoic fluid using TRIzol (AmbionTM), or from previously infected 

duck tissue RNA samples (82). Viral RNA was then reverse transcribed into cDNA using the 

SuperScript® III First-Strand Synthesis System (Invitrogen) according to the protocol provided 

by using 500ng of an influenza specific universal primer (Uni12) (85). PB2 was then amplified 

in three pieces using overlap extension PCR to avoid problematic mis-priming. Fully amplified 

PB2 from each strain was then cloned into our pSMART-CMV vector using the KpnI/Nhe1-

Not1 cut sites encoded within the primers listed in Table 1. A full vector map of pSMART-

CMV-PB2 can be found in Figure 4. pSMART-CMV was constructed by taking the open 

pSMART-LCKan vector (Lucigen) and ligating in the amplified CMV promoter, MCS, and 

BGH polyadenylation signal from pcDNA3.1/Hygro+ (Invitrogen) (Figure 5). This was done to 

counteract the toxic effects PB2 was displaying in our regular copy vectors. D9N and N9D PB2 

mutations were performed by amplifying each PB2 with a slightly different 5 primer containing 

the single nucleotide mutation. PCR amplified mutant PB2 was then cloned into our constructed 

pSMART-CMV vector using the same Nhe1-Not1 cloning sites. All PB2 constructs were 

confirmed by sequencing using the primers listed in Table 2. A list of primers used to amplify 

the pcDNA3.1/Hygro+ (Invitrogen) promoter can be found in Table 3. 

 

2.3 IFN-β reporter assays in collaboration with Sun Hur 

 

Spontaneously immortalized chicken embryonic fibroblasts cells (DF-1), derived from East 

Lansing strain eggs (86), were maintained in DMEM plus 10% FBS at 39°C and 5% CO2. Cells 

were seeded (2×105 cells/well) in 24 well plates for 24 h then transfected with a total of 185 ng 

DNA/well using the Lipofectamine 2000® reagent (Invitrogen) at a ratio of 1 μg DNA to 2.5 μL 
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Lipofectamine. The chicken IFN-β promoter luciferase reporter plasmid (pGL3-chIFNβ), 

constructed from the chicken IFN2 gene was used to assess the relative activity of the chicken 

IFNβ promoter as previously described (82–84). DF-1 cells were transfected with a constant 

amount of pGL3-chIFNβ (150 ng DNA/well). To serve as an internal control, the renilla 

luciferase reporter construct (phRTK) was co-transfected with pGL3-chIFNβ at 10 ng DNA/well. 

Full length duck MAVS and RIG-I 2CARD (RCC) constructs were transfected at 25 ng 

DNA/well. The relative luciferase activity of pGL3-chIFNβ compared to phRTK was measured 

using the Dual-Luciferase Reporter Assay System (Promega) 24 h after transfection. The full 

materials and methods for the Cryo-EM microscopy and HEK 293T cell transfections can be 

found in the supplemental experimental procedures section in my collaborative work with Sun 

Hur (72).  

 

2.4 PB2 protein structure modeling and alignment 

 

To create a 3D structure of the IAV PB2 protein, the PB2 amino acid sequence from the PR8 

IAV strain was uploaded to the SWISS-MODEL Server (87). SWISS-MODEL then 

automatically identified and ranked suitable template structures based on Blast (88) and HHblits 

(89) results from the PDB database (90). The PDB entry 4WSB (91) of the bat Influenza A 

polymerase was selected to model the PB2 for IAV strain PR8, as it is currently the only full 

length crystal structure available for the IAV PB2 protein. The resulting PDB file was then 

exported and analyzed in Pymol (Schrödinger). A sequence alignment of PB2s was generated 

using T-COFFEE with default settings in Jalview (92). Within the PB2 sequence alignment, the 

position of known human adaptive residues were indicated (*)(80). 
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2.5 Immunoprecipitation and Western blotting 

 

Dynabeads (NovexTM) coated in protein G were used for the immunoprecipitation experiments. 

The indirect method as outlined in the Dynabeads (NovexTM) protocol was used in this study. 

Briefly, spontaneously immortalized chicken embryonic fibroblasts cells (DF-1), derived from 

East Lansing strain eggs (86), were maintained in DMEM plus 10% FBS at 39°C and 5% CO2. 

Cells were seeded (8×105 cells/well) in 6 well plates for 24 h then transfected with 2 μg DNA of 

each expression construct using the Lipofectamine 2000® reagent (Invitrogen), at a ratio of 1 μg 

DNA to 2.5 μL Lipofectamine. 24 h post-transfection, cells were washed in ice cold PBS and 

lysed for 45 minutes in 250μL/well of Tris Lysis buffer (50mM Tris-HCl, pH 8.0, 200mM NaCl, 

25% glycerol, 0.5% Igepal CA-630, 1mM dithiothreitol [DTT], 1 tablet/10 mL of Complete Mini 

EDTA-free protease inhibitor cocktail [Roche]). 400 μL of clarified cell lysates were incubated 

with 1 μg rabbit polyclonal PB2 antibody (GeneTex) for 2 h at room temperature. Bound 

antibody and lysates were then added to 1.2 mg of Dynabeads® protein G and allowed to 

incubate for 10 minutes at room temperature. Beads were then washed with Tris wash buffer (10 

mM Tris-HCl, pH 8.0, 150mM NaCl, 0.1% Igepal CA-630) three times, resuspended in 80 μL of 

2x laemmli buffer, and boiled for 10 minutes. For Western blotting, lysates and 

immunoprecipitated proteins were separated by SDS-PAGE and transferred to a nitrocellulose 

membrane. Immunoblotting (IB) was performed using either a primary mouse anti-V5 

monoclonal antibody at 1:5000 (Invitrogen), or a primary rabbit anti-PB2 polyclonal antibody at 

1:5000 (GeneTex), followed by detection with either a secondary goat anti-mouse HRP at 1:5000 

(BioRad), or a secondary goat anti-rabbit HRP at 1:5000 (Santa Cruz Biotechnology). Antibodies 

were then visualized by chemiluminescence using the ECL kit (GE-Healthcare). 
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2.6 IFN-β reporter assays for PB2 and MAVS 

 

DF-1 cells were seeded (2×105 cells/well) in 24 well plates for 24 h, then transfected with a total 

of 685 ng DNA/well using the Lipofectamine 2000® reagent (Invitrogen) at a ratio of 1 μg DNA 

to 2.5 μL Lipofectamine. The chicken IFN-β promoter luciferase reporter plasmid (pGL3-

chIFNβ), constructed from the chicken IFN2 gene was used to assess the relative activity of the 

chicken IFN-β promoter as previously described (82–84). DF-1 cells were transfected with a 

constant amount of pGL3-chIFNβ (150 ng DNA/well). To serve as an internal control, the renilla 

luciferase reporter construct (phRTK) was co-transfected with pGL3-chIFNβ at 10 ng DNA/well. 

The indicated MAVS and PB2/control constructs were transfected at 25ng/well and 500ng/well 

respectively. The relative luciferase activity of pGL3-chIFNβ compared to phRTK was measured 

using the Dual-Luciferase Reporter Assay System (Promega) 24 h after transfection. 

 

2.7 Fluorescent microscopy and localization analysis 

 

DF-1 cells were seeded (8×105 cells/well) onto glass coverslips in 6 well plates, and transfected 

with 2 μg of pcDNA-MAVS-V5 and pSMART-CMV-PB2 constructs.  24 h post-transfection, 

DF-1 cell mitochondria were labelled with 400 nM of MitoTracker® Red CMXRos (Molecular 

ProbesTM) and incubated for 1 h at 39°C. Cells were then fixed overnight in 1% PFA at 4°C. The 

cellular location of each PB2 protein was determined by staining with a primary rabbit anti-PB2 

antibody (GeneTex), followed by secondary detection with a goat anti-rabbit conjugated to 

Alexa Fluor® 647 (NovexTM). Duck MAVS-V5 was stained using a mouse anti-V5 primary 

monoclonal antibody (Invitrogen), followed by secondary detection with a goat anti-mouse 
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antibody conjugated to Alexa Fluor® 488 (NovexTM). The nuclei of cells were stained with 

Hoechst 33342 (Molecular ProbesTM). Eight cells were analyzed for each treatment and images 

were taken on a Leica TCS SP5 confocal microscope. Image analysis was done using the ImageJ 

program (93). Localization analysis of duck MAVS and PB2 was done by analyzing the signal 

intensity values along a defined yellow intensity line through the nucleus and cytoplasm of each 

analyzed cell. To reduce signal noise, an average intensity value of three pixels was taken for 

each position along the intensity line. To analyze the percent of non-nuclear PB2 staining, each 

cell’s raw integrated density value for PB2 staining was measured. The difference between total 

cell PB2 signal and nuclear PB2 signal, was reported as a percentage of total PB2 signal (percent 

non-nuclear stain).  Background noise was removed from each image before analysis by using 

the Rolling Ball Background Subtraction tool set at 100 pixels within ImageJ. 
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Table 1. Primer sequences for amplification of duck MAVS and IAV PB2s. 

Gene Primer Primer Sequence (5 to 3) 

   

Duck MAVS Forward GCCTGCTAGCATGGGTTTCGCGGAGGACAAGGTG 

 Reverse CGGAGGATCCCTACTATTTCTGCAGCCGGGCGTAC 

 Forward V5 GCCTGCTAGCATGGGCAAGCCCATCCCCAACCCCTTGCTTGGCTTGGACTC

CACCGGTTTCGCGGAGGACAAGGTG 

   

PB2 BC500 Forward GCCTGGTACCATGGAGAGAATAAAAGAACTAAGAGATC 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 M546 Forward GCCTGGTACCATGGAGAGAATAAAAGAGCTGAGAGATC 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 D4AT Forward GCCTGCTAGCATGGAGAGAATAAAAGAATTACGAGATC 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 VN1203 Forward GCCTGCTAGCATGGAGAGAATAAAAGAATTACGAGATC 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 PR8 Forward GCCTGGTACCATGGAAAGAATAAAAGAACTAAGAAATCTA 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 X31 Forward GCCTGGTACCATGGAAAGAATAAAAGAACTACGAAATC 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 BC500 D9N Forward GCCTGCTAGCATGGAAAGAATAAAAGAACTAAGAAATCTA 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 M546 D9N Forward GCCTGCTAGCATGGAAAGAATAAAAGAACTAAGAAATCTA 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 D4AT D9N Forward GCCTGCTAGCATGGAAAGAATAAAAGAACTAAGAAATCTA 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 VN1203 D9N Forward GCCTGCTAGCATGGAAAGAATAAAAGAACTAAGAAATCTA 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 PR8 N9D Forward GCCTGCTAGCATGGAGAGAATAAAAGAACTAAGAGATC 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 

   

PB2 X31 N9D Forward GCCTGCTAGCATGGAGAGAATAAAAGAACTAAGAGATC 

 Reverse ATTCGCGGCCGCCTACTAATTGATGGCCATCCGAAT 
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Table 2. Primer sequences for sequencing of duck MAVS and IAV PB2s. 

Gene Primer Primer Sequence (5 to 3) 

   

Duck MAVS T7-pgem TAATACGACTCACTATAGGG 

 Forward ATGGGTTTCGCGGAGGACAAG 

 Reverse CTATTTCTGCAGCCGGGCGTAC 

 BGHR TAGAAGGCACAGTCGAGG 

   

PB2 (excluding HPAIs) SR2 GGTCAGGTATGATTTAAATGGTCAGT 

 T7-pgem GTAATACGACTCACTATAGGG 

 F2 TTCCTCCCAGTGGCTGGT 

 F3 GTGGCCATGGTATTTTCACAAGA 

 SL1 CAGTCCAGTTACGCTGGAGTC 

   

PB2 HPAIs SR2 GGTCAGGTATGATTTAAATGGTCAGT 

 T7-pgem GTAATACGACTCACTATAGGG 

 F2 TGTTGGAAAGGGAACTGGT 

 F3 GTAGCAATGGTGTTCTCACAGGA 

 SL1 CAGTCCAGTTACGCTGGAGTC 
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Figure 2. Vector map of pcDNA3.1/Hygro+ with a duck MAVS insert. MAVS was 

directionally cloned into the pcDNA3.1 vector using NheI and BamHI restriction cut sites. 

Location of sequencing primers are indicated and labelled in purple. Image was generated in 

SnapGene®.  
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Figure 3. The effect of duck MAVS and duck MAVS-V5 on the chicken IFN-β promoter 

activity. DF-1 cells were co-transfected with either pcDNA-dMAVS (150ng) or pcDNA-

dMAVS-V5 (150ng). The relative luciferase activity of pGL3-chIFNβ compared to phRTK 

(renilla luciferase) was measured using the Dual-Luciferase Reporter Assay System (Promega) 

24 h after transfection. Mean values were calculated from the average of 3 measurements 

obtained from 1 independent experiments (n=1). Error bars represent the standard deviation from 

the means.  
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Figure 4. Vector map of pSMART-CMV with an influenza A PB2 insert. PB2s were 

directionally cloned into a constructed pSMART-CMV vector using NheI/KpnI and NotI 

restriction cut sites. Location of sequencing primers are indicated and labelled in purple. Image 

was generated in SnapGene®. 
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Figure 5. Flow chart depicting the method in which the pSMART-CMV expression vector 

was generated. The CMV promoter, multiple cloning site, and polyadenylation signal was 

amplified using the primers in Table 3. The amplified pcDNA fragment then flipped and inserted 

in the already linearized pSMART LCKan vector (Lucigen), creating the expression plasmid 

pSMART-CMV. Flow chart was generated using SnapGene®. 
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Table 3. Primer sequences for amplification of the CMV promoter from 

pcDNA3.1/Hygro+. 

Vector Primer Primer Sequence (5 to 3) 

   

pcDNA3.1 5 of CMV F TAATACGACTCACTATAGGG 

 3 of BGHR R TAGAAGGCACAGTCGAGG 
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Chapter 3. Results 

 

3.1 A T175/T176 mutation in duck 2CARDRIG-I enables IFN signaling in human cells. 

 

Duck RIG-I cannot activate the MAVS-mediated IFN signaling pathway in human cells. 

Similarly, human RIG-I cannot activate the MAVS-mediated IFN signaling pathway in avian 

cells (94). This observation is thought to be caused by variances in the 2CARD of RIG-I between 

humans and ducks (Figure 6A), as exogenous RIG-I proteins cannot interact with endogenous 

MAVS to initiate the IFN signal. However, upon superimposing the duck 2CARDRIG-I onto the 

human 2CARDRIG-I structure, it was identified by Sun Hur, that only two loops in the IIb/IIa 

2CARDRIG-I:CARDMAVS interface significantly deviated between the human and duck RIG-I 

proteins (Figure 6B and C). Therefore, in an effort to restore duck MAVS signaling in human 

cells and test a model of RIG-I-MAVS activation, the corresponding duck 2CARDRIG-I residues 

were mutated to the equivalent human residues (E115TR and T175K/T176E). We found that an 

E115TR mutation/insertion in duck 2CARDRIG-I abrogated the IFN-β promoter activity in ducks 

and did not improve the IFN signaling in HEK293T cells (Figure 6D and E). However, a 

T175K/T176E mutation in duck 2CARDRIG-I increased the IFN-β promoter activity to within 

70% of the human 2CARDRIG-I activity in HEK293T cells (Figure 6E). Interestingly, the 

T175K/T176E mutation in duck 2CARDRIG-I did not significantly inhibit the IFN-β promoter 

activity in chicken DF-1 cells (Figure 6D). This could suggest plasticity in the 2CARDRIG-

I:CARDMAVS interaction, considering how different the 2CARDRIG-I interface is between humans 

and ducks. 
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3.2 Mutations at residues 43 and 56 in both duck and human MAVS abrogates MAVS-

mediated IFN signaling. 

 

A recent publication (95) presented a competing model of MAVS filament formation, that was 

different from the one proposed by Sun Hur (72). To aid in identifying which model was correct, 

mutations were introduced at specific residues that differed in position between the two models. 

MAVS residues 43 and 56 were prime candidates, as both residues fell within the Ia/Ib 

CARDMAVS:CARDMAVS interface of the MAVS filament, and were shown to be in close 

proximity to each other in only one of the competing models (Figure 7A, B, and E). A mutation 

at either one of these positions should inhibit the MAVS-mediated IFN signalling if these residue 

interactions are important for the MAVS filament, which they are predicted to be by the Sun Hur 

(72) model but not the Xu et al. (95) model. We found that IFN-β promoter activity was 

abrogated upon mutation of either residue 43 or 56 in both human (Figure 7C) and duck (Figure 

7D) MAVS. In an effort to restore signaling and reaffirm an interaction between these residues, a 

charge complimentary mutation in both human (W56R and R43D/E) and duck (Y56R and 

H43D/E) MAVS was performed. Although deformed and irregular MAVS filaments were 

detected in the charge complimentary double mutants (Figure 7F), IFN-β signaling could only be 

partially restored in human MAVS but not duck MAVS. Together, these results suggest there is a 

direct interaction between MAVS residues 43 and 56 in both duck and human MAVS that aid in 

MAVS filament formation, suggesting that the Sun Hur model (72) correctly predicts the 

mechanism of MAVS filament formation. 
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3.3 Modeling influenza PB2 illustrates three human adaptive residues near the PB2 MAVS 

binding domain.  

 

Previously, PB2 was characterized to contain several adaptive residues that helped determine 

transmissibility between avian and human hosts (80). These residues had yet to be mapped on a 

complete crystal structure of an influenza A PB2 protein. To aid in understanding the function of 

these adaptive residues, I modeled the PB2 (PR8) amino acid sequence to the recently published 

bat influenza A PB2 crystal structure (4WSB) (91) (Figure 8A). Three adaptive residues were 

visualized to accumulate within the same domain (N9, T64, M81), though only 1 of the these 

residues (N9) fell within the PB2 domain described to bind human MAVS (79) (Figure 8B and 

C). Residues N9, T64, and M81 of PB2 (PR8) are located too far apart for any significant 

intermolecular interactions to occur; however, the residues were found to share a common 

interface surface, which resembles a potential binding cleft that could bind a conserved 

secondary structure, such as an α-helix (Figure 8B). An alignment of the 6 PB2 proteins used in 

this study demonstrates the high sequence conservation of PB2 (> 98% identity), while also 

highlighting where major differences arise between various IAV strains (Figure 8C). I have 

identified that PB2 proteins from LPAI, HPAI, and mammalian adapted influenza all differ at the 

adaptive residues 9, 64, and 81, suggesting that these residues may be important for determining 

PB2 function. Specifically, I am interested in residue 9 as it is positioned within the 

characterized PB2 MAVS binding domain (Figure 8C). 
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3.4 Not all avian influenza PB2 can bind to duck MAVS.  

 

Previously, both mammalian (N9) and avian adapted (D9) PB2 proteins have been shown to bind 

to human MAVS despite differences at the 9th residue (79). However, duck MAVS shares only 

~25% identity with human MAVS and could preferentially interact with avian PB2 over 

mammalian adapted PB2, due to prolonged coevolution between avian viruses and their hosts. 

Therefore, to investigate the impact a different MAVS target has on PB2-MAVS interactions, I 

co-transfected PB2 and duck MAVS in DF-1 cells and analyzed their interaction by 

immunoprecipitation (IP) and Western blot. As expected, human PB2 from PR8 and X31 IAV 

strains could interact with duck MAVS (Figure 9A). However, it was unexpected to observe the 

interaction between duck MAVS and PB2 from LPAIs (BC500 and M546) was weak or not 

detectable, respectively (Figure 9A). In contrast, the sampled HPAI PB2 proteins (D4AT and 

VN1203) could elicit a detectable interaction with duck MAVS. Thus, it appears LPAI PB2 

proteins display a reduced capability to interact with duck MAVS, while HPAI and mammalian 

adapted PB2 proteins have acquired this MAVS binding ability. 

 

3.5 The PB2 mutation D9N in the LPAI M546 strain restores duck MAVS binding.  

 

The adaptive PB2 residue at position 9 has produced differences in PB2 localization and IFN-β 

inhibition in human cells between avian and mammalian adapted IAVs (8). However, it has also 

been shown to not dramatically impact the MAVS binding capabilities of PB2 (79). To 

investigate if a 9th residue mutation in PB2 could affect binding to duck MAVS, I performed the 

IP and Western blot described above with PB2 proteins mutated at the 9th residue, which 
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swapped avian and mammalian adapted PB2 residues at position 9 (Figure 9B). Interestingly, the 

PB2 mutation (D9N) in the LPAI M546 restores binding to duck MAVS, while all other PB2-

MAVS interactions appear to not be significantly affected by the mutation (Figure 9B). This 

suggests the 9th residue in PB2 is important for MAVS binding, but it is not the only factor that 

determines PB2-MAVS binding interactions. 

 

3.6 Mammalian IAV PB2 proteins are potent inhibitors of duck MAVS IFN-β signaling. 

  

PB2 from different IAV strains have been shown to inhibit IFN-β signaling to differing degrees 

based on the IAV strain and the residue at position 9 of PB2 (8, 9). I speculated this observation 

was due to specific PB2 mutations incurred by the virus to facilitate a better interaction with the 

host MAVS. To test this idea, I co-transfected several different IAV PB2 proteins with duck 

MAVS in DF-1 cells and measured the IFN-β promoter activity. Unexpectedly, mammalian PB2 

(PR8, X31) inhibits duck MAVS IFN-β signaling by a greater extent (> 65.4% inhibition) than 

the avian adapted IAV PB2 proteins (< 48.1% inhibition) (Figure 10). Even upon mutating the 

9th residue of PB2 to swap the avian and mammalian adapted residues, mammalian adapted PB2 

proteins remain more potent inhibitors of IFN-β signaling (> 46.2% inhibition) than avian PB2 

D9N mutants (< 31.9% inhibition) (Figure 10). In fact, after mutating the 9th residue in PB2 a 

general decrease was seen in IFN-β promoter inhibition, except for the D9N PB2 from the M546 

IAV strain, which increases IFN-β inhibition (+17.4%) (Figure 10). This suggests a PB2-MAVS 

binding interaction contributes to the PB2 inhibition of the MAVS-mediated IFN-β signaling. 
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3.7 Mammalian adapted PB2 shows partial localization with duck MAVS in avian cells.   

 

The localization of PB2 to the mitochondria is believed to be mediated by the binding of the first 

37 N-terminal residues of PB2 to MAVS (79), however it has been speculated that other N-

terminal residues could be involved (8, 9). Residue 9 of PB2 is important in determining the 

cellular localization of PB2. Specifically, mammalian adapted PB2 (N9) is known to localize to 

the mitochondria, while avian adapted PB2 (D9) does not (8). I speculate that this was due to 

specific adaptive mutations in mammalian PB2 that allowed for the binding of human MAVS, 

while avian PB2 would be better adapted to interact with avian MAVS. To test this hypothesis in 

avian cells, I co-transfected different IAV PB2 proteins with duck MAVS and observed the 

localization signal of each protein via fluorescent microscopy.  

 

Since a large portion of PB2 proteins localize to the nucleus via a conserved bipartite nuclear 

localization signal (NLS)(60), only a small amount of the PB2 signal actually localizes with 

MAVS. Therefore a quantitative co-localization analysis was difficult to perform. Consequently, 

I decided to observe the signal intensity patterns of PB2 and duck MAVS in relation to one 

another. This allowed me to begin to annotate differences in the localization patterns of 

differentially adapted PB2 proteins. To perform this, I analyzed the localization patterns of 8 

cells for each transfected PB2 protein. Upon selecting a Z stack that clearly displayed the most 

amount of MAVS signal in focus, I drew a signal intensity line to cover as much MAVS signal 

as possible, while still passing the signal intensity line through the nucleus for a point of 

reference. I was then able to observe the signal intensity of labelled PB2 and MAVS proteins 

along the intensity line to see if their signals displayed similar patterns, if so, we can begin to 

infer that their signals are starting to localize to similar positions within the transfected cells. 



38 

 

 

Upon observation, the avian IAV PB2 proteins (BC500, M546, D4AT, VN1203) demonstrate no 

significant ability to localize with duck MAVS. The avian adapted PB2 signal is very low and 

does not synchronize with the signal intensity peaks of duck MAVS (Figure 11). However, 

mammalian PB2 proteins (PR8, X31) demonstrate a significantly different localization signal 

pattern. Mammalian adapted PB2 proteins display an increase in signal intensity that begins to 

synchronize with the duck MAVS signal intensity peaks (Figure 11), which suggests an increase 

in MAVS localization is occurring for mammalian adapted IAV PB2 proteins. Furthermore, 

mammalian IAV PB2 (X31) was also shown to localize to the mitochondria when duck MAVS 

was not transfected, suggesting PB2 does not require activated MAVS to localize to the 

mitochondria (Figure 12). This is in agreement with what has been observed in Vero cells, where 

mammalian but not avian adapted IAV PB2 proteins have been characterized as mitochondrial 

(8). Together these results suggest that mammalian adapted IAV PB2 proteins have acquired an 

ability to partially localize with MAVS proteins. 

 

3.8 A PB2 mutation at residue 9 causes increased cytoplasmic staining of HPAI and 

mammalian adapted PB2 proteins.  

 

Previously, residue 9 has been shown to influence the localization of IAV PB2 proteins (8). 

Therefore, it is suspected that mutating residue 9 of PB2, to swap the avian and mammalian 

adaptive residues, should dramatically change the localization patterns of these PB2 proteins. To 

investigate this, I again used fluorescent microscopy to document the location of my mutant PB2 

proteins (Mut PB2) and duck MAVS within DF-1 cells (Figure 11). Upon observing the mutant 
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PB2 images there appears to be negligible change for the BC500 PB2 signal pattern, however an 

increase in the PB2 signal outside of the nucleus is visible for the M546 D9N PB2 (Figure 11). 

The D4AT and VN1203 D9N PB2 signals were not shown to localize with duck MAVS (Figure 

11). Instead, it appears there is considerably more signal intensity outside of the nucleus, 

indicating an increase in cytoplasmic localization for the HPAI mutant PB2 proteins. This 

suggests an asparagine at position 9 is not enough to direct avian PB2 to partially localize with 

duck MAVS. Similarly the signal of the mutant mammalian PB2 proteins (PR8, X31) appears to 

no longer associate with duck MAVS signal intensity peaks. Instead, mammalian PB2 

demonstrates the same erratic cytoplasmic signal, indicating a decrease in PB2 association with 

MAVS and an increase in non-targeted cytoplasmic staining (Figure 11). Together, these results 

suggest residue 9 of PB2 indeed influences PB2 localization within avian cells, however it is not 

the sole factor involved in PB2 localization to duck MAVS. 

 

3.9 Mammalian adapted IAV PB2 proteins have increased non-nuclear staining that is not 

dependent on residue 9.  

 

Since differences in PB2 cytoplasmic staining has been observed in Figure 11, I decided to 

obtain a quantifiable parameter to measure the amount of PB2 staining within the cytoplasm. 

Each analyzed cell from Figure 11 was also measured for the amount of non-nuclear PB2 

staining (Figure 13). This provided another piece of data to help me understand how the PB2 

protein was distributed in each transfected cell and how the distribution was affected by a 

mutation at the adaptive 9th residue of PB2. In agreement with previous results, the wild type 

mammalian PB2 proteins (PR8, X31) had a higher amount of non-nuclear staining (> 18.7%) 
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than the wild type avian PB2 proteins (< 7.8%) (Figure 13). However, the PB2 non-nuclear 

staining of mammalian IAV PB2 proteins was not significantly changed upon an N9D mutation, 

which has been reported to be responsible for mitochondrial localization of PB2 (8). 

Furthermore, it appears a mutation of the avian adapted D9 residue, to the mammalian adapted 

N9 residue impacts avian PB2 proteins differently depending on whether a LPAI or HPAI PB2 is 

mutated. LPAI PB2 did not display the same increase in non-nuclear staining (< 4.5% increase) 

as with what is seen in the HPAI PB2 proteins (> 11.0% increase) (Figure 13). These 

observations along with the localization data suggests mammalian PB2 is unambiguously 

localized outside of the nucleus to possibly interact with duck MAVS, however the 9th residue is 

not the sole determinant of cytoplasmic or MAVS associated PB2 localization.  
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Figure 6. Analysis of the 2CARDRIG-I:CARDMAVS interface. (A) Sequence alignment of the 

second RIG-I CARD domain between various RIG-I orthologs using the Clustal Omega 

program. Yellow represents the interface residues and a blue bar represents the residues mutated 

in duck RIG-I.  (B) Graphical mapping of the 2CARDRIG-I:CARDMAVS interfaces. (C) 

Superposition and graphical representation of duck 2CARDRIG-I (green, PDB 4A2W) onto 

human 2CARDRIG-I in the 2CARDRIG-I:CARDMAVS complex. Duck residues E115 and 

T175/T176 are represented by black spheres on the interface surface. (D) Dual luciferase assay 

of the IFN-β promoter activity in DF-1(D) and HEK293T (E) cells after transfection with 

varying amounts of wild type or mutant human and duck 2CARDRIG-I domains. Note, all figures 

taken from Wu et al. (72). 
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Figure 7. Analysis of the CARD interface within the MAVS filament. (A) Sequence 

alignment using Clustal Omega of CARDMAVS from various MAVS orthologs. Interface residues 

are highlighted in yellow. (B) Model of the Ib-Ia CARDMAVS interface within the MAVS 

filament. Orange and blue colours represent seperate CARDMAVSmolecules. Residues 43 and 56 

are found within the Ib-Ia interface. C) IFN-β promoter activities during transfection with human 

MAVS constructs in HEK293T cells. D) IFN-β promoter activities after transfection with duck 

MAVS constructs in DF-1 cells. E) Comparison of the CARDMAVS Ia-Ib interface between the 

Sun Hur (72) MAVS filament model (orange, cyan) and the competing Xu et al. (95) model. (F) 

Cryo-EM microscopy images of wild type and mutant duck CARDMAVS-S filaments. Note, all 

figures taken from Wu et al. (72). 
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Figure 8. Map of adaptive residues within the PB2 structure. Influenza PB2 exhibits three 

adaptive residues near the MAVS-PB2 interface. (A) Modeled influenza PB2 (PR8) 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. (B) The first 103 residues of PB2 (PR8) are displayed with the 

proposed location of the potential MAVS α-helix binding cleft. Highlighted are the locations of 

three adaptive residues (green) between mammalian and avian influenza strains. (C) An 

influenza PB2 alignment of the first 103 residues from 6 different influenza strains, 2 low 

pathogenic avian influenza strains (LPAI), 2 high pathogenic avian influenza (HPAI) strains, and 

2 mammalian adapted IAV strains. The residues are coloured according to their physicochemical 

properties based on the Zappo colour scheme in Jalview. Highlighted are the primary PB2 

residues responsible for MAVS binding, as well as the adaptive PB2 residues involved in host 

adaptation (*). 
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Figure 9. Analysis of PB2-MAVS protein interactions. Avian PB2 (M546) displays no 

interactions with duck MAVS, while a D9N mutation to the M546 PB2 restores PB2-MAVS 

interaction. (A) Lysates from DF-1 cells co-transfected with pcDNA-dMAVS-V5 and pSMART-

CMV-PB2 from various strains were analyzed by IP using a polyclonal anti-PB2 antibody. 

MAVS-V5 and PB2 were detected by Western blot for both the IP and whole cell lysate (WCL) 

samples. (B) Lysates from DF-1 cells co-transfected with pcDNA-dMAVS-V5 and pSMART-

CMV-PB2 mutants at the 9th residues were analyzed by co-IP using a polyclonal anti-PB2 

antibody. MAVS-V5 and PB2 were detected by Western blot for both the IP and WCL samples. 

Note immunoprecipitations and Western blots were repeated twice with two independent sets of 

cell lysate samples. 
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Figure 10. PB2 inhibition of MAVS-mediated IFN signaling. Wild type and mutated 

mammalian influenza PB2 proteins remain potent inhibitors of chicken IFN-β promoter activity 

when compared to avian influenza PB2 proteins. DF-1 cells were co-transfected with pcDNA-

dMAVS (25ng) and pSMART-CMV-PB2 (500ng) from different influenza strains. The relative 

luciferase activity of pGL3-chIFNβ compared to phRTK (renilla luciferase) was measured using 

the Dual-Luciferase Reporter Assay System (Promega) 24 h after transfection. IAV PR8 NS1 

and duck Riplet were used as positive and negative controls. Dark grey bars represent the activity 

of wild type PB2 proteins, while black bars indicate the activity of mutated PB2 proteins. Mean 

values were calculated from the average of 9 measurements obtained from 3 independent 

experiments (n=3). Error bars represent the standard deviation from the means. A one-way 

ANOVA was conducted to compare effect of PB2 on MAVS-mediated IFN signaling. PB2 

displayed a significant effect on the chicken IFN promoter activity (F[15,32] = 83.28, p < 

0.0001). * indicates a P value < 0.05, based on a Tukey multiple comparison test. 
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Figure 11. Localization of PB2 and MAVS within DF-1 cells. Mammalian PB2 displays a 

partial increase in cellular localization to duck MAVS as compared to avian adapted PB2. A 

N9D mutation of mammalian adapted PB2 disrupts the partial MAVS localization, while a D9N 

mutation of avian PB2 does not restore the partial PB2 localization with duck MAVS. Confocal 

images and signal intensity plots are shown depicting the cellular localization of duck MAVS-V5 

(green) and wild type or mutant influenza PB2 proteins (blue) within DF-1 cells. Each cellular 

image is a representative picture from 8 analyzed cells. A yellow line has been drawn in each 

image to indicate the location of the signal intensity plot. An average of three pixels was used to 

generate the signal intensity plot after background noise was subtracted from all images using the 

Rolling Ball Background Subtraction tool within ImageJ. The scale bar represents a 10 μm 

length within each image. 
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Figure 12. Localization of PB2 and DF-1 cell mitochondria. PB2 from the avian IAV strain 

M546 does not localize with DF-1 mitochondria, while mammalian PB2 from the IAV strain 

X31 displays an increase in mitochondrial association. Confocal images and signal intensity 

plots are shown depicting the cellular localization of DF-1 cell mitochondria (red) and influenza 

PB2 proteins (blue) within DF-1 cells. Each cellular image is a representative picture from 8 

analyzed cells. A yellow line has been drawn in each image to indicate the location of the signal 

intensity plot. An average of three pixels was used to generate the signal intensity plot after 

background noise was subtracted from all images using the Rolling Ball Background Subtraction 

tool within ImageJ. The scale bar represents a 10 μm length within each image. 
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Figure 13. Percent non-nuclear PB2 staining in DF-1 cells. The residue at position 9 is not the 

sole determinant of PB2 non-nuclear staining within DF-1 cells. PB2 signals from the confocal 

images in Figure 11 were analyzed by measuring the sum of pixel intensity (raw integrated 

density) for PB2 staining within and outside of DF-1 nuclei using ImageJ. The difference 

between the PB2 whole cell signal and nuclear signal was then plotted as a percent of the total 

signal and described as non-nuclear staining. Background noise was subtracted from all images 

using the Rolling Ball Background Subtraction tool within ImageJ.  Mean values were calculated 

from the average of 8 analyzed cells for each treatment (n=8). Error bars represent the standard 

deviation from the mean. A one-way ANOVA was conducted to compare the cytoplasmic 

staining of differentially adapted WT and mutant PB2 proteins. There was a significant effect on 

PB2 cytoplasmic staining (F[13,98] = 44.66, p < 0.0001). **** indicates a P value < 0.0001, 

based on a Tukey multiple comparison test. 
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Chapter 4. Discussion 

 

Activated MAVS proteins form filaments, which are crucial to their cellular function, as studies 

have shown the formation of MAVS filaments are strongly correlated with the activation of IFN-

β signaling downstream of MAVS (74, 75). Some models have tried to explain how RIG-I 

nucleates MAVS filament formation (81, 95–97), however, structural investigation has not 

strongly supported the proposed models. Therefore, I was very fortunate to have the opportunity 

to collaborate with the Sun Hur research group and test their model of RIG-I-MAVS activation 

in an avian cell culture system. Here I have shown that key mutations in the interfaces between 

duck RIG-I and MAVS, as predicted by the Sun Hur model, have partially abrogated and 

restored MAVS signaling and filament formation in avian cells.  

4.1 The RIG-I-MAVS filament nucleation event is transient. 

 

It is known that both duck RIG-I and MAVS cannot activate the MAVS-mediated IFN signaling 

pathway in human cells. Similarly, both human RIG-I and MAVS cannot activate the MAVS-

mediated IFN signaling pathway in avian cells. Therefore, an accurate model of RIG-I-MAVS 

IFN signal activation should be able to predict key residues in duck RIG-I that when mutated can 

restore IFN signal activation in a human system. Here, the Sun Hur group was able to 

demonstrate just that, with the mutation of T175K/T176E in the duck 2CARD of RIG-I. 

Interestingly, I found the T175K/T176E in duck 2CARDRIG-I did not abrogate the IFN signal in 

avian cells, which could suggest the nucleation interaction between the 2CARD of RIG-I and the 

CARD of MAVS is flexible and can withstand changes to some of the key interacting residues. 

A flexible or transient nucleation interaction between RIG-I and MAVS would be advantageous 

to an infected cell, as this would allow for multiple MAVS filaments to be initiated from one 
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RIG-I 2CARD tetramer. This would quickly amplify the antiviral IFN signal and lead to a quick 

and efficient activation of the innate immune response, potentially protecting other cells from 

viral infection.  

4.2 MAVS filament formation is conserved across species. 

 

The CARD of MAVS has poor sequence conservation between human and duck MAVS, 

specifically at key residues in the inter-CARD interface within the MAVS filament. 

Interestingly, the CARD domains from MAVS were shown, by the Sun Hur research group, to 

form filaments despite major MAVS residue differences.  In an attempt to test the Sun Hur 

model of MAVS filament formation, functional mutations were performed on key MAVS 

interface residues to abrogate the IFN signal in both duck and human MAVS. I found that the 

predicted mutations of Y56R and H43D completely inhibited the duck MAVS-mediated IFN 

signal. This suggests the Sun Hur model of MAVS filament formation is conserved in ducks, as 

mutations in the predicted residues completely abrogated the IFN signal. However, I found that 

charge complementary mutations at these duck MAVS residues did not significantly restore the 

IFN signal. This is most likely caused by the abnormal MAVS filament structures shown by the 

Sun Hur research group, as downstream adaptor proteins would have a difficult time interacting 

with the abnormal mutant MAVS filament surface. Together, these results suggest that the RIG-I 

nucleated MAVS filament structure is a conserved cross species mechanism of IFN signaling. 

However, the filament mechanism of signal transduction may not be limited to the RIG-I-MAVS 

pathway. Recently, the sensory proteins AIM2 and NLRP3, which activate inflammasomes, have 

also been shown to nucleate CARD filaments from the downstream adaptor protein ASC (98). 

Therefore, it appears the structural mechanism of CARD filament formation may be conserved 
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across several innate immune receptors, and would be an excellent target for viral proteins to 

shut down the innate antiviral response. 

4.3 Influenza PB2 inhibition of MAVS IFN signaling 

 

PB2-MAVS interactions are known to dampen the antiviral IFN response in IAV infected cells 

(8, 9), and therefore, PB2 inhibition of MAVS IFN signaling is thought to affect IAV virulence 

and fitness. Differences in IFN inhibition have arisen between mammalian and avian adapted 

IAV PB2 proteins (80). I hypothesized this difference in IFN inhibition is caused by the selective 

pressure for PB2 to adapt and inhibit MAVS molecules from different species. Therefore, avian 

IAV PB2 should be better adapted than mammalian PB2 to inhibit and interact with duck MAVS 

in avian cells. Here, I have examined the structure, function, and localization of 6 PB2 proteins 

from 4 avian (BC500, M546, D4AT, VN1203) and 2 mammalian (PR8 and X31) adapted IAV 

strains within avian cells. Unexpectedly, I found mammalian adapted PB2 proteins to be a more 

potent inhibitor of avian IFN-β signaling, as compared to avian adapted PB2s. Additionally, I 

found the PB2 inhibition of IFN in avian cells is partially dependent on both PB2-MAVS 

binding interactions and PB2 localization. Together, my findings suggest mammalian IAV PB2 

proteins have acquired a cross species ability to inhibit IFN, which could have the potential to 

affect both IAV virulence and fitness. 

4.4 Mammalian adapted PB2 is a potent cross species inhibitor of IFN-β 

 

Mammalian IAV adapted PB2 proteins are more potent inhibitors of duck MAVS-mediated IFN-

β signaling than avian adapted PB2 proteins. This observation is contrary to what has been 

reported in the literature. In mammalian cells (HEK293), PB2 proteins from mammalian adapted 

IAVs (PR8 and WSN) were shown to be ~50% more effective than PB2 from avian adapted 
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IAVs (A/Hong Kong/483/34 and A/Hong Kong/486/34) at inhibiting the IFN-β promoter activity 

(9). Similarly in avian chicken cells (DF-1), a PB2 protein from a chicken adapted IAV 

(A/chicken/Yamaguchi/7/04) was reported to be ~30% more effective than a PB2 protein from a 

duck adapted IAV (A/duck/Hokkaido/Vac-1/04) at inhibiting the IFN-β promoter activity (99). 

From this, it appeared IAV PB2 proteins from different strains are adapting to inhibit a familiar 

interaction partner in these cellular systems, I suspected it was the host MAVS protein. In 

contrast, I have found that mammalian adapted PB2 proteins are capable of having a potent IFN 

inhibition effect across the avian-mammalian species barrier. This could suggest mammalian 

adapted PB2 proteins are adapting to interact with a conserved MAVS signaling structure and 

not specific MAVS surface residues. Two potential PB2 interacting structures could be the 

conserved CARDMAVS filament (72), or a smaller conserved secondary structure such as the 

conserved α-helixes within the CARD of MAVS proteins. Since I have observed mammalian 

adapted IAV PB2 to partially localize with mitochondria in the absence of activated MAVS 

filaments in chicken cells, it is more probable that PB2 is interacting with smaller conserved 

MAVS secondary structures. However to test this proposition would require further functional 

work and most likely a crystal structure to confirm the true PB2 interacting domain of MAVS, as 

current research as only narrowed the PB2 interacting domains of MAVS to the first 150 N-

terminal residues (79). Nonetheless, for the remainder of my discussion I will discuss the 

differences in IAV PB2 IFN inhibition with regards to PB2 structure, MAVS binding, and PB2 

localization. 
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4.5 PB2 displays three adaptive residues, which form a cleft like structure near the MAVS 

binding domain. 

 

I used protein modelling software and the recently published IAV PB2 X-ray crystal structure 

(91), to model and annotate where adaptive residues (80) are located within the PB2 structure. In 

agreement with previous results (79), I found the important adaptive residue 9 of PB2, mapped to 

the first N-terminal helix within the MAVS binding domain. However, two other adaptive PB2 

residues (64 and 81) were found to map near the same region as residue 9. Based on their 

position and shared potential interaction surface, these residues may interact with a common 

molecule. This is significant as it is the first report of the structural possibility for these three 

PB2 residues (9, 64, 81) to be involved in MAVS-PB2 interactions. Specifically, the structural 

position of the bottom α-helix, which contains residue 9, and the upper surface structure made by 

PB2 residues 64 – 81, provide a cleft where it is conceivable to fit an α-helix from an interacting 

protein, such as α-helixes from the MAVS CARD. Furthermore, a conserved MAVS binding 

cleft partially composed from three adaptive residues within the PB2 protein could help explain 

the differences in IFN inhibition seen between LPAI, HPAI, and mammalian adapted PB2 

proteins. It has been shown that the strongly conserved third N-terminal α-helix of PB2 mediates 

the majority of MAVS interactions (79), however this fails to explain why differentially adapted 

PB2 proteins from different IAV strains display varying degrees of MAVS binding. Therefore a 

cleft composed of several adaptive PB2 residues which influence PB2-MAVS binding would be 

a more plausible explanation for why differentially adapted IAV PB2 proteins display varying 

abilities to bind MAVS and inhibit the IFN response. Specifically, future research may want to 

investigate PB2 residue 64 as three different residues are expressed between the sampled LPAI 
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(M), HPAI (I), and mammalian adapted (T) IAV strains. However, for the remainder of my 

discussion, I will focus on the effects of PB2 residue 9 and the PB2-MAVS interaction. 

4.6 PB2-mediated IFN inhibition is partially dependent on PB2-MAVS interactions. 

 

In order to investigate the functional significance of PB2-MAVS interactions on IFN inhibition, I 

analyzed each PB2-MAVS interaction by immunoprecipitation. I found that LPAI adapted PB2 

proteins have a reduced capacity to bind duck MAVS. In particular, PB2 from M546 displayed 

no detectable amount of PB2-MAVS binding. This is extremely interesting as it is the first 

reported case of a PB2 protein that does not interact with MAVS. It also helps explain the 

significantly reduced IFN inhibition capability of this PB2 protein, suggesting that PB2 binding 

is partially responsible for an effective inhibition of MAVS-mediated IFN signaling. Until 

recently, all examined PB2 proteins have been reported to interact with MAVS, regardless of the 

IAV strain (8, 9, 79). However, this negative PB2 binding result is puzzling, as there are no 

residue differences between the BC500 PB2 and the M546 PB2 within the MAVS binding 

domain or my proposed binding cleft which involves PB2 residues 9, 64, and 81. This led me to 

ask, what then, is causing this difference in MAVS binding? It has been shown that residues 

upstream of PB2 residue 119 are still capable of mediating limited PB2-MAVS interaction (9), 

therefore I propose that PB2 could also contain other residues that influence MAVS binding 

outside of both the characterized N-terminal MAVS binding domain (79) and my proposed PB2 

binding cleft. Residues G123 and I186 are the first N-terminal residues which differ from the 

BC500 PB2 protein and are unique to the IAV strain M546. Both G123 and I186 are not 

conserved among other IAV strains and are not considered to be avian or human adaptive IAV 

residues. However G123 and I186 are both located within surface accessible α-helixes, which 

would allow them to participate in intermolecular interactions, potentially influencing the PB2-
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MAVS interaction. Although it would seem difficult for PB2 residues G123 and I186 to have a 

direct interaction with duck MAVS, due to the large modeled distance from the required MAVS 

binding domain, this does not eliminate the possibility of these residues playing an indirect role 

in PB2-MAVS binding. Perhaps uncharacterized cellular adaptor proteins can also interact with 

downstream PB2 residues (G123 or I186) that modify the PB2-MAVS interaction. In this way 

surface accessible PB2 residues further downstream from the MAVS binding site could modify 

the observed PB2-MAVS interactions. Therefore G123 and I186 in M546 would be excellent 

early candidates for potential future research that investigates other PB2 residues that could 

directly or indirectly affect PB2-MAVS binding. 

 

PB2 residue 9 is known to affect both IFN inhibition and PB2 localization (8), and I suspect it 

also influences PB2-MAVS binding interactions. To investigate the role of the species adapted 

PB2 residue 9 in MAVS-PB2 interactions, I swapped the avian adaptive residues (D9) and the 

mammalian adaptive residues (N9) with each other (D9N and N9D), and I tested for direct or 

indirect protein interactions by immunoprecipitation.  I established that a D9N mutation in the 

PB2 from M546 restored PB2-MAVS interactions and as expected, increased the IFN inhibition 

of this PB2 M546 mutant. However this same mutation in the other LPAI, HPAI, and 

mammalian adapted PB2 proteins did not significantly change their observed PB2-MAVS 

binding interactions, and actually decreased IFN inhibition. Therefore, it appears the mammalian 

adaptive residue at position 9, asparagine, can improve MAVS binding and IFN inhibition; 

however, it is not the sole determinant of PB2 function. In fact, PB2 residue 9 may be working 

cooperatively with other PB2 residues. I have presented a structural model that suggests PB2 

residues 64 and 81 could be involved in determining the PB2-MAVS interaction, and therefore a 
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change to only one residue within the PB2 MAVS binding cleft could cause a significant change 

that influences PB2 function, however additional PB2 residue changes seem to be required to 

transfer mammalian adapted PB2 function to avian PB2 proteins. Therefore, together these 

results provide support that multiple PB2 residues are important for either direct or indirect PB2-

MAVS interactions, however I cannot rule out that these adaptive residues are not also 

modifying the location of PB2 within DF-1 cells. 

4.7 PB2-mediated IFN inhibition is partially dependent on PB2 localization. 

 

PB2 has long been characterized to localize to the mitochondria (77, 78), and more recently 

mammalian adapted PB2 has been described to localize to the mitochondria while interacting 

with human MAVS (8, 79). To investigate how these differently adapted PB2 proteins localize in 

avian cells, I used fluorescent confocal microscopy to characterize the location of PB2 and duck 

MAVS. I discovered that only mammalian adapted PB2 proteins showed a partial localization 

with duck MAVS, while avian adapted PB2s did not. Although this is not concrete quantitative 

co-localization data, this observation does agree with other work and shows a similar trend as 

mammalian PB2 has been shown to localize to the mitochondria (8). However, it was expected 

that due to specific adaptive mutation in PB2, avian adapted PB2 would be better suited to 

interact with avian MAVS. Thus, it appears mammalian adapted PB2 has evolved an increased 

ability to localize with MAVS, which may explain why mammalian adapted PB2 proteins inhibit 

IFN signaling to a greater extent than avian adapted PB2 in avian cells. In fact, it could be a 

combination of PB2-MAVS binding interactions and PB2 localization that both have an effect on 

PB2 function, as differences in both PB2 localization and MAVS binding coincide with 

differences in PB2 IFN signaling inhibition. 
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To understand what drives this adaptive localization function in PB2, I again swapped the avian 

adaptive residues (D9) and the mammalian adaptive residues (N9) with each other (D9N and 

N9D) and observed the mutated PB2 localization with regards to duck MAVS in DF-1 cells. 

Surprisingly, a D9N (avian to mammalian) mutation in avian adapted PB2 did not grant the 

ability for avian adapted PB2 to localize with duck MAVS, as was previously described (8). The 

mutations instead produced different staining phenotypes between LPAI and HPAI PB2 proteins, 

where HPAI PB2 became more cytoplasmic and LPAI PB2 barely differed in its PB2 staining 

pattern. This could suggest PB2 localization is dependent on several PB2 residues, as one residue 

change is not sufficient to transfer the mammalian adapted PB2 function to avian PB2 proteins. 

Interestingly, I speculate that mutated HPAI PB2s could be interacting with cellular adaptor 

proteins, which would allow HPAI PB2s to be targeted outside of the nucleus. Conversely, the 

mutated LPAI PB2s could lack other key residue mutations, which would prevent them from 

interacting with potential cellular adaptor proteins and cause them to remain solely targeted to 

the nucleus. Therefore, further research would be needed to investigate the effect of other 

mammalian adaptive PB2 mutations on PB2 localization. Here I have suggested residues 64 and 

81 of PB2 would be prime candidates for future research as I have found them to share a 

potential binding cleft with PB2 residue 9, which is a PB2 residue known to affect PB2 

localization (8).  

 

Additionally, an N9D mutation in mammalian adapted PB2 abrogated any significant PB2 

localization to MAVS, and caused significant non-localized cytoplasmic PB2 staining. Again, 

this could suggest that other PB2 residues are necessary for localizing PB2 outside of the 

nucleus, however the human adaptive PB2 residue N9 is required in combination with other 
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residues to specifically target PB2 to MAVS. Together, these results indicate that the mammalian 

adaptive residue N9 in avian adapted PB2 is not sufficient to confer PB2 localization to MAVS, 

but it is required for mammalian adapted PB2 to localize to the mitochondria. Therefore, it 

appears that mammalian adapted IAV PB2 proteins have acquired several adaptive mutations 

that function cooperatively to interact and localize with the generally conserved MAVS 

structure. However, the exact selective advantage this increased IFN inhibition confers to 

mammalian adapted IAVs remains to be discussed. 

4.8 PB2-mediated IFN inhibition could increases viral fitness for mammalian adapted 

IAVs. 

 

Initially, the accepted theory on pathogen evolution and virulence was that asymptomatic disease 

is the eventual evolutionary result of prolonged host-pathogen interactions, as harm to the host 

decreases the pathogen’s fitness (100, 101). This theory works well for asymptomatic IAV 

infections in ducks, as they are the natural host of IAVs, and have most likely co-evolved with 

the virus to create a reservoir that ensures both the virus and the host survive (25). However, this 

theory fails to explain the persistent symptomatic IAV infections we see in humans during our 

annual “flu season”, as well as why viruses mutate to produce the occasional highly pathogenic 

pandemics, such as the 1918 (H1N1), 1957 (H2N2), and 1968 (H3N2) IAV pandemics (31–33). 

Here, I speculate that IAV virulence behaves in a way that is best explained by the transmission-

virulence trade-off hypothesis (102, 103), which argues that virulence can be adaptive to a 

certain extent when its benefits are linked to other beneficial pathogen traits such as increased 

transmission. HIV in humans is a prime example of this hypothesis at work, as there is a positive 

relationship between HIV transmissibility and viral load, but optimal HIV transmission occurs at 

intermediate viral loads (104).  In the case of avian adapted IAV infections in ducks, I speculate 
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that there is no selective pressure for the virus to cause disease. IAVs replicate asymptomatically 

in the intestinal tract of ducks and are excreted in high volumes into the environment via fecal 

contaminated lake water, which can then cause infections in other animals (26). This 

transmission strategy employed by avian IAVs is very efficient and causes minimal cost to the 

host as intestinal epithelial cells turn over quite frequently. Thus, there has been no need for 

avian influenza to develop virulence to improve viral fitness, as this is the perfect host for IAV 

infection. However, in humans the situation is quite different, IAV infection typically occurs in 

the lungs (105), and as one can imagine, human IAV transmission would be difficult if humans 

did not sneeze and cough during an upper respiratory tract infection. Therefore, it could be 

advantageous for mammalian adapted viruses to evolve pathogenic mechanisms that improve 

viral replication and transmission, such as IFN inhibition. Although I have not measured the 

actual amount of IFN-β expressed in my DF-1 cell experiments, highly active promoters can 

greatly upregulate the amount of mRNA transcripts, which are known to correlate more strongly 

with levels of protein expression than steady-state levels of mRNA transcripts (106). Therefore I 

feel confident that changes to a highly active IFN-β promoter is affecting the amount of 

expressed IFN-β. However, further investigation would be needed to ascertain that PB2 

inhibition of IFN signaling is indeed affecting IFN-β expression levels. In reference to PB2, one 

study demonstrated the HA and NA proteins from the 1918 influenza pandemic strain were not 

sufficient to produce respiratory droplet transmission in an avian IAV strain in ferrets, but the 

addition of the 1918 influenza PB2 protein was able to confer this ability (107). Additionally, a 

mammalian adapted IAV expressing the avian adapted PB2 residue (D9) was significantly 

attenuated in mice, compared to the wild type strain (8).  Through these examples, it is apparent 

that PB2 and specifically changes at PB2 residue 9 can play an integral role in IAV transmission 
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and fitness. Therefore, I speculate that the effective IFN inhibition displayed by mammalian 

adapted PB2 proteins, could be an adaptation acquired to improve mammalian influenza viral 

fitness.  

4.9 Conclusions 

 

In summary, I have helped demonstrate that the RIG-I-MAVS IFN signaling mechanism could 

be conserved across different species, which would make it an ideal target for IAV proteins like 

PB2. Additionally, I found mammalian adapted IAV PB2 has potentially acquired a cross species 

ability to be a potent IFN inhibitor in avian cells. This IFN inhibition is also shown to be 

partially dependent on both PB2-MAVS binding interactions and PB2 localization. Furthermore, 

I have found that mammalian adapted PB2 residue N9 is required for PB2 functions, such as 

PB2-MAVS binding, localization, and IFN inhibition, but it is not sufficient to transfer all these 

functions to avian adapted PB2 proteins. As a result, PB2 residues 64 and 81 could be additional 

sources of variation in PB2 that cause functional differences between IAV strains, as they share a 

potential common binding cleft with the adaptive residue 9 of PB2. Unfortunately, the exact 

mechanism of how PB2 mediates the inhibition of MAVS-mediated IFN signaling is still 

unknown. However since truncated PB2 interactions with MAVS increases MAVS-mediated 

IFN signaling (7), it appears that a direct or indirect PB2 interaction with MAVS is not the cause 

of  IFN inhibition. Thus, it could be the steric hindrance of full length PB2 that is either blocking 

the nucleation of MAVS filaments or blocking the binding of downstream adaptors, which is 

causing the IFN signaling inhibition. However, to determine the exact mechanism of PB2 IFN 

inhibition would require further study. Here, I have highlighted my results and findings as it is 

important to identify and investigate all adaptive mutations that could be associated with 
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elevated IAV virulence and viral fitness within mammals. This will allow us to better estimate 

the risk that avian IAVs pose to human health. 
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