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Abstract 

 

Coinfection Dynamics and Host Restriction in Influenza A Virus Infection 

 

By Gabrielle K. Delima 

 

Genetic exchange between coinfecting influenza A viruses can drive viral evolution and is 

particularly important in facilitating adaptation to new host species. Thus, we investigated how 

coinfection and host restriction impact IAV replication in novel hosts. We have previously 

demonstrated that IAVs benefit  from virus-virus interactions during homologous coinfection, 

indicating an intrinsic reliance on coinfection. However, whether IAV virus-virus interactions 

during coinfection with a heterologous strain are similarly beneficial had not been explored. To 

address this, we assessed the outcomes of heterologous virus-virus interactions by evaluating the 

extent to which a coinfecting IAV could augment the replication of a focal IAV. We found that 

virus-virus interactions within cells were largely beneficial, with IAVs having the lowest 

intrinsic reliance on coinfection most effectively augmenting replication of a focal IAV. 

However, competitive virus-virus interactions were dominant during multi-cycle infection. These 

findings suggest that coinfecting IAVs are significantly impacted by virus-virus interactions, 

with differing dominant virus-virus interactions between the within-cell and within-host scales. 

We have previously shown that the M segments of avian IAVs support aberrantly high M2 

expression in mammalian cells. The M segment of the 2009 pandemic strain, although descended 

from that of an avian IAV, does not show this phenotype. However, the mechanism that re-

establishes optimal M gene expression, was not well understood. Thus, we undertook to 

elucidate the mechanism underlying differential M segment gene regulation during avian and 

human IAV infection of a mammalian host. We found that avian IAV circulation in swine was 

associated with decreased M2 expression in mammalian cells. However, introducing M segment 

mutations that arose during IAV swine circulation into an avian precursor did not change M2 

protein expression. Introducing regions of the 2009 H1N1 pandemic IAV  did decrease avian M2 

protein, but not mRNA, expression. These findings suggest that re-establishing regulation of M 

gene expression is necessary to overcome host restriction. Together, these studies further our 

understanding of the impacts of coinfection dynamics and host restriction on IAV replication in 

novel hosts. 
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Chapter 1: Introduction 1 

Introduction 2 

Influenza is a respiratory disease caused by influenza A and B viruses. In humans, influenza is 3 

seasonal as cases tend to increase in the winter months in temperate regions or rainy seasons in 4 

tropical climates (1). Each year, influenza results in an estimated 9-41 million cases, 140-5 

710,000 hospitalizations, and 12-52,000 deaths and over $87 billion in total economic burden the 6 

United States (2, 3). Vaccines are available to protect against seasonal influenza, however 7 

influenza strains included in the vaccine must be updated each year due to the virus’ ability to 8 

evade pre-existing immunity (1, 4). Moreover, vaccines against seasonal influenza do not protect 9 

against infections caused by novel zoonotic influenza viruses. While influenza zoonoses are 10 

infrequent, novel variants that can infect, then transmit from human to human, can cause 11 

influenza pandemics which have even greater morbidity and mortality in humans than seasonal 12 

influenza (5-7) For this reason, the mechanisms behind influenza virus evolution and host 13 

adaptation continue to be an important area of research. 14 

 15 

Influenza viruses 16 

Influenza viruses belong to the family Orthomyxoviridae and include four types; A, B, C and D. 17 

Of these subtypes, influenza A viruses (IAVs) have the largest impact on humans but infect a 18 

wide range of avian and mammalian hosts. The IAV genome is made up of eight negative sense, 19 

single stranded RNA gene segments that encode at least 11 proteins. In the virion, each gene 20 

segment is packaged as viral ribonucleoproteins (vRNPs) bound by nucleoproteins (NP) and a 21 

polymerase complex, which comprises the polymerase basic 1 (PB1), polymerase basic 2 (PB2), 22 

and polymerase acid (PA) proteins (8-10). The vRNPs, that make up the viral core, and nuclear 23 
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export protein (NEP) are encased by a layer of matrix 1 (M1) proteins, which in turn is 24 

enveloped by a lipid bilayer derived from the host cell plasma membrane. The virion envelope is 25 

decorated with viral transmembrane proteins hemagglutinin (HA), neuraminidase (NA), matrix 2 26 

(M2). There are 17 HA (H1-H17) and 9 NA (N1-N9) known subtypes which are used in 27 

combination to classify IAV strains (e.g. H1N1, H3N2) (11). 28 

 29 

Fig. 1 influenza A virus structure. This schematic illustrates the general composition and 30 

structure of an influenza virion (8-11). (Graphic: G. Delima) 31 
 32 

IAV life cycle 33 

IAV infection begins with HA mediated attachment to terminal sialic acids on host cell 34 

receptors, resulting in endocytosis of the virion (12). As the endosome traffics inside the 35 

cytoplasm, the pH decreases triggering viral uncoating in two parts. One, the HA trimeric protein 36 

undergoes a conformational change exposing a fusion peptide that inserts into the endosomal 37 

membrane, then additional conformational changes in HA results in the formation of a pore (13, 38 

14). Two, the tetrameric M2 proton channel activates, resulting in the acidification of the viral 39 
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core, which disassociates vRNPs from the M1 protein inner layer (15, 16). These two events 40 

result in vRNP release into the cellular cytoplasm where NP nuclear localization signals direct 41 

cellular importin proteins to transport vRNPs into the host cell nucleus (11, 17). 42 

Once inside the nucleus, IAV replication begins. The vRNP polymerase complex, an RNA-43 

dependent RNA polymerase, transcribes the negative sense RNA into one of two RNA species. 44 

Viral mRNA, which is used for protein synthesis, and complementary RNA, which is then used 45 

as a template to generate viral RNA (vRNA) gene segments. The IAV polymerase complex 46 

cannot generate the 5’ mRNA cap needed for translation. Instead, PB2 binds to cellular mRNA 47 

caps and the endonuclease of PA cleaves the cellular mRNA 10-13 bases downstream of the 5’ 48 

end, in a process known as “cap snatching” (18-20). PB1 then polymerizes extension of the 49 

capped primer along the vRNA template and “stutters” upon reaching a stretch of uradine 50 

residues at the 5’ end of the vRNA which produces a poly-A tail at the 3’ end of the mRNA (20-51 

22). Notably, the viral mRNAs of certain gene segments are spliced to generate alternative 52 

transcripts. Alternative splicing of the non-structural (NS) and M segment mRNA transcripts 53 

produce the NEP and M2 proteins, respectively.  54 

Regulation of gene expression from the M segment, to form M1 and M2 proteins, has important 55 

implications in IAV host adaptation and will be discussed further in chapter three. The transcript 56 

of the M segment, mRNA7, encodes M1. Alternative splicing of mRNA7 forms mRNA10, which 57 

encodes M2, and mRNA11, which encodes no known protein. For mRNA7, the following model 58 

has been supported. Nuclear speckles are the site of mRNA7 splicing, which is regulated by host 59 

factors (23-27). The viral NS1 protein and the host NS1 binding protein (NS1-BP) bind and 60 

transport mRNA7 into nuclear speckles (28, 29). Once in the nuclear speckle, NS1 dissociates 61 

from mRNA7, and heterogenous ribonuclear protein K (hnRNP K) binds to the mRNA7 intron. 62 



4 
 

 

Then hnRNP K recruits U1 small nuclear ribonuclear protein (U1 snRNP) to the mRNA10 5’ 63 

splice site, displacing NS1-BP, U1 snRNP together with the spliceosome then splices the 64 

mRNA7 to form mRNA10 (28, 29). Additionally ASF/SF2, a member of the SR RNA splicing 65 

protein family, has been described to be involved in mRNA7 splicing (30). 66 

 67 

Fig. 2 influenza A virus life cycle. Influenza virus attachment is mediated by viral HA protein 68 

interaction with sialic acid (SA) receptors on the cell surface (12). The virion is internalized via 69 
receptor-mediated endocytosis. The formed endosome containing the virion becomes acidified 70 
triggering HA fusion of the viral and endosomal membranes, M2 proton channel mediated 71 
acidification of the viral core (13-16). This uncoating of the virion results in the release of  viral 72 
ribonucleoproteins (vRNPs) into the cytoplasm and are imported into the nucleus (11, 17). In the 73 

nucleus, vRNPs are transcribed into positive sense viral mRNA or cRNA. mRNAs are exported 74 
from the nucleus and translated by ribosomes in the cytoplasm or endoplasmic reticulum (ER), 75 
while cRNAs are used as a template to generate vRNAs (18, 20).  vRNAs form vRNPs with viral 76 
proteins imported into the nucleus which are exported from the nucleus toward the cell surface 77 
(10, 38). There vRNPs of each of the eight viral gene segments are packaged into budding 78 

virions that are released once viral assembly is complete (11, 48, 49). (Graphic: G. Delima) 79 

Viral mRNAs are exported from the nucleus to be translated by cellular ribosomes. The viral 80 

proteins that make up the envelope, HA, NA, and M2, are synthesized on ribosomes bound to the 81 



5 
 

 

endoplasmic reticulum. There they are inserted in the membrane, folded, and oligomerized 82 

before being trafficked to the Golgi apparatus for post-translational modification, and finally to 83 

the host cell plasma membrane (11). Newly synthesized NP, PB1, PB2, PA, M1, and NEP 84 

proteins are directed back into the nucleus by nuclear localization signals to engage in viral 85 

replication and vRNP formation (31-33). Nuclear export of vRNPs is mediated through viral 86 

NEP and M1 proteins and the cellular CRM1 pathway (34-37). vRNPs are then trafficked to the 87 

plasma membrane via recycling endosomes (10, 38). 88 

At the plasma membrane, HA, NA, M1, and M2 mediate viral budding and release. The HA 89 

trimers and NA tetramers are targeted to lipid raft domains that lead to membrane curvature and 90 

budding (39-41). M1 proteins, which are bound to vRNPs, bind to HA, NA, and the plasma 91 

membrane, providing structural support and shape to the budding virion (42, 43). M1 also binds 92 

to the M2 tetramer which mediates virion scission from the plasma membrane (44-47). Finally, 93 

NA facilitates virion release by removing sialic acid residues from the virus envelope and cell 94 

surface, freeing the newly formed virion (11, 48, 49). 95 

IAV evolution 96 

IAVs evolve by two mechanisms, mutation and reassortment. The RNA-dependent RNA 97 

polymerase encoded by IAVs lacks proofreading which results in frequent mutations, at a rate of 98 

approximately 2.5 x 105 substitutions per nucleotide per cell infection, during replication of the 99 

viral genome (50). Reassortment can occur when two or more IAVs coinfect the same cell, 100 

producing progeny that incorporate gene segments from either parental strain (51-53). While 101 

mutation and reassortment can occur readily, these processes are often deleterious, resulting in 102 

less fit progeny (50, 54-56). However, in an environment where selection is acting, rare 103 

beneficial mutations may arise leading to the emergence of progeny with enhanced fitness. Such 104 
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is the case with seasonal influenza, where variants that can evade pre-existing immunity, 105 

particularly HA neutralizing antibodies, become the new circulating strain (1, 57). Another 106 

context in which IAV evolution is critical for its ecology and epidemiology is adaptation of an 107 

IAV to a new host (5, 58). 108 

IAV hosts 109 

The natural reservoir of IAVs are waterfowl, in which nearly all of the HA and NA subtypes 110 

have been found (59-62). IAVs have spread from this reservoir and established host-specific 111 

lineages in humans, poultry, swine, and other mammals. In humans, seasonal influenza A is 112 

currently caused by human H1N1 and H3N2 IAVs (1, 63). While uncommon, human infection 113 

with IAVs that circulate in non-human hosts occur. Usually, these infections are limited to the 114 

index case, however in rare cases, sustained transmission from person to person occurs, resulting 115 

in an IAV pandemic (7, 59). Avian IAVs in poultry have become a concern due to human 116 

infection with these strains. Particularly, highly pathogenic avian influenza (HPAI) A(H5) and 117 

A(H7) viruses, bearing a multibasic cleavage site in the HA protein increasing pathogenicity in 118 

poultry, have resulted in human  infections, deaths, and some instances of human to human 119 

transmission (64-66). Another host of concern for zoonotic potential is swine, as it has proven to 120 

be an intermediate host for IAVs. Significantly, the most recent IAV pandemic strain arose from 121 

reassortment in swine in 2009 (67, 68). 122 

 123 

Overcoming species barriers 124 

Species barriers impede transmission of IAVs into new hosts (5, 7, 69, 70). However, IAVs can 125 

overcome these barriers and adapt to a new host via mutation and reassortment. The HA and the 126 

polymerase complex have been well-described as important determinants of viral host range (71-127 
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73). Receptor availability poses a barrier to transmission as human IAV HAs preferentially bind 128 

to sialic acid with α2,6 linkage to galactose, but avian IAV HAs prefer α2,3 linked sialic acid to 129 

mediate attachment. Humans express α2,6 sialic acid receptors in the upper respiratory tract, 130 

while α2,3 sialic acid receptors are present in the lower respiratory tract, which are more difficult 131 

to reach (74-76). However, a variety of mutations have been identified that alter receptor 132 

preference to α2,6 sialic acid (7, 77-79). Additionally, circulation in swine has been shown to 133 

mediate avian IAV adaptation to the human receptor, as swine harbor both avian and human IAV 134 

receptors (68, 80, 81). Once inside a cell, IAV polymerase activity or interactions with host 135 

factors can be diminished  during infection of a new species (82-84). Nevertheless, mutations to 136 

PB2, PB1, or PA can re-establish polymerase activity in the new host (85-88). Thus, mutation 137 

has an important role in overcoming IAV barriers through host adaptation. Similarly, IAVs can 138 

rapidly overcome species barriers by acquiring gene segments pre-adapted to the host through 139 

reassortment (5, 58). This mode of host adaptation was particularly important for the emergence 140 

of several pandemic IAV strains. 141 

 142 

 143 

Pandemic IAVs 144 

Pandemic IAVs pose a substantial detriment to human health. The first pandemic caused by an 145 

IAV happened in 1918, an H1N1 virus known as the “Spanish flu” and killed an estimated 50 146 

million people globally (89, 90). The 1957 H2N2 “Asian flu” virus and the 1968 H3N2 “Hong 147 

Kong flu” virus each killed approximately one million people worldwide. The most recent IAV 148 

pandemic occurred in 2009,  caused by the H1N1 “Swine flu” virus, resulting in about 150-149 

500,000 deaths. Both the 1968 H3N2 and 2009 H1N1 virus lineages continue to circulate in 150 
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humans as seasonal influenza strains (91). Notably, the past three IAVs pandemics share a 151 

common feature; they harbor gene segments from both human and non-human IAVs(5, 6, 67, 152 

92). Both the 1957 H2N2 and 1968 H3N2 strains were reassortants between avian IAVs and the 153 

contemporary seasonal strain (7, 84). The 2009 H1N1 strain was a reassortant between avian, 154 

swine, and human IAVs. The 2009 H1N1 strain arose from a series reassortment events in swine. 155 

In 1978, an avian H1N1 virus entered and stably circulated in European swine, establishing the 156 

Eurasian avian-like swine IAV lineage. In 1998, an H1N2 triple reassortant IAV was found in 157 

north American swine containing swine, human, and avian IAV gene segments. In the 2000s, the 158 

Eurasian avian-like swine strain and the North American triple reassortant swine strain 159 

reassorted in swine. The resulting reassortant H1N1 IAV strain would then emerge in humans 160 

causing the 2009 H1N1 IAV pandemic (68, 93, 94). These events suggest that reassortment in 161 

coinfected hosts plays an important role in the emergence of pandemic IAVs (58). 162 

 163 

Virus-virus interactions 164 

Virus-virus interactions occur when two or more viruses infect the same host or cell. Depending 165 

on the context, these interactions range from antagonistic to beneficial. Antagonistic interactions 166 

can take the form of competition for naïve cells, then for cellular resources within a cell during 167 

coinfection. Indirectly, an IAV that triggers antiviral responses in the host may lead to viral 168 

suppression (95). Notably, the presence of defective viral genomes (DVGs), virions 169 

incorporating gene segments with large internal deletions, can further these antagonistic effects. 170 

The defective gene segment encoded by DVGs can be replicated rapidly and packaged in place 171 

of an intact segment, suppressing the production of fully infectious virus particles, and DVGs 172 

can potently activate antiviral responses (96-101).  173 



9 
 

 

On the other hand, coinfection is sometimes necessary for productive infection and can result in 174 

enhanced viral replication. It follows that the outcome of these interactions can vary and affect 175 

viral replication, progeny production, and diversity (102-104). For IAVs, cellular coinfection is a 176 

largely beneficial interaction between coinfecting viruses. A large portion of IAV particles 177 

initiate replication of incomplete viral genomes, requiring complementation through coinfection 178 

to initiate a productive infection (105-107). Thus, IAVs have an intrinsic reliance on coinfection, 179 

though the extent of reliance varies with virus strain and host species (108). Moreover, an IAV’s 180 

reliance on coinfection may increase if there is a reduction in replicative capacity. An increase in 181 

the number of viral polymerases to replicate the genome can overcome this inefficiency. Thus, 182 

these viruses exhibit a density dependence in order to replicate (88).  183 

IAV reassortment is dependent on virus-virus interactions. Within coinfected cells, the exchange 184 

of viral gene segments and incorporation into progeny virions is highly efficient (107, 109). 185 

Within a host, reassortment dynamics vary. High virus dose and the presence of incomplete viral 186 

genomes can enhance the frequency of reassortment (107, 110, 111). However, reassortment 187 

becomes limited when infection dose is discordant or infection is asynchronous between distinct 188 

variants (109). Thus, the frequency of reassortment is strongly modulated by virus-virus 189 

interactions. 190 

Dissertation aims 191 

The first aim of this dissertation was to evaluate what viral traits determine the extent to which a 192 

coinfecting IAV can augment the replication of another. Specifically, we examined the impact of 193 

a coinfecting virus’s intrinsic reliance on coinfection, the host species to which it adapted, and its 194 

homology to the focal virus. Using virus strains that had distinct combinations of these traits, we 195 

found that IAVs with low intrinsic reliance on coinfection could most potently augment the 196 
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replication of a coinfecting virus. However, during multi-cycle infection in cell culture or in vivo, 197 

competition between coinfecting viruses was the dominant virus-virus interaction. These 198 

findings suggest that virus-virus interactions have significant impacts on coinfecting IAV 199 

populations with dominant virus-virus interactions differing between the within-cell and within-200 

host scales. 201 

The second aim of this dissertation was to elucidate the underlying mechanism of differential M 202 

segment gene regulation that can occur when an IAV infects a new host species. To this end, we 203 

focused on the 2009 pandemic IAV M segment, which has avian origins, to identify M sequence 204 

determinants that result in aberrantly high M2 protein and mRNA expression. By examining M 205 

segments derived from the Eurasian avian-like swine lineage, we showed that avian IAV 206 

circulation in a mammalian host could re-establish M2 protein expression level to that exhibited 207 

in avian IAVs in avian hosts and mammalian IAVs in mammalian hosts but were unable to 208 

identify specific mutations that emerged in this lineage that contributed to this phenotype. 209 

Nevertheless, we found that introducing specific regions of the 2009 pandemic IAV M segment 210 

into an avian IAV precursor could reduce M2 protein expression but did not reduce M2 mRNA 211 

expression. These results suggest that the regulation of M gene expression occurs after the 212 

generation of M1 or M2 mRNAs. Together, our work supports the idea that M gene regulation 213 

has a role in IAV adaptation to new hosts. 214 

  215 
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 516 

Abstract 517 

 518 

When multiple viral populations propagate within the same host environment, they often shape 519 

each other’s dynamics. These interactions can be positive or negative and can occur at multiple 520 

scales, from coinfection of a cell to co-circulation at a global population level. For influenza A 521 

viruses (IAVs), the delivery of multiple viral genomes to a cell substantially increases burst size. 522 

However, despite its relevance for IAV evolution through reassortment, the implications of this 523 

positive density dependence for coinfection between distinct IAVs has not been explored. 524 

Furthermore, the extent to which these interactions within the cell shape viral dynamics at the 525 
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level of the host remains unclear. Here we show that, within cells, coinfecting IAVs strongly 526 

augment the replication of a focal strain, irrespective of the native host of the coinfecting IAV or 527 

its homology to the focal strain. Coinfecting viruses with a low intrinsic reliance on multiple 528 

infection offer the greatest benefit. Nevertheless, virus-virus interactions at the level of the whole 529 

host are antagonistic. This antagonism is recapitulated in cell culture when the coinfecting virus 530 

is introduced several hours prior to the focal strain or under conditions conducive to multiple 531 

rounds of viral replication. Together, these data suggest that beneficial virus-virus interactions 532 

within cells are counterbalanced by competition for susceptible cells during viral propagation 533 

through a tissue. The integration of virus-virus interactions across scales is critical in defining the 534 

outcomes of viral coinfection. 535 

 536 

Introduction 537 

 538 

The past three influenza A virus (IAV) pandemics arose through reassortment involving human 539 

and non-human IAVs in coinfected hosts (1-6). Due to the segmented nature of the IAV genome, 540 

when two or more IAVs coinfect the same cell, viral progeny can contain a mix of gene 541 

segments from either parental strain (7-9). Reassortment between phylogenetically distant IAVs 542 

often generates progeny less fit than the parental strains due to the unlinking of coevolved gene 543 

segments (10, 11). However, reassortment can facilitate host switching through the formation of 544 

antigenically novel strains that carry gene segments well-adapted to human infection (2, 12). 545 

Thus, coinfections involving heterologous IAVs are of constant concern. 546 

 547 
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When viruses coinfect the same host or cell, each can affect the other’s replication. These virus-548 

virus interactions range from antagonistic to beneficial, depending on the context. At the cellular 549 

scale, viruses may compete directly for limited resources within the cell or indirectly through the 550 

triggering of antiviral responses. These antagonistic effects are typically potent in the case of 551 

defective viral genomes (13). Conversely, coinfection may enhance productivity through 552 

complementation of incomplete or otherwise defective viral genomes or by increasing the 553 

availability of viral proteins needed for replication or host immune suppression (14-17). At the 554 

host scale, viruses may compete for naïve cells: in a mechanism known as superinfection 555 

exclusion, infected cells can become refractory to secondary infection. Additionally, activation 556 

of non-specific antiviral responses can further suppress viral infection within the host (18). 557 

Conversely, a focal virus may benefit indirectly from the suppression of systemic antiviral 558 

responses or induction of pro-viral processes (e.g. coughing) by a coinfecting virus. These virus-559 

virus interactions often occur simultaneously, but which interaction is dominant may vary with 560 

context. 561 

 562 

Our prior work focused on virus-virus interactions between homologous viruses. We previously 563 

reported that coinfection of a cell with multiple IAV particles is often required to initiate a 564 

productive infection (15). Furthermore, we determined that this reliance on multiple infection is 565 

a common feature of IAVs, but the level of reliance is both strain and host dependent (16). 566 

Density dependence of IAV replication arises due to a need for complementation of incomplete 567 

viral genomes (15) and can be heightened in the context of deleterious mutation or antiviral drug 568 

treatment (17).  It follows that interactions between coinfecting IAVs impact the likelihood of 569 

productive vs abortive infection. Thus, IAV virus-virus interactions are a major factor defining 570 
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the outcomes of cellular infection. These outcomes include whether or not progeny are produced, 571 

their quantitative yield and their genotypes. Given that the replicative potential of a virus is 572 

strongly shaped by its interactions with other co-occurring viruses, we sought to understand the 573 

implications of virus-virus interactions in the context of coinfection between phylogenetically 574 

distinct IAVs. 575 

 576 

Here, we investigate what viral traits define the extent to which a coinfecting IAV can augment 577 

the replication of another. Specifically, we examine the importance of a coinfecting virus’ 578 

intrinsic reliance on multiple infection, the host species to which it is adapted, and its homology 579 

to the focal virus. To this end, we evaluated the outcomes of coinfection with a set of well-580 

characterized IAV strains: influenza A/guinea fowl/Hong Kong/WF10/99 (H9N2) (GFHK99), 581 

A/mallard/Minnesota/199106/99 (H3N8) (MaMN99), A/Netherlands/602/2009 (H1N1) (NL09),  582 

and A/Panama/2007/99 (H3N2) (Pan99) viruses. Our results indicate that homology and host 583 

adaptation are not critical for defining IAV-IAV interactions within cells. Conversely, IAVs 584 

having a low intrinsic reliance on coinfection more effectively augment replication of the focal 585 

virus. While these beneficial interactions are readily detected when infection is limited to a 586 

single viral generation, under conditions that allow further propagation, antagonistic effects 587 

become predominant. Dynamics in vivo and during multiple rounds of viral infection in cell 588 

culture suggest that competition for target cells and super infection exclusion typically limit the 589 

opportunity for distinct viral populations to interact within cells.  590 

 591 

Results 592 

 593 
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Intrinsic reliance on multiple infection in mammalian cells is strain dependent. 594 

Previously we showed that influenza A virus replication is strongly dependent on viral density. 595 

Namely, progeny production is enhanced when population density is sufficient to ensure delivery 596 

of many viral genomes to a cell. The extent of this dependence was, however, noted to vary with 597 

virus strain. To investigate the importance of this phenotype for interactions between distinct 598 

coinfecting strains, we sought to identify a panel of viruses that vary in their reliance on multiple 599 

infection. To this end, we evaluated the sensitivity of viral RNA (vRNA) replication to 600 

multiplicity of infection (MOI) for a diverse set of IAV strains, including two of avian-origin and 601 

two of human-origin. This was done by infecting Madin Darby canine kidney (MDCK) cells 602 

with a wild type (wt) virus at a constant low dose and infecting simultaneously with increasing 603 

doses of a homologous virus, termed var. The var virus carries synonymous mutations to allow 604 

differentiation of its genome from that of the corresponding wt virus. Coinfections were limited 605 

to a single cycle of infection to ensure that results reflected processes occurring within cells. In 606 

line with previous observations, GFHK99wt virus replication is enhanced ~100-fold by co-607 

inoculation with GFHK99var virus (Fig 1A). However, the replication of a second avian virus, 608 

MaMN99wt shows at most a 4-fold enhancement with addition of MaMN99var (Fig 1B). While 609 

peak enhancement of Pan99wt virus with the addition of Pan99var virus is ~900-fold (Fig 1C), 610 

NL09wt replication is reduced approximately 300-fold through the addition of NL09var (Fig 611 

1D). These data indicate that reliance on multiple infection is strain dependent and does not 612 

consistently correspond to the extent of viral adaptation to the host. 613 

 614 

Beneficial interactions within cells extend to heterologous virus pairings. 615 



29 
 

 

To date, our examination of IAV density dependence has centered on homologous interactions 616 

that would occur within a given viral population. Here, we sought to test whether the positive 617 

effects of increased density would extend to coinfection with distinct IAV strains. Although 618 

virus-virus interactions would typically be bi-directional, for the purposes of our experimental 619 

design, we measure the impact of coinfection on only one strain in the pairing, referred to here as 620 

the focal virus. 621 

 622 

We predicted that specific traits of a coinfecting virus, such as the strength of its intrinsic density 623 

dependence, the host to which it is adapted, or its degree of homology to the focal strain, may 624 

affect its potential to modulate the replication of the focal strain. To test these predictions, we 625 

performed a series of coinfections using GFHK99wt as the focal virus and MaMN99, NL09, or 626 

Pan99 as coinfecting viruses. We infected MDCK cells with a constant dose of GFHK99wt virus 627 

and increasing doses of GFHK99var virus (as a control) or NL09, MaMN99, or Pan99 virus, 628 

then quantified levels of GFHK99wt genomes in the cells. These coinfections were again limited 629 

to a single cycle to ensure that results reflected processes occurring within cells. The results 630 

show that GFHK99wt genome levels increase with increasing doses of every coinfecting var 631 

virus, indicating that phylogenetic relatedness within the species influenzavirus A is not required 632 

for beneficial interactions within the cell (Fig 2 and S1 Fig). However, the degree to which 633 

GFHK99wt virus replication was increased varied with the coinfecting strain. Compared to the 634 

control in which GFHK99var was the coinfecting virus, MaMN99 and NL09var virus 635 

coinfections resulted in significantly greater enhancement of GFHK99wt virus replication (Fig 636 

2A,C and S1 Fig) while coinfection with Pan99var virus resulted in lower enhancement (Fig 2B). 637 

These results indicate that the degree to which a coinfecting virus is adapted to the host (in this 638 
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case, mammalian cells) is not a major factor defining its potential to augment replication of the 639 

focal virus. Instead, the data suggest that lower intrinsic density dependence of the coinfecting 640 

strain, as for NL09 and MaMN99, allows a stronger benefit to be conferred on the focal virus.   641 

 642 
Fig 1. Intrinsic reliance on multiple infection in mammalian cells is strain dependent. 643 

MDCK cells were coinfected with homologous wt/var viruses of the indicated strain 644 

backgrounds. The wt viruses had an MOI of 0.005 genome copies (GC)/cell and coinfecting var 645 

viruses were added with increasing MOI ranging from 0.005 to 10 GC/cell. The fold change in 646 

wt vRNA copy number, relative to wt only infection (dashed line), is plotted. Results of three to 647 

six biological replicates derived from one to two independent experiments are plotted and solid 648 

lines connect the means of the points shown. Each line was evaluated by linear regression to 649 

determine if the slope was significantly non-zero. Data in panels B and D were reported in(16). 650 
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 651 
Fig 2. Coinfection with a virus with low reliance on multiple infection results in a greater 652 

increase in GFHK99 virus replication. MDCK cells were coinfected with GFHK99wt virus at 653 
an MOI of 0.005 GC/cell and increasing doses of the homologous GFHK99var virus (red in each 654 
panel) or a heterologous MaMN99 (A), NL09 (B),  or Pan99 (C) virus. The fold change in 655 
GFHK99wt vRNA copy number, relative to GFHK99wt-only (dashed line), is plotted. Results of 656 
six biological replicates derived from two independent experiments are plotted and solid lines 657 

connect the means. Significance of differences between coinfecting viruses was evaluated by 658 
two-way ANOVA.  659 
 660 

Coinfection with a virus with low reliance on multiple infection better meets IAV need for 661 

help. 662 



32 
 

 

To more rigorously examine how the intrinsic reliance on multiple infection displayed by a 663 

coinfecting virus modulates its impact on a focal virus, we used a mutant strain of GFHK99 664 

virus. We previously showed that introduction of a PA K26E mutation into the GFHK99 strain 665 

reduces reliance on multiple infection (17). We confirmed this phenotype using homologous wt 666 

and var strains of GFHK99 PA K26E (Fig 3A) and then compared the replication of GFHK99wt 667 

virus, the focal virus, during coinfection with either the homologous GFHK99var or the 668 

GFHK99 PA K26E mutant virus. We found that GFHK99wt virus genome replication was 669 

enhanced significantly more during coinfection with the low reliance GFHK99 PA K26E virus 670 

compared to coinfection with GFHK99var virus (Fig 3B).  These data reinforce the role of 671 

intrinsic density dependence in defining the benefit conferred by a coinfecting strain. 672 

 673 

 674 
Fig 3. The extent to which a coinfecting virus augments replication of GFHK99 is defined 675 

by its intrinsic reliance on multiple infection. A) MDCK cells were coinfected with  676 

GFHK99wt PA K26E virus at an MOI of 0.005 GC/cell and increasing doses of a homologous 677 

GFHK99var PA:K26E virus. The fold change in  GFHK99wt PA K26E vRNA copy number, 678 
relative to wt-only (dashed line), is plotted. Results of six biological replicates derived from two 679 
independent experiments are plotted and solid lines connect the means. The line was evaluated 680 
by linear regression to determine if the slope was significantly non-zero. B) MDCK cells were 681 
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coinfected with GFHK99wt virus at an MOI of 0.005 GC/cell and increasing doses of 682 
GFHK99var or GFHK99var PA K26E virus. The fold change in  GFHK99wt vRNA copy, 683 

relative to wt-only (dashed line), is plotted. Results of six biological replicates derived from two 684 
independent experiments are plotted and solid lines connect the means. Significance of 685 
differences between coinfecting viruses were evaluated by two-way ANOVA.  686 
 687 

Competitive virus-virus interactions predominate at the level of the whole host 688 

To test the extent to which the beneficial interaction observed in our cell culture model shapes 689 

viral dynamics in vivo, we used a guinea pig model. Mimicking the experiments in cell culture, 690 

guinea pigs were inoculated simultaneously with a low dose of GFHK99wt virus and increasing 691 

doses of GFHK99var or GFHK99 PA K26E viruses. The titer of GFHK99wt virus was assessed 692 

in daily nasal wash samples. Contrary to expectation, GFHK99wt virus replication over the 693 

course of the infection was suppressed by the coinfecting virus: relative to GFHK99wt-only 694 

controls, GFHK99wt virus vRNA levels were lower during coinfection with either GFHK99var 695 

or GFHK99 PA K26E viruses (Fig 4A,B and S2 Fig).  696 

Unlike in cell culture, multiplicity of infection cannot be controlled in vivo and mixing of 697 

coinfecting viruses can be constrained by spatial structure, limiting the potential for cellular 698 

coinfection (8, 19-21). Thus, we reasoned that the failure to detect the beneficial effects of 699 

coinfection in vivo may stem from a paucity of wt-var coinfections occurring under the 700 

conditions used. Based on prior studies (22), we hypothesized that pre-inoculation with 701 

GFHK99var or GFHK99 PA K26E viruses would increase the likelihood of cellular coinfection 702 

with the focal virus by allowing their propagation in the target tissue prior to introduction of 703 

GFHK99wt virus. Thus, in a second experiment, control guinea pigs were left alone and test 704 

guinea pigs were pre-inoculated with GFHK99var or GFHK99 PA K26E virus either 12 h or 24 705 

h before inoculation with GFHK99wt virus, using equivalent doses. Analysis of nasal wash 706 

samples revealed that GFHK99wt virus was able to replicate in each of the four GFHK99wt-only 707 
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infected guinea pigs, reaching peak titers by day 4 (Fig 4 and S3 Fig). However, GFHK99wt 708 

virus was not detected in at least one guinea pig in each group co-inoculated with GFHK99var 709 

virus and two guinea pigs in each group co-inoculated with GFHK99 PA K26E virus (Fig 4 and 710 

S3 Fig). Furthermore, in line with the previous experiment, the peak titer of GFHK99wt virus 711 

was greatest in GFHK99wt only inoculated guinea pigs (Fig 4C,D).  712 

 713 

Fig 4. At the level of the whole host, GFHK99 replication is diminished by coinfection. A-B) 714 

Guinea pigs were coinfected with GFHK99wt at a dose of 103 GC and increasing doses of the 715 
GFHK99var or GFHK99 PA K26E virus. The viral titer of GFHK99wt is plotted and the limit of 716 
detection is indicated by the dashed line. C-D) Guinea pigs were pre-inoculated with 104 GC of 717 
either GFHK99var (C) or GFHK99 PA K26E (D) virus either 12 or 24 h prior to a dose of  104 718 

GC  of GFHK99wt virus. Results of four guinea pigs per condition are plotted and solid lines 719 
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connect the means. Significance of differences between coinfecting viruses were evaluated by 720 
two-way ANOVA; **p< 0.01, ***p< 0.001,  ****p< 0.0001. 721 

 722 
Taken together, these experiments revealed that the dynamics of coinfecting viruses within an 723 

intact animal host are antagonistic. Combined with our cell culture experiments, which indicate 724 

that beneficial interactions occur within individual coinfected cells, these data suggest that either 725 

the enhancement of focal vRNA replication within cells is not translated into increased viral 726 

release or that antagonistic interactions occurring at a higher spatial scale are predominant. 727 

 728 

Genome incorporation into progeny virions is enhanced during coinfection. 729 

To assess whether beneficial virus-virus interactions within cells results in increased virus 730 

release, we evaluated the impact of coinfection in cultured cells on the abundance of focal viral 731 

genomes in both infected cells and released progeny. Similar to the experiments outlined above, 732 

a low dose GFHK99wt virus and a high dose of a homologous var or heterologous GFHK99 PA 733 

K26E, MaMN99, or NL09 viruses were used. After 24 h, GFHK99wt virus genomes within cells 734 

and in the supernatant containing released progeny virions were quantified. Under the conditions 735 

of MOI used and at this time point, GFHK99wt virus genome replication in the cells was 736 

enhanced during coinfection with MaMN99var and NL09var viruses, but not with GFHK99var 737 

or GFHK99 PA K26E viruses (Fig 5). However, GFHK99wt virus genome incorporation into 738 

progeny virions was enhanced during coinfection with all coinfecting viruses tested. In fact, 739 

enhancement relative to the GFHK99wt only control was greater when considering GFHK99wt 740 

genomes in progeny virions than when considering their levels within cells (Fig 5). Thus, the 741 

beneficial virus-virus interactions observed within cells extend to the release of progeny virions 742 

and appear to do so with a higher than expected efficiency. 743 
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 744 

Fig 5: GFHK99 genome incorporation into progeny virions is enhanced during homologous 745 
and heterologous coinfection. MDCK cells were coinfected with GFHK99wt virus at an MOI 746 
of 1 GC/cell and a homologous GFHK99var or heterologous NL09, MaMN99, or GFHK99var 747 

PA K26E virus strains at an MOI of 8 GC/cell. The fold change in wt vRNA copy number, 748 

relative to GFHK99wt-only controls (dashed line), in cells and progeny virions collected in the 749 
supernatant, is plotted. Results of four to six biological replicates derived from two to three 750 
independent experiments are plotted and solid lines connect paired means from each experiment. 751 

Significance of differences between wt-only and coinfecting viruses were evaluated by two-way 752 
ANOVA and sidak post-hoc analysis; *p< 0.015, **p< 0.01. 753 

 754 

Asynchrony of coinfection and competition for target cells contribute to suppressive virus-755 

virus interactions. 756 

The cell culture-based experiments outlined above were all performed under conditions that 757 

limited viral replication to a single round, an approach that allows tight control of MOI and 758 

detection of intra-cellular virus-virus interactions. Concomitantly, this strategy eliminates the 759 

potential for coinfecting viruses to modulate each other’s dynamics during spread through the 760 

cellular population. To better understand the dynamics observed in vivo, we therefore adopted a 761 

cell culture model in which multiple cycles of viral replication could occur, thereby allowing 762 

virus-virus interactions at this higher spatial scale.  763 
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 764 

Thus, cells were infected at low MOIs in medium conducive to multicycle replication. 765 

GFHK99wt virus was used at an MOI of 0.005 GC/cell and GFHK99var or GFHK99 PA K26E 766 

virus at an MOI of 0.1 GC/cell. GFHK99wt virus replication was monitored up to 48 h post 767 

infection. Consistent with minimal interaction between these relatively small viral populations 768 

early in the infection, GFHK99wt virus replication was comparable with or without coinfection 769 

up to 24 h post infection (Fig 6 A, B). However, by 36 h or 48 h post infection, a suppressive 770 

effect of coinfection was observed (Fig 6 A, B). These data are consistent with observations in 771 

guinea pigs, where GFHK99wt replication in coinfected animals begins to show evidence of 772 

suppression at 2 days post inoculation (Fig 4A, B). Together, these data suggest that, during 773 

multi-cycle replication, limited availability of susceptible target cells gives rise to potent 774 

competition between viruses. 775 

 776 

To further evaluate this concept, we tested the impact of modulating the timing of coinfection on 777 

the replication of a focal virus. Here, cells were pre-inoculated at varying times up to 24 h before 778 

infection with GFHK99var or GFHK99 PA K26E virus at a relatively high MOI and with 779 

GFHK99wt virus at low MOI. The replication of the focal virus, GFHK99wt, was then assessed. 780 

This experimental design was chosen to model a situation in which most cells were infected (or 781 

indirectly affected) by the coinfecting virus prior to introduction of the focal virus. Thus, the 782 

potential for cellular coinfection would be high only if cells remain susceptible to infection at the 783 

time of GFHK99wt virus introduction. The results show little change to GFHK99wt replication 784 

when the coinfecting virus was added up to 4 h before GFHK99wt virus. However, there is a 785 

significant decrease in GFHK99wt replication as the interval between infections was increased 786 
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(Fig 6 C, D). These data indicate that the time window during which beneficial interactions 787 

within cells can occur is narrow (between 4 h and 8 h in this system). This temporal effect is 788 

likely to be important in shaping viral dynamics during multi-cycle replication, where the 789 

introduction of coinfecting viruses into a cell is likely to be asynchronous. 790 

 791 
Fig 6. Competitive virus-virus interactions dominate during viral propagation between 792 
cells. A-B) MDCK cells were coinfected, under multi-cycle conditions, with GFHK99wt virus at 793 
an MOI of 0.005 genome copies GC/cell and GFHK99var or GFHK99 PA K26E virus at an 794 

MOI of 0.1 GC/cell. The titer of GFHK99wt virus is plotted and the limit of detection is 795 
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indicated by the dashed line. C-D) MDCK cells were pre-infected with GFHK99var or GFHK99 796 
PA K26E virus, 0–24 h prior to inoculation with GFHK99wt virus. Cells were infected, under 797 

single cycle conditions, at an MOI of 0.005 GC/cell of GFHK99wt virus and an MOI of 1 (C) or 798 
10 (D) GC/cell of GFHK99var or GFHK99 PA K26E virus. The fold change in GFHK99wt 799 
vRNA copy number, relative to GFHK99wt-only (dashed line), is plotted. Results of three 800 
biological replicates derived from one experiment are plotted and solid lines connect the means. 801 
 802 

Discussion 803 

Our results reveal that, within cells, IAV coinfection is strongly beneficial, irrespective of the 804 

coinfecting virus’s native host or its homology to the focal strain. Not all coinfecting viruses 805 

confer an equal benefit, however, and the magnitude of the benefit is defined by the coinfecting 806 

strain’s intrinsic reliance on multiple infection. Despite this clearly cooperative effect within 807 

cells, virus-virus interactions at the level of the whole host are antagonistic. Examination of this 808 

effect in cell culture suggests that this negative interaction arises at least in part because 809 

coinfecting viruses access potential target cells asynchronously, leading to competition for a 810 

limited supply of susceptible cells.  811 

Our data suggest a model in which dominant virus-virus interactions differ at the within-cell and 812 

within-host scales (Fig 7). Within cells, the positive density dependence of IAV replication 813 

extends to heterologous coinfections. However, between cells, the more abundant virus will 814 

typically suppress the propagation of the less abundant virus, likely both through depletion of 815 

susceptible target cells and triggering of host antiviral responses. This suppression in turn will 816 

limit potential for cellular coinfection involving distinct strains. In a natural coinfection, 817 

differences in viral abundance are likely to be the norm, resulting from differential fitness, 818 

differing initial doses or differing times of introduction into the host. Thus, while intra-cellular 819 

interactions within a single viral population are fundamentally important for efficient IAV 820 

propagation (14-16, 23), intra-cellular interactions between distinct IAVs are likely to occur 821 

more rarely and have a relatively minor effect on within-host viral dynamics. At the level of the 822 
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whole host, the dominant interaction between distinct viral populations appears to be 823 

antagonistic. 824 

 825 

Fig 7. Dominant virus-virus interactions differ at the within-cell and within-host scales. 826 

Within an infected cell, coinfection with either homologous (pink) or heterologous (blue) IAVs 827 

enhances the replication and augments the progeny production of a focal virus (pink). However, 828 

at the within host scale, virus-virus interactions are largely antagonistic as distinct IAV 829 

populations compete for susceptible target cells. Target cells can be rendered non-susceptible 830 

through super infection exclusion or as a result of cellular antiviral responses triggered indirectly. 831 

Within foci, homologous coinfection is highly likely to occur and will promote viral replication. 832 

Mixed foci are relatively rare, however, owing to differences in initial dose, the timing of 833 

infection or intrinsic fitness leading to discordance in viral population sizes. Created with 834 

Biorender.com.  835 

For IAVs, cellular coinfection is beneficial in large part because it allows complementation of 836 

(very common) incomplete viral genomes, increasing the likelihood of productive infection (14, 837 

15, 24). In addition, cellular coinfection can augment viral yield from productively infected cells 838 
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by increasing the efficiency of core viral processes (17). Localized viral spread yields areas of 839 

high MOI, providing ample opportunity for coinfection, complementation and enhanced 840 

replication (15, 21).  841 

 842 

At the within-host scale, our data reveal a competitive effect wherein the virus introduced at a 843 

higher dose or an earlier time point suppresses the replication of the other. Similar dynamics 844 

have been reported previously. In particular, superinfection exclusion, in which the replication of 845 

the secondary virus diminished if it is introduced outside of a somewhat narrow time window, is 846 

well documented. The duration of the window observed here (4-8 h) is in line with previous 847 

work (20, 22, 23, 25). Competitive interactions have also been noted in the context of 848 

experiments designed to evaluate the relative fitness of two viral variants (26-30). Conversely, in 849 

our own prior work, we have frequently examined coinfection between wt and var viruses with 850 

well-matched fitness that are introduced simultaneously and at the same dose. In this scenario, wt 851 

and var gene segments are maintained at comparable frequencies throughout the course of 852 

infection (19, 22, 31-33).  The juxtaposition of these disparate coinfection dynamics suggests 853 

that virus-virus interactions within a host are very sensitive to differences between coinfecting 854 

strains in their fitness, timing of infection or population size. Effectively, when co-inoculated at 855 

equivalent dose, wt and var behave as a single viral population. By contrast, when divergent 856 

strains are introduced or when homologous viruses are introduced independently, one strain will 857 

typically gain an advantage in the resultant competition for limited resources (or limited time 858 

before the immune system responds).  859 

 860 
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The same conditions that allow the beneficial effects of cellular coinfection to occur also support 861 

the replication of defective viral genomes (DVGs). DVGs differ from incomplete viral genomes 862 

in that, instead of missing entire segments, DVGs include segment(s) containing large internal 863 

deletions. These defective segments can be replicated rapidly and packaged in place of a 864 

standard segment, thereby suppressing the production of infectious progeny viruses (34-37). 865 

While we ensure low levels of DVGs in our virus stocks and their effects would therefore be 866 

minimal in assays limited to a single round of viral replication, we would expect the formation of 867 

DVGs in vivo (38-40).  Prior studies show the presence of DVGs negatively impacts viral 868 

replication (13) and can potently activate innate immune responses (41). Thus, delivery of 869 

multiple viral genomes to a cell may be predominantly beneficial early on during infection but 870 

may become detrimental as DVGs accumulate. In the context of heterologous coinfection, the 871 

DVGs of the more abundant coinfecting virus may furthermore drive the suppression of the less 872 

abundant strain. While we did not monitor DVG levels in the experiments reported here, these 873 

are hypotheses that can be addressed in future work.  874 

 875 

Due to the segmented nature of the IAV genome, cellular coinfection yields progeny containing 876 

gene segments from both parent strains. Such reassortment plays an important role in IAV 877 

evolution in many contexts but is especially prominent in IAV expansion into new host species, 878 

including humans (8, 12, 42, 43). The frequency of IAV reassortment involves virus-virus 879 

interactions at every biological scale. Exchange of viral gene segments can only occur – and is 880 

highly efficient – in coinfected cells (22, 24). Our finding herein that the benefits of cellular 881 

coinfection are high even for poorly matched virus strains indicates that virus-virus interactions 882 

within cells will promote reassortment between IAVs of distinct lineages. However, our 883 
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observation that virus-virus interactions at the level of the whole host are antagonistic suggests 884 

that the potential for cellular coinfection between independently introduced and/or 885 

phylogenetically distinct strains is likely to be limited. When IAVs derived from distinct host 886 

species coinfect, the virus replicating in its native host is likely to have a fitness advantage (1, 6, 887 

44, 45). However, if the host has pre-existing immunity to the well-adapted strain, this could tip 888 

the balance in favor of the novel virus. Of course, should conditions of timing, dose and fitness 889 

combine to allow reassortment, a chimeric strain that brings together genes well-adapted to the 890 

host with genes encoding novel antigenic determinants can result. In humans, such a virus would 891 

have pandemic potential. Our data nonetheless suggest that the propagation of such a strain 892 

within the host would usually be strongly limited by the already established parental virus 893 

populations. Onward transmission, in turn, would be unlikely owing to tight transmission 894 

bottlenecks (46-48). In sum, the antagonistic nature of virus-virus interactions at the within host 895 

scale is likely a major factor contributing to the rarity of IAV pandemics.  896 

 897 

In conclusion, while the benefits of cellular coinfection extend to heterologous strains, disparate 898 

fitness or conditions of introduction into a host will typically limit the opportunity for 899 

heterologous strains to meet within cells. The need for multiple infection is therefore more likely 900 

to be met within a single viral population. Nevertheless, IAV populations coinfecting the same 901 

host have a significant impact on each other’s dynamics owing to competition for limited 902 

resources. 903 
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Use of Laboratory Animals of the National Institutes of Health. All studies were approved by the 923 

Emory University Institutional Animal Use and Care Committee (protocol PROTO201700595) 924 

and were conducted under animal biosafety level (ABSL-2) containment. Guinea pigs were 925 

humanely euthanized following America Veterinary Medical Association approved guidelines. 926 

 927 

Cells 928 
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Madin-Darby Canine Kidney (MDCK) cells, a gift of Daniel Perez at University of Georgia, 929 

were maintained in minimum essential medium (MEM; Gibco) supplemented with Normocin 930 

(InvivoGen) and 10% Fetal Bovine Serum (FBS). Human kidney 293T cells (ATCC CRL-3216) 931 

were maintained in Dulbecco’s minimal essential medium (Gibco) supplemented with Normocin 932 

and 10% FBS. Normal Human Bronchial Epithelial (NHBE) cells (Lonza) were maintained in 933 

bronchial epithelial cell growth medium (BEGM) purchased from Lonza. NHBE cells from a 934 

single donor were amplified and differentiated into air-liquid interface cultures as recommended 935 

by Lonza and described in (49). All cells were cultured at 37°C and 5% CO2 in a humidified 936 

incubator. Cells were tested monthly for mycoplasma contamination during use. Medium used 937 

for IAV infection in each cell line (virus medium) was prepared using the appropriate medium 938 

containing Normocin and 4.3% bovine serum albumin. Infection of NHBE cells was performed 939 

with BEGM in the basolateral chamber. Virus medium or BEGM containing ammonium chloride 940 

was prepared by adding HEPES buffer and NH4Cl at final concentrations of 50 mM and 20 mM, 941 

respectively.  942 

 943 

 944 

Viruses 945 

The strains influenza A/Netherlands/602/2009 (H1N1) and A/Panama/2007/99 (H3N2) are 946 

referred to herein as NL09 and Pan99, respectively. NL09 and Pan99 were handled under BSL2 947 

conditions. The strains influenza A/guinea fowl/Hong Kong/WF10/99 (H9N2) and 948 

A/mallard/Minnesota/199106/99 (H3N8) are referred to herein as GFHK99 and MaMN99, 949 

respectively. GFHK99 and MaMN99 were handled under BSL2 conditions with enhancements 950 
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as required by the United States Department of Agriculture. Coinfections involving human and 951 

avian IAVs were performed under BSL3 conditions.  952 

 953 

 All viruses used were generated using reverse genetics (50, 51). The reverse genetics system for 954 

GFHK99 is in the ambisense vector pDP and was a kind gift of Daniel Perez. The reverse 955 

genetics system for NL09 is in the ambisense vector pHW and was a kind gift of Ron Fouchier. 956 

The reverse genetics systems for Pan99 and MaMN99 viruses were generated in house in the 957 

pDP vector (a gift of Daniel Perez). The GFHK99 PA K26E mutant virus was described in (17) 958 

and was generated by introducing the K26E mutation to the reverse genetics plasmid encoding 959 

the PA gene segment of GFHK99 using site-directed mutagenesis. The specific mutations 960 

introduced are listed in S1 Table. Silent mutations were introduced into var viruses by site-961 

directed mutagenesis to allow discrimination between wt and var gene segments by site-specific 962 

primers used in ddPCR. The specific mutations introduced into all var viruses are listed in S1 963 

Table.  964 

 965 

Briefly, avian viruses were generated by transfecting 293T cells with eight reverse genetics 966 

plasmids encoding each IAV segment. After 16 h, transfected 293T cells were injected into the 967 

allantoic cavity of 11-day old chicken eggs, incubated at 37°C for 40-48 h, and allantoic fluid 968 

was recovered for use as a passage 1 working virus stock. Mammalian IAVs were generated by 969 

transfecting 293T cells with reverse genetics plasmids encoding each IAV segment. After 16 h, 970 

transfected 293T cells were then cocultured with MDCK cells at 37°C for 40-48 h. Collected 971 

supernatants were then propagated in MDCK cells from low MOI to generate a working virus 972 

stock. Every virus stock was tested for defective viral genomes (DVGs) as described previously 973 
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(52) (S4 Fig). We define ‘low DVG content’ as follows: the ratio of copy number for terminal 974 

and internal targets (T:I) is <2.0 for each of the PB2, PB1 and PA gene segments. Any stocks not 975 

meeting this criterion were regenerated.  976 

 977 

Viral concentrations are reported in genome copies per mL throughout this work for two reasons. 978 

First, use of a molecular assay for viral quantification allows differentiation of IAVs present in a 979 

mixture. Second, this approach ensures consistency in the limit of detection across virus strains. 980 

In this work and in prior studies, we have found that viral infectivity varies with MOI and the 981 

efficiency with which a single virus particle initiates infection varies widely across strains. As a 982 

result, titration of infectious units at limiting dilution by plaque assay or TCID50 assay measures 983 

differing sub-populations for different IAV strains. 984 

 985 

Synchronized, single- and multi-cycle infections 986 

Synchronization was used to coordinate the timing of viral entry into cells and was carried out as 987 

follows: The monolayer of cells was washed 3x with cold PBS and placed on ice. Chilled virus 988 

inoculum was added to each well and kept at 4°C for 45 min with rocking to allow time for IAV 989 

attachment but not entry. After that time, the inoculum was aspirated, each well was washed 3x 990 

with cold PBS. Warmed virus medium without trypsin was added to allow entry and this time is 991 

defined as t=0. Cultures were incubated at 37°C. Single-cycle conditions were designed to 992 

prevent released progeny virus from initiating a subsequent round of infection. A single cycle of 993 

infection was imposed by replacing virus medium with virus medium containing NH4Cl and 994 

HEPES solution at final concentrations of 20 mM and 50 mM, respectively, at 3 h post-infection. 995 

In the case of NHBE cells, this medium was added to the basolateral chamber only. Addition of 996 
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NH4Cl and HEPES to the medium prevents the acidification of endosomes, thereby blocking 997 

infection (42). For multi-cycle infections, L-1-tosylamido-2-phenylethyl chloromethyl ketone 998 

(TPCK)-treated trypsin was added to virus medium at 0 h post-infection at a final concentration 999 

of 1 µM, and NH4Cl and HEPEs were not added. Addition of TPCK-treated trypsin allows 1000 

cleavage activation of the HA protein on released virus, which is required for infection. 1001 

 1002 

Detection of virus-virus interactions within cells 1003 

MDCK cells were seeded into 12-well plates at 4 x 105 cells per well 24 h prior to infection. 1004 

NHBE cells were cultured at an air-liquid interface as previously described (49). Each infection 1005 

took place under synchronized, single-cycle conditions. For homologous coinfections, triplicate 1006 

wells were inoculated with wt virus at an MOI of 0.005 genome copies (GC)/cell in MDCK 1007 

cells, or 0.5 GC/cell in NHBE cells and increasing doses of a matched var virus. For 1008 

heterologous coinfections, triplicate wells were inoculated with GFHK99wt virus at an MOI of 1009 

0.005 GC/cell in MDCK cells, or 0.5 GC/cell in NHBE cells, and increasing doses of 1010 

MaMN99wt, NL09var, or Pan99wt viruses. At 12 h post infection, virus medium containing 1011 

NH4Cl and HEPES was removed, cell surfaces were washed 3x with PBS, and cells were 1012 

harvested for RNA extraction using the Qiagen RNeasy mini kit. 1013 

 1014 

Impact of intracellular virus-virus interactions on released viral progeny 1015 

MDCK cells were seeded into T75 flasks at 5 x 106 cells per flask 24 h prior to infection. Each 1016 

infection took place under synchronized, single-cycle conditions. Duplicate flasks were 1017 

inoculated with GFHK99wt virus at an MOI of 1 GC/cell and either PBS, homologous 1018 

GFHK99var virus, or heterologous MaMN99wt, NL09var, or Pan99wt viruses at an MOI of 8 1019 
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GC/cell. At 24 h post infection medium (containing viral progeny) was collected separately from 1020 

cells. Cells were washed 3x with PBS and harvested using the Qiagen RNeasy mini kit and 1021 

protocol instructions. Collected medium was centrifuged (Thermofisher Sorvall ST 16R 1022 

Centrifuge) at 3000 rpm for 10 min at 4°C to remove cell debris. The resultant supernatant was 1023 

transferred into a Beckman ultracentrifuge tube and centrifuged (Beckman Coulter OptimaTM 1024 

XL-100K Ultracentrifuge) at 10,000 rpm for 30 min at 4°C to further clarify the sample of cell 1025 

debris. The final supernatant was then transferred into a new ultracentrifuge tube. A cushion of 5 1026 

mL 30% sucrose in NTE buffer[1 M NaCl, 0.1 M Tris, 0.01 M EDTA, pH 7.4] as injected into 1027 

the bottom of the tube and the sample was centrifuged (Beckman Coulter OptimaTM XL-100K 1028 

Ultracentrifuge)  at 25,000 rpm for 2 h at 4°C. The resultant viral pellet was resuspended in PBS 1029 

and RNA extracted using the Qiagen Viral RNA mini kit and protocol instructions.  1030 

 1031 

Monitoring virus-virus interactions in guinea pigs 1032 

Female Hartley strain guinea pigs weighing 300-350 g were obtained from Charles River 1033 

Laboratories (Wilmington, MA) and housed by Emory University’s Department of Animal 1034 

resources. Prior to intranasal inoculation, nasal lavage, and euthanasia, guinea pigs were 1035 

anesthetized by intramuscular injection with 30 mg/kg ketamine and 4 mg/kg xylazine. Guinea 1036 

pigs were inoculated intranasally with IAV in 300 µl PBS. Daily nasal washes were performed 1037 

up to 6 d post GFHK99wt inoculation. Briefly, with the animal’s nose suspended in a downward 1038 

orientation over a Petri dish, 1 mL PBS was instilled into the nares in 200 µl increments and 1039 

allowed to drop back out. Liquid was pooled into a 1.5 mL tube, aliquoted and stored at -80oC. 1040 

 1041 

Quantification of vRNA 1042 
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RNA was extracted from cells and viral samples using the Qiagen RNeasy mini kit and the 1043 

Qiagen Viral RNA mini kit, respectively, using included protocol instructions.  Extracted vRNA 1044 

was reverse transcribed using a 1:1 ratio of universal influenza primers (53)(S2 Table) and 1045 

Maxima RT (Thermofisher) per protocol instructions. Droplet digital PCR (ddPCR) was 1046 

performed on the resultant cDNA using the QX200TM ddPCRTM EvaGreen Supermix (Bio-Rad) 1047 

and virus specific primers targeting the NP segment (final concentration 200 nM) (S2 Table). 1048 

Copy numbers of the wt virus present in coinfected samples were normalized to those detected in 1049 

wt only control infections. 1050 

 1051 

Statistical analyses: 1052 

All statistical analyses were performed in R (version 1.3.959). Log transformed values for 1053 

genome copy numbers and the mean of technical replicates were used for statistical analyses.  1054 

  1055 
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Supplemental Information 1056 

 1057 
S1 Fig. Coinfection with NL09 strongly enhances GFHK99wt replication in NHBE cells. 1058 

(Related to Fig 2.) NHBE cells were infected with GFHK99wt virus at an MOI of 0.5 genome 1059 

copies (GC)/cell and increasing doses of the homologous GFHK99var virus or the heterologous 1060 

NL09 virus. The fold change in GFHK99wt vRNA copy number, relative to GFHK99wt-only 1061 

control (dashed line), is plotted. Results of six biological replicates derived from two 1062 

independent experiments are plotted and solid lines connect the means. Significance of 1063 

differences between results obtained with the differing coinfecting viruses were evaluated by 1064 

two-way ANOVA. 1065 

 1066 



52 
 

 

 1067 

S2 Fig. At the level of the whole host, GFHK99 replication is suppressed by coinfection. 1068 

(Related to Fig 5A). Guinea pigs were infected with GFHK99wt at a dose of 103 GC and 1069 

increasing doses of GFHK99var (A)  or GFHK99 PA K26E (B)  virus. The viral titer in nasal 1070 

washes collected from each guinea pig is plotted and the limit of is indicated by the dashed line. 1071 

Guinea pig ID numbers are shown in grey boxes appended to each facet. 1072 
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 1073 

S3 Fig. At the level of the whole host, GFHK99 replication is suppressed by prior IAV 1074 

infection. (Related to Figure 4B). Guinea pigs were pre-inoculated with 104 GC of either 1075 

GFHK99var (A) or GFHK99 PA K26E (B) virus either 12 or 24 h prior to a dose of  104 GC  of 1076 

GFHK99wt virus. The viral titer in nasal washes is plotted and the limit of detection is indicated 1077 

by the dashed line. Guinea pig ID numbers are shown in grey boxes appended to each facet. 1078 

  1079 
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S1 Table.  Genotypes of modified viruses. 1080 

  PB2 PB1 PA HA NP NA M NS 

GFHK99var2 

A300G, 

A303T, 

T306C, 

G459C, 

T461A, 

T467T 

T282C, 

T285C, 

A288G, 

A420G, 

T426C, 

C432T 

A351G, 

C354T, 

C357T, 

T501G, 

C504T, 

C507T 

A338G, 

A344C, 

A351C, 

A432G, 

T435A, 

C438T 

A345G, 

G351A, 

A354G, 

A486T, 

C489T, 

A495G 

A424G, 

T430A, 

G433A, 

A583G, 

G586C, 

G589C 

G340A, 

A343G, 

A349G, 

G439A, 

C442T, 

A445G 

C386T, 

G389A, 

A392G, 

A479G, 

G482C, 

A488G 

NL09var C273T T288C C360T C305T A351G G336A G295A C341T 

Pan99var0 
A345T,  

C360T  
A540G 

G333A, 

A342G  

T308A, 

C311A, 

C314T, 

A464T, 

C467G, 

T470A 

C537T, 

T538A, 

C539G, 

C612G, 

G615A 

C418G, 

T421A, 

A424C  

G586A 

A329T, 

A335T, 

C341G 

GFHK99wt 

PA K26E 
---  --- 

 A100G,  

A102G 
 --- ---  ---  ---   --- 

GFHK99var2 

PA K26E 

A300G, 

A303T, 

T306C, 

G459C, 

T461A, 

T467T 

T282C, 

T285C, 

A288G, 

A420G, 

T426C, 

C432T 

 A100G,  

A102G, 

A351G, 

C354T, 

C357T, 

T501G, 

C504T, 

C507T 

--- 

A345G, 

G351A, 

A354G, 

A486T, 

C489T, 

A495G 

A424G, 

T430A, 

G433A, 

A583G, 

G586C, 

G589C 

G340A, 

A343G, 

A349G, 

G439A, 

C442T, 

A445G 

C386T, 

G389A, 

A392G, 

A479G, 

G482C, 

A488G 

 1081 

  1082 
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 1083 

S4 Fig. Quantification of defective viral genomes in virus stocks. Levels of defective viral 1084 

genomes (DVGs) were quantified by ddPCR using primers targeting the terminal and internal 1085 

regions of the PB2, PB1, PA, and M gene segments. Ratios of terminal to internal copies that are 1086 

<2.0 indicate low DVG content. Virus stocks tested are named above each facet. Two different 1087 

stocks of GFHK99wt virus were used. 1088 

  1089 



56 
 

 

S2 Table. Primers for the quantification of vRNA by ddPCR. 1090 

Universal influenza Reverse Transcription Primers 

Univ.F(A)+6 GCGCGCAGCAAAAGCAGG 

Univ.F(G)+6 GCGCGCAGCGAAAGCAGG 

GFHK99wt, GFHK99wt PA K26E Virus Primers 

WF10wt NP 336 F GAAGGAGAGACGGGAAATG 

WF10wt NP 505 R GGCTCTTGTTCTCTGGTATG 

GFHK99var2, GFHK99var2 PA K26E Virus Primers 

WF10help NP 388 F GAAGGAGGGACGGAAAGT 

WF10help NP 505R GGGCTCTTGTCCTCTGATAA 

NL09var Virus Primers 

NL09 NP 309 F CCCTAAGAAAACAGGAGGACCC 

NL09 NP 411 R TTGGCGCCAAACTCTCCTTA 

Pan99wt Virus Primers 

Pan99wt NP 520 F ATGGATCCCAGAATGTGCTC 

Pan99wt NP 625 R TCAGCTCCATTGTC 

Pan99var Virus Primers 

Pan99var0 NP 520 F ATGGATCCCAGAATGTGTAG 

Pan99var0 NP 625 R TCAGCTCCATAGTG 

MaMN99wt Virus Primers 

MN99 NP 378 F CGACAAAGAAGAGATCAGAAGGA 

MN99 NP 457 R TCATCAAATGGGTGAGACCA 

 1091 

 1092 

 1093 

  1094 
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 1258 

Abstract 1259 

Pandemic influenza A viruses (IAVs) arise when non-human IAVs are able to overcome host 1260 

species barriers that normally hinder inter-species transmission. One way IAVs can overcome 1261 

host barriers is through accumulating mutations that confer host adaptation. In particular, swine 1262 

have shown to facilitate avian IAV adaptation to mammals and were the source of the 2009 1263 

H1N1 pandemic IAV strain. It has been shown that the M segment of this strain was important to 1264 

its pandemic potential. This M segment was derived from the Eurasian avian-like swine lineage, 1265 

which in turn was introduced into pigs directly from an avian host. Importantly, it was shown 1266 

that IAVs encoding an avian M segment have aberrantly high M2 expression during mammalian 1267 

infection that decreases viral fitness. However, the adaptive mutations that underlie differential 1268 

M gene expression between avian and human IAVs in mammals are not understood. Here we 1269 



65 
 

 

show that regulation of M segment gene expression changed progressively over time as the 1270 

Eurasian avian-like swine lineage circulated in pigs. However, introducing mutations that arose 1271 

during swine circulation into the M segment of an avian precursor did not decrease M2 gene 1272 

expression. In contrast, introducing mutations from the 2009 pandemic H1N1 IAV M segment 1273 

into an avian precursor strain resulted in decreased M2 protein, but not mRNA, expression. 1274 

Together, these data suggest that M segment gene regulation impacts viral fitness and is a key 1275 

factor in IAV host adaptation. 1276 

 1277 

Introduction 1278 

Pandemic influenza A viruses (IAV) have significant public health consequences (1). A common 1279 

feature of the past three pandemic IAVs was the inclusion in their genomes of gene segments 1280 

from both human and non-human IAVs (2-4). In the case of the 2009 IAV pandemic, the strain 1281 

emerged from swine, harboring gene segments from human, avian, and swine IAVs (4, 5). The 1282 

natural reservoir of IAV are waterfowl, but there are host specific lineages in humans, wild birds, 1283 

poultry, swine, and other mammals. However, host barriers hinder inter-species transmission (2, 1284 

6-8). For example, direct avian to human IAV transmission is uncommon, and subsequent human 1285 

to human transmission is extremely rare (8-10). Thus, an IAV strain must adapt to a new host 1286 

species to successfully replicate and spread in a new host population.  1287 

 1288 

There are two ways an IAV can adapt to a new host. The first is by reassortment during 1289 

coinfection with two or more IAVs, where gene segments from either parental strain are 1290 

incorporated into progeny virions (11-13). The second is by mutation, which happens frequently 1291 

due to the lack of proofreading in the virus’ RNA-dependent RNA polymerase (14). Though 1292 
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these processes are often deleterious (14-17), selection acting on rare beneficial changes can lead 1293 

to the emergence of progeny with enhanced fitness in a new host (2, 18). 1294 

 1295 

Swine may serve as an intermediate host for influenza A viruses as they are susceptible to 1296 

infection with diverse IAV lineages and enable mammalian host adaptation through both 1297 

mutation and reassortment. Swine harbor the preferred receptors of both avian and human IAVs 1298 

and have been shown to facilitate avian IAV adaptation to the human receptor (5, 19). Moreover, 1299 

reverse zoonosis of influenza from humans to swine occurs frequently (20). For these reasons, 1300 

swine have often been referred to as a “mixing vessel” for avian, swine, and human IAVs (19, 1301 

21, 22). 1302 

 1303 

The M segment of the 2009 IAV pandemic strain was important for its pandemic potential (23-1304 

25). This segment originated from an avian H1N1 IAV that entered European swine in 1978 and 1305 

established a stable lineage, the Eurasian avian-like swine lineage. In the years preceding 2009, a 1306 

Eurasian avian-like swine virus reassorted with the North American triple reassortant swine virus 1307 

strain in swine, and the Eurasian avian-like swine M segment was maintained in the 2009 1308 

pandemic IAV (5, 26, 27). Thus, the 2009 pandemic IAV M segment, being ultimately of avian 1309 

in origin, likely acquired adaptive mutations while circulating in swine. The M segment encodes 1310 

two major proteins: M1 which gives the virion its structure and M2 which forms a pH activated 1311 

proton channel required for viral entry. The M1 and M2 proteins are expressed from the M gene 1312 

segment, where M1 (mRNA7) is made from the colinear transcript and M2 (mRNA10) is derived 1313 

from alternative splicing of the M segment transcript (28). The splicing of M1 mRNA to form 1314 



67 
 

 

M2 mRNA involves both viral and various host factors (28-35). Thus, the gene expression the M 1315 

segment is well regulated. 1316 

 1317 

Our prior work showed the role of the IAV M segment in host transmission. An IAV with the M 1318 

segment from the 2009 pandemic strain conferred efficient transmission in a virus background 1319 

that did not transmit in guinea pigs (25). We also showed that virus strains containing avian IAV 1320 

M segments exhibited aberrantly increased M2 gene expression and decreased replication in 1321 

mammalian cells, while a strain containing the 2009 pandemic M segment displayed efficient M 1322 

gene expression and enhanced replication (36). From these data, we hypothesized that the M 1323 

segment of the 2009 IAV pandemic strain contains mutations that re-established optimal M1/M2 1324 

gene expression during mammalian infection. 1325 

Here, we sought to map sequence determinants that underlie differential M1/M2 expression 1326 

between avian and human adapted IAV M segments. Specifically, we investigated differences 1327 

between the M segments of an avian precursor of the Eurasian avian-like lineage, influenza 1328 

A/dk/Schleswig/21/79 (H1N1) virus (dkSch79), and an isolate of the 2009 pandemic, influenza 1329 

A/Netherlands/602/2009 (H1N1) virus (NL09) in an isogenic background. Our results confirm 1330 

that avian IAV M segments exhibit dysregulation of M gene expression during mammalian 1331 

infection, while human IAV M segment gene expression is well regulated. Furthermore, we 1332 

show that continued IAV circulation in swine re-established low M2 protein expression in 1333 

mammalian cells. However, introduction of M mutants that arose in swine into an avian IAV 1334 

background were not sufficient to decrease M2 protein expression. Moreover, dkSch79 – NL09 1335 

M chimeric viruses exhibited varying levels of M2 protein expression, but no differences in M2 1336 
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mRNA expression. These data suggest that the regulation of M gene expression has a role in host 1337 

adaptation but were not able to elucidate specific adaptive mutations.  1338 

Results 1339 

 1340 

Avian adapted M segments confer aberrantly increased M2 gene expression in mammalian 1341 

cells. 1342 

We have generated recombinant viruses that contain the M segment of various avian and human 1343 

adapted IAV strains, with the remaining seven gene segments coming from A/Puerto 1344 

Rico/8/1934(H1N1) (PR8), a lab adapted IAV strain. This isogenic background ensures that any 1345 

differences observed between avian and human M segment viruses are due to the M segment 1346 

alone. The virus origin of each M segment is listed in Table 1. 1347 

Table 1. Origin of M segments used in study. 1348 

Strain Abbreviation 

A/NL/602/2009 (H1N1) NL09 

A/duck/Alberta/35/76 (H1N1) dkAlb76 

A/rhea/North Carolina/39482/93 (H7N1) RhNC93 

A/mallard/MN/19906/99 (H3N8) MallMN99 

A/Panama/2007/99 (H3N2) Pan99 

A/Bethesda/55/2015 (H3N2) Beth15 

A/dk/Schleswig/21/79 (H1N1) dkSch79 

A/swine/Arnsberg/1/1979 (H1N1) swArn79 

A/swine/Potsdam/15/1981 (H1N1) swPot81 

A/swine/Netherlands/12/1985 (H1N1) swNL85 

A/swine/Gent/V230/1992 (H1N1) swGen92 

A/swine/Hong Kong/10022/2001 (H1N1) swHK01 

A/swine/England/010402/2003 (H1N1) swEng03 

A/swine/Spain/53207/2004 (H1N1) Spn04 

 1349 

Our previous work characterized differences in M segment gene expression between avian and 1350 

human adapted M segments (36). We found that IAVs containing avian or human adapted M 1351 

segments expressed similarly low levels of M2 protein in chicken fibroblast (DF-1) cells (Fig 1352 
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1A). However, during infection of human lung (A549) cells,  human embryonic kidney (293T) 1353 

and Madin Darby canine kidney cells (MDCK), avian M viruses expressed significantly higher 1354 

levels of M2 protein than the PR8 NL09 M virus (Fig 1B-C). Furthermore, other human adapted 1355 

M viruses express low levels of M2 protein during infection of A549 cells (Fig 2). These data 1356 

indicate that, when the current or recent host origin of the M segment matches the cell type  1357 

Fig. 1 High M2 protein expression of viruses carrying avian IAV M segments is seen in 1358 
mammalian but not avian cells. DF-1 (A), 293T (B), or A549 (C, D) cells were infected at an 1359 
MOI of 5 PFU/cell with PR8 viruses encoding human (blue) or avian (red) IAV M segments. 1360 
The percentage of M2 out of total M1 and M2 protein (A-C), or percent of M2 out of total M1, 1361 

M2, and M3 mRNA is plotted. Results are the means of three independent experiments with 1362 

standard deviation plotted (A-D). Significant differences between IAVs encoding human or 1363 

avian M segments was evaluated by one-way ANOVA: *p <0.05, **p<0.01, ***p<0.001, 1364 
****p≤0.0001. Figure reproduced from (36). 1365 
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infected, the virus expresses low levels of M2 protein. However, IAVs containing avian M 1366 

segments exhibit increased M2 protein expression during mammalian infection. Thus, aberrant 1367 

M gene expression indicates maladaptation to the host, and adaptation to a new host would be 1368 

expected to include re-establishing optimal M gene expression.  1369 

 1370 

 1371 

 1372 

Fig. 2 High M2 protein expression of viruses incorporating avian, but not human, M 1373 

segments in mammalian cells. A549 cells were mock infected or infected at an MOI of 5 1374 

PFU/cell with PR8 viruses encoding human (blue) or avian (red) IAV M segments, as indicated 1375 

under each panel. A) Detected proteins are labeled at the left. Vinculin and NP expression were 1376 

measured to normalize viral protein levels and assess viral replication, respectively. B) 1377 

Normalized band intensity of M1 and M2 proteins was quantified. The percentage of M2 out of 1378 

total M1 and M2 protein is plotted. Results of two independent experiments, averaged from two 1379 

technical replicates per experiment, are plotted and bars indicate the means. Significant 1380 

differences between IAVs encoding human or avian M segments were evaluated by t-test. 1381 

 1382 



71 
 

 

Avian IAV circulation in swine re-established optimal M2 protein expression in 1383 

mammalian cells. 1384 

The M segment of the 2009 pandemic IAV strain originates from the Eurasian avian-like swine 1385 

lineage. The Eurasian avian-like swine lineage was established by an avian IAV that stably 1386 

circulated in swine (5, 26, 27).  Thus, we hypothesized that the avian origin M segment adapted 1387 

to mammalian infection over decades of circulation. To test this, we evaluated the M protein 1388 

expression by western blot. A549 cells were infected with a panel of PR8 based viruses 1389 

containing M segments from representative isolates of the Eurasian avian-like swine lineage, 1390 

including an avian precursor, dkSch79wt and a human 2009 pandemic IAV isolate, NL09. We 1391 

found that the decreasing M2 protein expression appears in early swine M segment viruses and 1392 

continues in the human PR8 NL09 M virus (Fig 3). Notably, there is a ~20% decrease in %M2 1393 

protein out of total M protein expression from the precursor avian PR8 dkSch79wt M virus to the 1394 

human PR8 NL09 M virus by 16 h (Fig 3B). These data indicate that avian IAV circulation in 1395 

mammals facilitated M segment host adaptation, resulting in decreased M2 protein expression. 1396 

 1397 

M segment mutations identified during swine circulation did not decrease M2 protein 1398 

expression. 1399 

Observing this  trend, we then sought to identify mutations associated with decreased  M2 1400 

expression by first using the M segments of Eurasian avian-like swine isolates. We first aligned 1401 

the M segment sequences of the viruses in Fig 3 and identified a total of 18 nucleotide (nt) 1402 

mutations, seven of which are non-synonymous, that arose in swine and are present in the NL09, 1403 

but not avian M segments (Fig 4A). Some of these mutations arise in or near previously 1404 

described binding regions of host factors involved in M mRNA splicing (30, 32-34). We 1405 
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generated a set of M segments that are progressively more similar to the NL09 M by introducing 1406 

these mutations, as they emerged chronologically, into the dkSch79wt M segment. We rescued 1407 

 1408 

Fig. 3 Increased duration of avian IAV circulation in swine is associated with decreased M2 1409 

protein expression. A549 cells were infected at an MOI of 5 PFU/cell with PR8 viruses 1410 

encoding avian(red), swine (purple), or human (blue) IAV M segments, as indicated under each 1411 

panel. Cells were lysed at 8 (A) or 16 (B) h post infection. The percentage of M2 out of total M1 1412 

and M2 proteins as detected by Western blotting is plotted. Results of three independent 1413 

experiments, averaged from two technical replicates per experiment, are plotted and bars indicate 1414 

the means. 1415 

 1416 
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these chronological mutant viruses in the PR8 dkSch79wt background. We first evaluated the 1417 

replication of these viruses in mammalian cells by infecting A549 cells with the PR8 dkSch79 M 1418 

mutant, PR8 dkSch79wt, and PR8 NL09 M viruses. The medium was sampled up to 24 h post 1419 

infection to measure viral titer. The results show that the PR8 dkSch79 M mutant viruses 1420 

replicate to higher titers than the PR8 dkSch79wt, with the PR8 dkSch79 18.5.2 and PR8 1421 

dkSch79 8.4.1 M mutants reaching final titers comparable to the PR8 NL09 M virus (Fig 4B). 1422 

 1423 

Fig. 4 Mutations identified in M segment of swine isolates increase viral replication, but not 1424 

M2 protein expression. A) An alignment of the M segments of IAVs in Fig. 3 show 18 nt 1425 



74 
 

 

mutations that arise in swine isolates and are present in the NL09 virus. Mutations were 1426 

introduced into dkSch79 in the order they appeared during viral circulation. M segment mutants 1427 

are named to indicate the number of nt, M1 amino acid, and M2 amino acid mutations. For 1428 

example, mutant 18.5.2 has 18 nt mutations, 5 M1 amino acid mutation, and 2 M2 amino acid 1429 

mutations. B-C) A549 cells were infected at an MOI of 5 PFU/cell with PR8 viruses encoding 1430 

dkSch79, mutant dkSch79, or NL09 M segments. B) The viral titers of three biological replicates 1431 

derived from one experiment are plotted and solid lines connect the means. C). The percentage 1432 

of M2 out of total M1 and M2 proteins is plotted. The result of one experiment is plotted. 1433 

 1434 

We then evaluated the M protein expression of the M mutant viruses in A549 cells by western 1435 

blot. We found that the M mutant viruses did not exhibit lower %M2 protein out of total M 1436 

protein expression (Fig 4C). These data indicate that, although they supported improved viral 1437 

replication in mammalian cells, the mutations identified were not associated with decreased M2 1438 

protein expression. 1439 

 1440 

Chimeric M segment mutants confer decreased M2 protein but not M2 mRNA expression. 1441 

The mutations identified in the Eurasian avian-like swine M panel consist of only 18 of the 57 1442 

total nt differences between the dkSch79wt and NL09 M segments. To delineate the impact of 1443 

the full set of nucleotide mutations on M gene expression, we generated a panel of chimeric M 1444 

segments in the PR8 dkSch79wt M segment background. A set of targeted chimeric segments 1445 

were made containing the NL09 M1 coding region, NL09 M2 coding region, or the NL09 1446 

sequence encoding a 3’ splice site controlled by structural conformers (37, 38). Additionally, a 1447 

set of unbiased chimeric mutants were made in which approximately 200 nt of the NL09 M 1448 

sequence was introduced into each, spanning the entire M segment (Fig 5A). A549 cells were 1449 

infected with the chimeric M mutants and %M2 protein out of total M protein expression was 1450 

evaluated by western blot. Two chimeric M mutants, PR8 dkSch79 (NL M1) and PR8 dkSch79 1451 

(401-600) M viruses, showed %M2 protein, 19% and 17% respectively,  comparable to those of 1452 
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the PR8 NL09 M virus at 11% (Fig 5B). Both viruses share the region of nt 401-600 from the 1453 

NL09 M segment which harbors 13 nt differences from dkSch79wt M segment, indicating that 1454 

this region contains mutations that alter M2 protein expression. 1455 

 1456 

Fig. 5 Chimeric M segments yield decreased M2 protein, but not M2 mRNA expression.  A) 1457 

The dkSch79 and NL09 M segments differ by 57 nt. Chimeric dkSch79 M segments were 1458 

generated with the sequences of the NL09 M segment (blue). A549 cells were infected at an 1459 
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MOI of 5 PFU/cell with PR8 viruses encoding dkAlb 89 G, dkSch79, chimeric dkSch79, or 1460 

NL09 M segments. B) The percentage of M2 protein out of total M1 and M2 protein is plotted. 1461 

Results of three independent experiments are plotted and bars indicate the means. C,D) The 1462 

percentage of M2 mRNA out of total M1 and M2 mRNA is plotted. Results of two to four 1463 

biological replicates derived from one to two independent experiments are plotted. 1464 

We then wanted to assess whether the decreased M2 protein expression associated with the 401-1465 

600 nt region of NL09 M segment resulted from decreased M2 mRNA expression. To test this, 1466 

we infected A549 cells with avian M, PR8 dkSch79 mutant, or PR8 NL09 M viruses and 1467 

quantified the %M2 mRNA out of total M1 and M2 mRNAs. Our results indicate that the %M2 1468 

mRNA expression between the avian M, PR8 dkSch79 mutant, and PR8 NL09 M viruses were 1469 

comparable up to 8 h post infection (Fig 5C). By 16 h the PR8 dkSch79 (401-600) and PR8 1470 

NL09 M viruses trended toward higher %M2 mRNA expression than PR8 dkSch79wt M virus 1471 

(Fig 5D), counter to the %M2 protein expressed (Fig 4B). These results suggest that the 1472 

mechanism driving lower M2 protein expression occurs after M mRNA transcription or splicing.  1473 

 1474 

Discussion 1475 

 1476 

Our results show that optimal regulation of M1/M2 gene expression is a marker of IAV host 1477 

adaptation. IAVs containing an M segment well adapted to the host exhibit low %M2 protein out 1478 

of total M proteins expressed during infection. However, IAVs containing an M segment 1479 

maladapted to its host exhibit aberrantly high %M2 protein. Accordingly, our results demonstrate 1480 

that avian IAV circulation in swine led to a re-establishment of optimal M gene expression, 1481 

where %M2 protein expression of later Eurasian avian-like IAV isolates were lower than early 1482 

isolates. Despite this trend, introducing M segment mutations that arose during swine circulation 1483 

into an avian M IAV precursor did not decrease %M2 protein expression during mammalian cell 1484 

infection. In contrast, introducing mutations from the M segment of a 2009 pandemic IAV strain, 1485 
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NL09, did result in decreased %M2 protein expression. However, %M2 mRNA expression of the 1486 

avian, mutant, and NL09 M viruses were comparable. Thus, we were unable to identify M 1487 

sequences that modulate differential M gene expression. These results suggest that M gene 1488 

expression is regulated downstream of M mRNA transcription or splicing. 1489 

 1490 

While these findings confirmed differences in avian M vs NL09 M %M2 protein expression 1491 

described in our prior work, we did not see similar differences in %M2 mRNA expression (36). 1492 

This may be due to differences in the assays used to determine %M2 mRNA expression. A 1493 

primer extension assay was used previously, while the present work used droplet digital 1494 

(ddPCR). The primer extension assay utilizes a shared primer and relies on size differences on a 1495 

gel to differentiate M1, M2, and M3 (mRNA11)  mRNAs, where band intensities are used for 1496 

quantification. In contrast, the ddPCR assay utilizes primers that target either the intron of the 1497 

M1 open reading frame or the M2 splice junction, which are exclusive to each mRNA species, to 1498 

quantify absolute quantities. Differences in the specificity and sensitivity of each assay could 1499 

result in differences in the detection of each mRNA species. Moreover, M3 mRNA is another 1500 

alternative splicing product of M mRNA, but no protein corresponding to the M3 mRNA has 1501 

been identified. No differences in %M3 mRNA were observed between the various IAV M 1502 

segment viruses (36), and thus, M3 mRNA was not quantified in the experiments described 1503 

herein. While M3 mRNA expression was shown to be low, the absence of its quantification by 1504 

ddPCR could affect the %M2 mRNA calculated. Further work in this area would be needed to 1505 

clarify at what point, from transcription to post-translation modification, M gene regulation 1506 

affects the levels of M1 and M2 during infection. 1507 

 1508 
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Virus-host interactions can lead to differential M gene expression that can affect both virus and 1509 

host outcomes. During cellular infection, M segment gene expression has been shown to be time 1510 

dependent, as the ratio of M2 to M1 increases over the course of an infection (35). Importantly, 1511 

the splicing of M1 mRNA to M2 mRNA is regulated by both viral and host proteins (28-35, 39). 1512 

Differences in the binding motifs of these host proteins and viral mRNAs that have evolved in 1513 

different hosts, would likely result in dysregulation of M gene expression. Furthermore, the 1514 

accessibility of regions in the mRNA secondary structure, such as the 3’ splice site can also have 1515 

an affect (37, 38). While we did not observe a change in %M2 protein or mRNA expression 1516 

corresponding to the origin of this site, another group was able to show that an avian M segment 1517 

3’ splice site in a human IAV virus did reduce viral replication and increase M2 mRNA 1518 

expression (40).  1519 

Differences in the M segment and gene expression can subsequently impact that host. Increased 1520 

M2 expression has been shown to affect cellular autophagy, a recycling process in which 1521 

cytoplasmic proteins and organelles are sequestered and degraded (41-43). Moreover, we have 1522 

previously shown that the increased M2 protein expression, exhibited by the avian M segment 1523 

during mammalian infection, blocked turnover of autophagosomes (36). Blocking cellular 1524 

autophagy then, in turn,  disrupts the ability of the cell to maintain homeostasis and likely has 1525 

detrimental effects on the cell which may extend to the host. It follows that differences in M 1526 

segment origin can also impact IAV virulence. We have shown that the 2009 pandemic M 1527 

segment confers transmission between guinea pigs in a non-transmitting strain (25). It was also 1528 

shown that replacing just the M1 encoding region of the 2009 pandemic M with a swine M1 1529 

decreased virulence in mice (44). Moreover, replacing the M segment of a highly pathogenic 1530 
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avian influenza strain with that of a non-lethal, but closely related, strain reduced the mortality 1531 

rate from 100% to 25% in mallards (45).  1532 

 1533 

In conclusion, dysregulation of M gene expression can occur when an IAV infects a new host 1534 

species. However, continued IAV circulation in the species can give rise to mutations that re-1535 

establish optimal M gene expression. Thus, M gene expression impacts viral fitness and has a 1536 

role in IAV adaptation to new hosts. 1537 
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Cells 1554 

Madin-Darby Canine Kidney (MDCK) cells, a gift of Peter Palese at Icahn School of Medicine 1555 

at Mount Sinai,  and human lung epithelial cells (ATCC CCL-185) were maintained in minimum 1556 

essential medium (MEM; Gibco) supplemented with Normocin (InvivoGen) and 10% Fetal 1557 

Bovine Serum (FBS). Human kidney 293T cells (ATCC CRL-3216) were maintained in 1558 

Dulbecco’s minimal essential medium (Gibco) supplemented with Normocin and 10% FBS. All 1559 

cells were cultured at 37°C and 5% CO2 in a humidified incubator. Cells were tested monthly for 1560 

mycoplasma contamination during use. Medium used for IAV infection in each cell line (virus 1561 

medium) was prepared using the appropriate medium containing Normocin and 4.3% bovine 1562 

serum albumin. Virus medium containing ammonium chloride was prepared by adding HEPES 1563 

buffer and NH4Cl at final concentrations of 50 mM and 20 mM, respectively. 1564 

Viruses 1565 

The strains influenza A/Puerto Rico/8/1934(H1N1), A/Netherlands/602/2009 (H1N1), 1566 

A/Panama/2007/99 (H3N2), and A/Bethesda/55/2015 (H3N2) are referred to herein as PR8, 1567 

NL09, Pan99, and Beth15 respectively. PR8, NL09, Pan99, and Beth15 were handled under 1568 

BSL2 conditions. The strains influenza are A/dk/Schleswig/21/1979 (H1N1), 1569 

A/duck/Alberta/35/76 (H1N1), A/rhea/North Carolina/39482/93 (H7N1),  and 1570 

A/mallard/MN/19906/99 (H3N8) are referred to herein as dkSch79, dkAlb76, RhNC93,  and 1571 

MaMN99, respectively. DkSch79, dkAlb76, RhNC93,  and MaMN99were handled under BSL2 1572 

conditions with enhancements as required by the United States Department of Agriculture.  1573 

 1574 

 All viruses used were generated using reverse genetics (Hoffman 2000; Fodor 1999). The 1575 

reverse genetics system for PR8 is in the ambisense pDZ  vector (a gift of Peter Palese). The 1576 
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reverse genetics system for NL09 is in the ambisense vector pHW and was a kind gift of Ron 1577 

Fouchier. The reverse genetics systems for Pan99, dkSch79, and MaMN99 viruses were 1578 

generated in house in the pDP vector (a gift of Daniel Perez). The dkAlb76 89G mutant virus 1579 

was described in (Calderon 2019) and was generated by introducing the S89G mutation to the 1580 

reverse genetics plasmid encoding the M gene segment in the M2 open read frame of dkAlb76 1581 

using site-directed mutagenesis. Mutant dkSch79 M viruses were generated introducing the 1582 

mutations described (Table #) to the reverse genetics plasmids encoding the M gene segment of 1583 

dkSch79 using site-directed mutagenesis. Chimeric dkSch79-NL09 M viruses were generated 1584 

using NEBuilder HiFi DNA Assembly Master mix (New England Biosciences) according to the 1585 

manufacturer’s instructions using the primers in Table 1. PCR-amplified fragments encoding 1586 

regions of the M segment described in Fig. 5 from NL09 were combined with a fragment 1587 

containing the rest of dkSch79 segment in a pDP plasmid. 1588 

 1589 

Briefly, avian viruses were generated by transfecting 293T cells with eight reverse genetics 1590 

plasmids encoding each IAV segment. After 16 h, transfected 293T cells were injected into the 1591 

allantoic cavity of 11-day old chicken eggs, incubated at 37°C for 40-48 h, and allantoic fluid 1592 

was recovered for use as a passage 1 working virus stock. Mammalian IAVs were generated by 1593 

transfecting 293T cells with reverse genetics plasmids encoding each IAV segment. After 16 h, 1594 

transfected 293T cells were then cocultured with MDCK cells at 37°C for 40-48 h. Collected 1595 

supernatants were then propagated in MDCK cells from low MOI to generate a working virus 1596 

stock. 1597 

 1598 

Virus infection conditions 1599 
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Cells are seeded 24 h prior to infection. The monolayer was washed 3x with PBS. Virus 1600 

inoculum was added to each well at a multiplicity of infection (MOI) of 5 plaque forming units 1601 

(PFU) per cell and kept at 37°C for 45 min with rocking. After that time, the inoculum was 1602 

aspirated, each well 3x with PBS, the warmed virus medium was added. Under multi-cycle 1603 

conditions, virus medium containing L-1-tosylamido-2-phenylethyl chloromethyl ketone 1604 

(TPCK)-treated trypsin at a final concentration of 1 µM was added. Cultures were incubated at 1605 

37°C. Each infection was performed in triplicate wells. 1606 

 1607 

Quantification of M proteins by immunoblot 1608 

A549, MDCK, or 293T cells were seeded into 6-well plates at 6 x 105 cells per well 24 h prior to 1609 

infection. Each infection took place under virus infection condition. At 8 or 16 h post infection, 1610 

cells were lysed with 2X Laemmli sample buffer (Bio-rad) containing 2% beta-mercaptoethanol. 1611 

Samples were boiled for 10 min at 95°C and ran on 4-20% gradient SDS-page gels, then 1612 

transferred to nitrocellulose membranes (Bio-rad) and incubated with 5% non-fat dry milk/ Tris 1613 

Buffered Saline with 1% Tween 20 (TBST) blocking buffer. Membranes were then incubated 1614 

with the following antibodies for immunoblotting: anti-vinculin monoclonal antibody (catalog 1615 

no. V9131; Sigma-Aldrich) at 1:5000 dilution, IAV nucleoprotein monoclonal antibody (HT-1616 

103; catalog no. EMS010, Kerafast) at 1:500 dilution, and IAV matrix protein monoclonal 1617 

antibody (E10; catalog no. EMS009, Kerafast) at 1:1000 dilution. Bands were normalized to 1618 

vinculin then quantified using ImageLab software (Bio-Rad). Two technical replicates of 1619 

immunoblots for each infection were performed. 1620 

 1621 

Quantification of viral growth 1622 
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A549 cells were seeded into 6-well plates at 6 x 105 cells per well 24 h prior to infection. Each 1623 

infection took please under multi-cycle conditions. At various time points post infection, 120 µl 1624 

of medium was sampled from each dish and 120 µl fresh medium was added. Samples were 1625 

stored at -80°C and later titered by plaque assay on MDCK cells.  1626 

 1627 

Quantification of vRNA 1628 

RNA was extracted from cells and viral samples using the Qiagen RNeasy mini kit and the 1629 

Qiagen Viral RNA mini kit, respectively, using included protocol instructions.  Extracted vRNA 1630 

was reverse transcribed using an M mRNA specific primer (Table #) and Maxima RT 1631 

(Thermofisher) per protocol instructions. Droplet digital PCR (ddPCR) was performed on the 1632 

resultant cDNA using the QX200TM ddPCRTM EvaGreen Supermix (Bio-Rad) and M1 and M2 1633 

specific primers (final concentration 200 nM) (Table 2). Copy numbers of M1 and M2 present in 1634 

samples were added to give total number of M mRNA. %M2 mRNA was calculated by dividing 1635 

the copy number of M2 mRNA by the total of M1 + M2 copy numbers. 1636 

 1637 

Statistical analyses 1638 

All statistical analyses were performed in R (version 1.3.959). The mean of technical replicates 1639 

was used for statistical analysis. 1640 

  1641 
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Supplemental Information 1642 

 1643 

Table 2. Primers used for chimeric M segment Assembly. 1644 

Primer Sequence 

pDP 5 prime 14.32 Fwd GGAGTACTGGTCGACCTCC 

pDP 5 prime 32.14 Rev GGAGGTCGACCAGTACTCC 

Sch.pH1N1 M 39.59 Fwd CCGAGGTCGAAACGTACGTTC 

Sch.pH1N1 M 59.39 Rev GAACGTACGTTTCGACCTCGG 

Sch.pH1N1 M 206.226 Fwd GGATTTGTGTTCACGCTCACC 

Sch.pH1N1 M 226.206 Rev GGTGAGCGTGAACACAAATCC 

Sch.pH1N1 M 389.406 Fwd GGTGCACTTGCCAGTTGC 

Sch.pH1N1 M 406.389 Rev GCAACTGGCAAGTGCACC 

Sch.pH1N1 M 592.610 Fwd GGAACAGATGGCTGGATCG 

Sch.pH1N1 M 610.592 Rev CGATCCAGCCATCTGTTCC 

Sch.pH1N1 M 689.708 Fwd CATCCTAGCTCCAGTGCTGG 

Sch.pH1N1 M 704.684 Rev CACTGGAGCTAGGATGAGTCC 

Sch.pH1N1 M 736.752 Fwd GCAGGCCTACCAGAAGC 

Sch.pH1N1 M 752.736 Rev GCTTCTGGTAGGCCTGC 

pH1N1 M 781.802 Fwd GTGATCCTCTCGTCATTGCAGC 

pH1N1 M 802.781 Rev GCTGCAATGACGAGAGGATCAC 

Sch 79 M 781.802 Fwd GTGATCCTCTCGTTATTGCAGC 

Sch 79 M 802.781 Rev GCTGCAATAACGAGAGGATCAC 

pDP 3 prime 1096.1118 Fwd CGACTCGGAGCGAAAGATATACC 

pDP 3 prime 1118.1096 Rev GGTATATCTTTCGCTCCGAGTCG 

  1645 
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Table 3. Primers used for the quantification of viral mRNA by ddPCR. 1646 

M Segment mRNA Reverse Transcription Primer 

M mRNA RT Primer 992.1011  TTTTTTTTTTTTTTTACTCCAGCTCTATG 

mRNA7 and mRNA10 Primers 

M1 Fwd 565.580 GCTGGCTAGCACTACGG 

M1 Rev 708.692 CCAGCACTGGAGCTAGG 

M2 Fwd 47.752  GAAACGCCTACCAGAAGC 

M2 Rev. 917.900 CACTCCTTCCGTAGAAGG 

 1647 

  1648 



86 
 

 

References Cited 1649 

1. Belser JA, Maines TR, Tumpey TM. 2018. Importance of 1918 virus reconstruction to 1650 

current assessments of pandemic risk. Virology 524:45-55. 1651 

2. Scholtissek C. 1994. Source for influenza pandemics. Eur J Epidemiol 10:455-8. 1652 

3. Kilbourne ED. 2006. Influenza pandemics of the 20th century. Emerg Infect Dis 12:9-14. 1653 

4. Trifonov V, Khiabanian H, Greenbaum B, Rabadan R. 2009. The origin of the recent 1654 

swine influenza A(H1N1) virus infecting humans. Euro Surveill 14. 1655 

5. Neumann G, Noda T, Kawaoka Y. 2009. Emergence and pandemic potential of swine-1656 

origin H1N1 influenza virus. Nature 459:931-9. 1657 

6. Sorrell EM, Schrauwen EJ, Linster M, De Graaf M, Herfst S, Fouchier RA. 2011. 1658 

Predicting 'airborne' influenza viruses: (trans-) mission impossible? Curr Opin Virol 1659 

1:635-42. 1660 

7. Matrosovich M, Tuzikov A, Bovin N, Gambaryan A, Klimov A, Castrucci MR, Donatelli 1661 

I, Kawaoka Y. 2000. Early alterations of the receptor-binding properties of H1, H2, and 1662 

H3 avian influenza virus hemagglutinins after their introduction into mammals. J Virol 1663 

74:8502-12. 1664 

8. Taubenberger JK, Kash JC. 2010. Influenza virus evolution, host adaptation, and 1665 

pandemic formation. Cell Host Microbe 7:440-51. 1666 

9. Cauldwell AV, Long JS, Moncorgé O, Barclay WS. 2014. Viral determinants of 1667 

influenza A virus host range. J Gen Virol 95:1193-1210. 1668 

10. Schrauwen EJ, Fouchier RA. 2014. Host adaptation and transmission of influenza A 1669 

viruses in mammals. Emerg Microbes Infect 3:e9. 1670 



87 
 

 

11. Lowen AC. 2017. Constraints, Drivers, and Implications of Influenza A Virus 1671 

Reassortment. Annu Rev Virol 4:105-121. 1672 

12. Steel J, Lowen AC. 2014. Influenza A virus reassortment. Curr Top Microbiol Immunol 1673 

385:377-401. 1674 

13. Desselberger U, Nakajima K, Alfino P, Pedersen FS, Haseltine WA, Hannoun C, Palese 1675 

P. 1978. Biochemical evidence that "new" influenza virus strains in nature may arise by 1676 

recombination (reassortment). Proc Natl Acad Sci U S A 75:3341-5. 1677 

14. Peck KM, Lauring AS. 2018. Complexities of Viral Mutation Rates. J Virol 92. 1678 

15. Sanjuán R, Moya A, Elena SF. 2004. The distribution of fitness effects caused by single-1679 

nucleotide substitutions in an RNA virus. Proc Natl Acad Sci U S A 101:8396-401. 1680 

16. Phipps KL, Marshall N, Tao H, Danzy S, Onuoha N, Steel J, Lowen AC. 2017. Seasonal 1681 

H3N2 and 2009 Pandemic H1N1 Influenza A Viruses Reassort Efficiently but Produce 1682 

Attenuated Progeny. J Virol 91. 1683 

17. Villa M, Lässig M. 2017. Fitness cost of reassortment in human influenza. PLoS Pathog 1684 

13:e1006685. 1685 

18. Ma EJ, Hill NJ, Zabilansky J, Yuan K, Runstadler JA. 2016. Reticulate evolution is 1686 

favored in influenza niche switching. Proc Natl Acad Sci U S A 113:5335-9. 1687 

19. Ito T, Couceiro JN, Kelm S, Baum LG, Krauss S, Castrucci MR, Donatelli I, Kida H, 1688 

Paulson JC, Webster RG, Kawaoka Y. 1998. Molecular basis for the generation in pigs of 1689 

influenza A viruses with pandemic potential. J Virol 72:7367-73. 1690 

20. Nelson MI, Vincent AL. 2015. Reverse zoonosis of influenza to swine: new perspectives 1691 

on the human-animal interface. Trends Microbiol 23:142-53. 1692 



88 
 

 

21. Ma W, Kahn RE, Richt JA. 2008. The pig as a mixing vessel for influenza viruses: 1693 

Human and veterinary implications. J Mol Genet Med 3:158-66. 1694 

22. Kahn RE, Ma W, Richt JA. 2014. Swine and influenza: a challenge to one health 1695 

research. Curr Top Microbiol Immunol 385:205-18. 1696 

23. Chou YY, Albrecht RA, Pica N, Lowen AC, Richt JA, García-Sastre A, Palese P, Hai R. 1697 

2011. The M segment of the 2009 new pandemic H1N1 influenza virus is critical for its 1698 

high transmission efficiency in the guinea pig model. J Virol 85:11235-41. 1699 

24. Lakdawala SS, Lamirande EW, Suguitan AL, Jr., Wang W, Santos CP, Vogel L, 1700 

Matsuoka Y, Lindsley WG, Jin H, Subbarao K. 2011. Eurasian-origin gene segments 1701 

contribute to the transmissibility, aerosol release, and morphology of the 2009 pandemic 1702 

H1N1 influenza virus. PLoS Pathog 7:e1002443. 1703 

25. Campbell PJ, Danzy S, Kyriakis CS, Deymier MJ, Lowen AC, Steel J. 2014. The M 1704 

segment of the 2009 pandemic influenza virus confers increased neuraminidase activity, 1705 

filamentous morphology, and efficient contact transmissibility to A/Puerto Rico/8/1934-1706 

based reassortant viruses. J Virol 88:3802-14. 1707 

26. Brockwell-Staats C, Webster RG, Webby RJ. 2009. Diversity of influenza viruses in 1708 

swine and the emergence of a novel human pandemic influenza A (H1N1). Influenza 1709 

Other Respir Viruses 3:207-13. 1710 

27. Mena I, Nelson MI, Quezada-Monroy F, Dutta J, Cortes-Fernández R, Lara-Puente JH, 1711 

Castro-Peralta F, Cunha LF, Trovão NS, Lozano-Dubernard B, Rambaut A, van Bakel H, 1712 

García-Sastre A. 2016. Origins of the 2009 H1N1 influenza pandemic in swine in 1713 

Mexico. Elife 5. 1714 



89 
 

 

28. Lamb RA, Lai CJ, Choppin PW. 1981. Sequences of mRNAs derived from genome RNA 1715 

segment 7 of influenza virus: colinear and interrupted mRNAs code for overlapping 1716 

proteins. Proc Natl Acad Sci U S A 78:4170-4. 1717 

29. Shih SR, Nemeroff ME, Krug RM. 1995. The choice of alternative 5' splice sites in 1718 

influenza virus M1 mRNA is regulated by the viral polymerase complex. Proc Natl Acad 1719 

Sci U S A 92:6324-8. 1720 

30. Shih SR, Krug RM. 1996. Novel exploitation of a nuclear function by influenza virus: the 1721 

cellular SF2/ASF splicing factor controls the amount of the essential viral M2 ion 1722 

channel protein in infected cells. Embo j 15:5415-27. 1723 

31. Mor A, White A, Zhang K, Thompson M, Esparza M, Muñoz-Moreno R, Koide K, 1724 

Lynch KW, García-Sastre A, Fontoura BM. 2016. Influenza virus mRNA trafficking 1725 

through host nuclear speckles. Nat Microbiol 1:16069. 1726 

32. Zhang K, Shang G, Padavannil A, Wang J, Sakthivel R, Chen X, Kim M, Thompson 1727 

MG, García-Sastre A, Lynch KW, Chen ZJ, Chook YM, Fontoura BMA. 2018. 1728 

Structural-functional interactions of NS1-BP protein with the splicing and mRNA export 1729 

machineries for viral and host gene expression. Proc Natl Acad Sci U S A 115:E12218-1730 

e12227. 1731 

33. Thompson MG, Muñoz-Moreno R, Bhat P, Roytenberg R, Lindberg J, Gazzara MR, 1732 

Mallory MJ, Zhang K, García-Sastre A, Fontoura BMA, Lynch KW. 2018. Co-regulatory 1733 

activity of hnRNP K and NS1-BP in influenza and human mRNA splicing. Nat Commun 1734 

9:2407. 1735 



90 
 

 

34. Tsai PL, Chiou NT, Kuss S, García-Sastre A, Lynch KW, Fontoura BM. 2013. Cellular 1736 

RNA binding proteins NS1-BP and hnRNP K regulate influenza A virus RNA splicing. 1737 

PLoS Pathog 9:e1003460. 1738 

35. Valcárcel J, Portela A, Ortín J. 1991. Regulated M1 mRNA splicing in influenza virus-1739 

infected cells. J Gen Virol 72 ( Pt 6):1301-8. 1740 

36. Calderon BM, Danzy S, Delima GK, Jacobs NT, Ganti K, Hockman MR, Conn GL, 1741 

Lowen AC, Steel J. 2019. Dysregulation of M segment gene expression contributes to 1742 

influenza A virus host restriction. PLoS Pathog 15:e1007892. 1743 

37. Moss WN, Dela-Moss LI, Kierzek E, Kierzek R, Priore SF, Turner DH. 2012. The 3' 1744 

splice site of influenza A segment 7 mRNA can exist in two conformations: a pseudoknot 1745 

and a hairpin. PLoS One 7:e38323. 1746 

38. Jiang T, Nogales A, Baker SF, Martinez-Sobrido L, Turner DH. 2016. Mutations 1747 

Designed by Ensemble Defect to Misfold Conserved RNA Structures of Influenza A 1748 

Segments 7 and 8 Affect Splicing and Attenuate Viral Replication in Cell Culture. PLoS 1749 

One 11:e0156906. 1750 

39. Esparza M, Bhat P, Fontoura BM. 2022. Viral-host interactions during splicing and 1751 

nuclear export of influenza virus mRNAs. Curr Opin Virol 55:101254. 1752 

40. Bogdanow B, Wang X, Eichelbaum K, Sadewasser A, Husic I, Paki K, Budt M, 1753 

Hergeselle M, Vetter B, Hou J, Chen W, Wiebusch L, Meyer IM, Wolff T, Selbach M. 1754 

2019. The dynamic proteome of influenza A virus infection identifies M segment splicing 1755 

as a host range determinant. Nat Commun 10:5518. 1756 

41. Rossman JS, Lamb RA. 2009. Autophagy, apoptosis, and the influenza virus M2 protein. 1757 

Cell Host Microbe 6:299-300. 1758 



91 
 

 

42. Gannagé M, Dormann D, Albrecht R, Dengjel J, Torossi T, Rämer PC, Lee M, Strowig 1759 

T, Arrey F, Conenello G, Pypaert M, Andersen J, García-Sastre A, Münz C. 2009. Matrix 1760 

protein 2 of influenza A virus blocks autophagosome fusion with lysosomes. Cell Host 1761 

Microbe 6:367-80. 1762 

43. Münz C. 2017. The Autophagic Machinery in Viral Exocytosis. Front Microbiol 8:269. 1763 

44. Xie L, Xu G, Xin L, Wang Z, Wu R, Wu M, Cheng Y, Wang H, Yan Y, Ma J, Sun J. 1764 

2021. Eurasian Avian-like M1 Plays More Important Role than M2 in Pathogenicity of 1765 

2009 Pandemic H1N1 Influenza Virus in Mice. Viruses 13. 1766 

45. Leyson CM, Youk S, Ferreira HL, Suarez DL, Pantin-Jackwood M. 2021. Multiple Gene 1767 

Segments Are Associated with Enhanced Virulence of Clade 2.3.4.4 H5N8 Highly 1768 

Pathogenic Avian Influenza Virus in Mallards. J Virol 95:e0095521. 1769 

 1770 

  1771 



92 
 

 

Chapter 4: Discussion 1772 

IAV Virus-virus interactions 1773 

The intrinsic properties of IAVs shape virus-virus interactions during infection. IAVs often 1774 

require coinfection to initiate a productive infection. This is due, in part, to the high frequency of 1775 

incomplete viral genomes that require complementation to initiate a productive infection (1-3). 1776 

In high MOI conditions, incomplete viral genomes can be readily complemented through 1777 

coinfection thereby increasing the likelihood of a productive infection (1, 4, 5). However, the 1778 

presence of incomplete viral genomes alone does not account for the increased reliance on 1779 

coinfection of some IAVs during infection of a new host (6). Rather, diminished viral 1780 

polymerase activity can result in reduced replicative capacity. Here, coinfection results in an 1781 

increase of viral proteins to meet the needs of viral replication (7). Furthermore, we show herein 1782 

that this need for coinfection can be met by both homologous and phylogenetically distant IAVs. 1783 

However, the benefits of positive density dependence are limited to the foci of infected cells 1784 

where local MOI is high. Beyond these foci, the relative fitness of the virus, its ability to infect 1785 

cells, replication kinetics, and progeny production, determine its ability to compete for target 1786 

cells.  1787 

 1788 

Moreover, the immune response of the host significantly impacts the competitive landscape for 1789 

infecting IAVs. It has been well documented that adaptive immune responses to IAV impose a 1790 

strong barrier to infection and spread within host (8-11). In these studies, we did not assess the 1791 

impact of the guinea pig immune system on virus-virus interactions and importantly, these 1792 

animals were naïve, having no pre-existing immunity to IAVs. Various studies have shown prior 1793 

infection or vaccination can suppress the replication of an IAV of that strain (12-15). Under these 1794 
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conditions, the presence of both neutralizing and non-neutralizing antibodies would limit viral 1795 

spread within the host. In turn, the frequency of coinfection between strains within tissues would 1796 

likely decrease. To test this, guinea pigs could be inoculated with an IAV strain, then challenged 1797 

with equivalent doses of the matched wt and var IAVs of that strain. Compared to a naïve host, 1798 

the presence of reassortant viruses and change in viral population diversity could be measured as 1799 

a proxy for frequency of coinfection. If coinfection between strains is occurring, we would 1800 

expect that the presence of reassortant viruses and population diversity would increase over the 1801 

course of an infection. However, if coinfection is limited, we would expect to primarily see 1802 

parental strains and little diversity amongst the viral population. 1803 

Additionally, in vivo coinfections were limited to pairings of homologous or mutant variants of 1804 

GFHK99 virus in this study. However, studying the outcomes of heterologous IAV coinfection, 1805 

particularly in the context of a host with pre-existing immunity, could further the understanding 1806 

of heterologous virus-virus interactions. In a naïve host, an IAV that is better adapted to the host 1807 

will likely have a fitness advantage over an IAV that is not. However, in a host that has pre-1808 

existing immunity, the host adapted IAV may lose its fitness advantage. In this scenario, the two 1809 

coinfecting viruses differ in the factors that impact viral fitness, adaptation vs antigenic novelty. 1810 

We hypothesize that pre-existing immunity would increase the competitiveness of virus-virus 1811 

interactions, favoring IAVs that are less recognized by memory responses. To test this, guinea 1812 

pigs could be inoculated with a human IAV strain, then challenged with the same human IAV 1813 

strain and an avian IAV strain. Monitoring the replication of each virus could identify whether 1814 

host-adaptation or antigenic novelty has a greater impact on viral fitness. Importantly, the 1815 

presence of novel reassortants with enhanced replication would be monitored for. While our data 1816 
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suggest that cellular coinfection within a host is restricted, such conditions would favor a 1817 

reassortant that benefits from antigenic novelty and host adapted segments. 1818 

M segment gene regulation 1819 

IAV M gene expression is well regulated by both viral and host factors during infection. The 1820 

expression of the proteins encoded by the M segment, M1 and M2, have important roles in viral 1821 

packaging and budding. The M1 protein, in association with NEP, binds and traffics vRNPs out 1822 

of the nucleus and to the plasma membrane, where it then binds to HA and NA while forming 1823 

the structure of the budding virion (16, 17). The M2 protein completes the budding process by 1824 

mediating virion scission from the plasma membrane (18-21). It follows that newly translated 1825 

M2 proteins are needed at later stages of viral replication and budding. M2 expression has been 1826 

shown to be time dependent as its expression, relative to M1, increases over the course of an 1827 

infection (22). However, when M2 protein expression is not well regulated and is overexpressed, 1828 

this can have negative outcomes for the virus. M2 expression has been shown to block the 1829 

turnover of cellular autophagosomes, which are used to recycle cytosolic components (23-25). 1830 

Moreover, we previously showed that an avian IAV M segment confers increased M2 1831 

expression, a subsequent block in cellular autophagy, and diminished replication during infection 1832 

of mammalian, but not avian, cells (26). However, an IAV harboring the M segment of NL09 1833 

does not exhibit increased M2 expression and confers transmissibility in a non-transmitting strain 1834 

(26, 27). Together, these studies and the work herein indicate that re-establishing M gene 1835 

expression is important for host adaptation. We showed that introducing the 401-600 1836 

nucleotide(nt) region of the NL09 M segment into the dkSch79 M segment reduces M2  protein 1837 

expression. Further studies would be needed to identify which of the 13 nt mutations in this 1838 

region are responsible for reduced M2 protein expression. Interestingly, the region lies within the 1839 
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M1 intron and has not been previously described in modulating M gene expression. Investigating 1840 

this region could elucidate a novel mechanism of M gene regulation. 1841 

Conclusion 1842 

In its entirety, this work focuses on the factors and conditions that facilitate IAV replication in a 1843 

new host species. This is of particular concern to public health as IAV pandemics are caused by 1844 

IAV strains that emerge from an animal host (28-30). Chapter two illustrates that an IAV that is 1845 

not yet adapted to a host can use positive density dependence to overcome initial host barriers. 1846 

Incomplete viral genomes can be complemented, and diminished replication capacity can be 1847 

overcome through cellular coinfection. Moreover, this benefit extends to homologous and 1848 

phylogenetically distant coinfection partners. However, subsequent rounds of infection and 1849 

spread are subject to competition for target cells within a host. While IAVs that have a lower 1850 

reliance on coinfection can prove to be beneficial coinfection partners within cells, at the host 1851 

scale they can prove to be more effective competitors.  1852 

 1853 

Our findings offer an explanation for the infrequency with which coinfection and reassortment 1854 

involving seasonal and zoonotic IAVs are detected in humans. During human coinfection with 1855 

avian and human IAVs, we would expect that human IAVs, being well-adapted, would very 1856 

likely outcompete avian IAVs. Moreover, an avian IAV would likely not benefit from cellular 1857 

coinfection with the human IAV as the heterogeneous distribution of cellular receptors would 1858 

tend to compartmentalize the viruses based on tissue tropism. Human IAVs would favor upper 1859 

respiratory replication and avian IAVs the lower respiratory tract (31-33). Moreover, evidence 1860 

suggests that within-host spread between parts of the respiratory tract is limited (34, 35). In the 1861 

event that human and avian IAVs are able to co-infect within cells, the avian IAV would likely 1862 
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benefit from enhanced replication and genome incorporation. Reassortant viruses would be 1863 

formed, but most reassortant progeny would be less fit than the parental viruses due to gene 1864 

segments becoming unlinked (36, 37). Onward transmission of viral progeny would likely be 1865 

dictated on two fronts. First, viral load in the infected individual and second the location of viral 1866 

replication, as progeny produced in the upper respiratory tract would be more readily shed by 1867 

mechanical transmission (e.g. coughing). Overall, these factors would likely result in the human 1868 

IAV outcompeting an avian IAV during human coinfection. Such competitive coinfection 1869 

dynamics may explain why avian-human IAV reassortants have not been detected in humans, 1870 

despite coinfection events (38-40).  1871 

 1872 

The key difference in the frequency of avian-human reassortants during coinfection of humans 1873 

and swine is the permissiveness of the host to both avian and human IAVs. In a non-permissive 1874 

host, replication of one of the variants would greatly be reduced and subsequently, so would the 1875 

frequency of coinfection and emergence of reassortant variants. Conversely, in a permissive host, 1876 

both variants would replicate efficiently, increasing the frequency of coinfection and reassortant 1877 

variants. These concepts underlie why hosts such as swine are a constant concern for the 1878 

emergence of pandemic IAVs. Due to their permissiveness to infection with diverse IAVs, swine 1879 

can support the formation of novel reassortants. Furthermore, as outlined in chapter three, swine 1880 

facilitate the adaptation of avian IAV segments to mammalian hosts (41, 42). Together, these 1881 

studies illustrate mechanisms that allow IAVs to infiltrate and adapt to new hosts. 1882 

 1883 

  1884 
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