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ABSTRACT 

Influenza virus infections are a major public health burden around the world. 

This dissertation examines the influenza A virus M2 protein and how it can 

contribute to a better understanding of influenza virus biology and improve 

vaccination strategies. M2 is a member of the viroporin class of virus proteins 

characterized by their predicted ion channel activity. While traditionally 

studied only for their ion channel activities, viroporins frequently contain 

long cytoplasmic tails that play important roles in virus replication and 

disruption of cellular function. 

 The currently licensed live, attenuated influenza vaccine (LAIV) 

contains a mutation in the M segment coding sequence of the backbone virus 

which confers a missense mutation (alanine to serine) in the M2 gene at 

amino acid position 86. Previously discounted for not showing a phenotype in 

immortalized cell lines, this mutation contributes to both the attenuation and 

temperature sensitivity phenotypes of LAIV in primary human nasal 

epithelial cells. Furthermore, viruses encoding serine at M2 position 86 

induced greater IFN-λ responses at early times post infection. Reversing 

mutations such as this, and otherwise altering LAIV’s ability to replicate in 

vivo, could result in an improved LAIV development strategy. 

 Influenza viruses infect at and egress from the apical plasma 

membrane of airway epithelial cells. Accordingly, the virus transmembrane 

proteins, HA, NA, and M2, are all targeted to the apical plasma membrane 
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and contribute to egress. When M2 is targeted away from the apical plasma 

membrane, virus replication and budding are significantly diminished. 

Consequently, viruses encoding M2 targeted away from the apical plasma 

membrane could be developed as vaccine candidates or used to improve 

systemic influenza virus models. 

 Together these studies demonstrate that non-immunodominant viral 

proteins, like M2, can be modified and used to drastically affect virus 

replication and function while potentially leading to new therapeutics and 

prophylactics. 

 

Thesis Readers: 

Adviser: Andrew Pekosz 

Isabelle Coppens 

Anna P. Durbin 

Diane E. Griffin 

Carolyn E. Machamer 

 

Alternates: 

Sabra L. Klein 

Kellogg J. Schwab

 

Molecular Microbiology and Immunology – BSPH 

Molecular Microbiology and Immunology – BSPH 

International Health – BSPH 

Molecular Microbiology and Immunology – BSPH 

Cell Biology - SOM 

 

 

Molecular Microbiology and Immunology – BSPH 

Environmental Health and Engineering – BSPH

  



iv 

 

PREFACE 

 

 

 

For Rosalind 

 

 

 

 

 

 

 

The journey is difficult, immense, at times impossible, yet that will not deter 

some of us from attempting it. We cannot know all that has happened in the 

past, or the reason for all of these events, any more than we can with surety 

discern what lies ahead. We have joined the caravan, you might say, at a 

certain point; we will travel as far as we can, but we cannot in one lifetime 

see all that we would like to see or learn all that we hunger to know. 

– Loren Eiseley, from The Immense Journey, 1946 
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CHAPTER 1: INTRODUCTION 
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BACKGROUND 

 

INFLUENZA A VIRUS GENERAL BIOLOGY 

Influenza A viruses (IAV) are members of the Orthomyxoviridae family of 

viruses with negative-sense, single-stranded RNA genomes. Their genomes 

are comprised of 8 segments encoding 10-14 proteins (1). IAV particles have a 

complex structure that takes a spherical or filamentous form (Fig. 1.1A). The 

helically encapsidated segments are contained by a lipid membrane derived 

from the host plasma membrane. This envelope contains the viral 

glycoproteins, hemagglutinin (HA) and neuraminidase (NA), and the ion 

channel protein, matrix protein 2 (M2). IAV matrix protein 1 (M1) lines the 

interior of the envelope. The core of the virion consists of the viral 

ribonucleoprotein complexes (vRNP), which each contain one of the 8 genome 

segments coated with the virus nucleoprotein (NP). Each NP coated segment 

is associated with a virus polymerase complex consisting of polymerase basic 

protein 1 (PB1), polymerase basic protein 2 (PB2), and polymerase acid 

protein (PA). The soluble nonstructural protein 2 (NS2) is also present in 

purified virus particles (1, 2). 

 IAV binds to sialic acids on the apical surface of respiratory epithelial 

cells to initiate infection. The viral glycoprotein HA binds different 

arrangements of sialic acid depending on its species of origin. HA proteins 

from human viruses preferentially bind sialic acid connected to the 
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penultimate sugar residue by an α2-6 linkage, whereas avian virus HA 

proteins preferentially bind sialic acid connected by an α2-3 linkage (3). The 

invading IAV particle is endocytosed via receptor mediated endocytosis, and 

the low pH of the maturing endosome triggers the fusion protein, HA, to fuse 

the viral membrane with the host endosomal membrane (Fig. 1.1B). Efficient 

uncoating after fusion requires the ion channel activity of M2 which 

facilitates the flux of H+ from the endosome to the interior of the particle. 

This pH change disrupts protein-protein interactions between M1 and the 

vRNP, freeing the vRNP into the cytoplasm (4, 5). Next, the vRNP are 

transported into the nucleus. Each protein in the vRNP complex possesses a 

nuclear localization signal, which allows for the importation of the complexes 

into the nucleus (1, 6, 7). Once in the nucleus, the viral polymerase complex 

(PB1, PB2, and PA), transcribes mRNA from the negative sense genome. PB1 

is the RNA-dependent RNA polymerase, PB2 binds the 5’ cap of the host 

cellular RNA, and PA cleaves the host cellular RNA to free the cap for 

priming transcription of viral mRNA. Importantly, the negative sense 

genomic RNA serves as the template for both viral mRNA and positive sense 

anti-genome. It is thought that the concentration of newly produced NP 

controls the switch between mRNA and anti-genome synthesis, that is, as NP 

concentrations increase, the polymerase complex switches to producing anti-

genome (8, 9). Alternatively, the polymerase complex may have no preference 

for mRNA or anti-genome, but it is not until NP reaches sufficient 
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concentrations to help stabilize anti-genome that anti-genome begins to 

accumulate (10, 11). After the viral genome has been replicated and the viral 

proteins are synthesized by host cell machinery, assembly and budding occur. 

Briefly, the viral glycoproteins, HA and NA, M2, M1 and the vRNPs 

accumulate at or adjacent to lipid rafts in the apical plasma membrane. 

Efficient virus assembly and budding both require M2 (Fig. 1.2, 1.3A, and 

1.3B) (12). NA is needed to remove sialic acid residues from the infected host 

cell (13, 14). This prevents HA from anchoring the nascent particles to the 

cell and allows the particles to disperse through the airway lumen and infect 

additional cells. Most mammalian viruses are released with HA in the 

uncleaved form, HA0. In the airway lumen, host protease cleaves HA0 into 

HA1 and HA2, which contains the fusion peptide. This cleavage primes HA 

for inducing the next round of replication (1). 

 Influenza viruses infect approximately 18% of unvaccinated 

individuals every year (15), causing around 20,000 deaths in the USA alone 

(16). The annual economic burden of influenza virus infections in the USA is 

estimated to be 87 billion dollars (17). IAVs are classified into antigenic 

subtypes based on their HA (H1-H18) and NA (N1-N11) molecules, although 

only 3 HA subtypes and 2 NA subtypes typically infect humans (H1-H3 and 

N1-N2). However other subtypes can replicate in humans and pose pandemic 

risks (e.g. H5N1 and H7N9). The other subtypes circulate in various animal 

species, with water fowl being the primary reservoir for IAV genetic and 
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antigenic diversity. The viruses currently circulating in humans are H1N1 

(pandemic 2009 H1N1), H3N2, influenza B virus (IBV), and influenza C virus 

(ICV). Like IAV, IBV causes seasonal epidemics while ICV generally causes 

mild disease and does not cause epidemics (18). IBV does not have extensive 

animal reservoirs like IAV. It only replicates in humans and seals, but it does 

have two lineages that co-circulate in humans (Victoria and Yamagata) (19). 

Two classes of anti-influenza drugs are approved for treatment in the USA 

and Europe: M2 ion channel inhibitors and neuraminidase inhibitors (18). 

 

LIVE-ATTENUATED INFLUENZA VACCINES 

At the population level, influenza viruses undergo frequent genetic drifts 

resulting in new antigenic variants that can escape existing HA and NA 

specific immunity (20). Antigenic shift, or the emergence of a new antigenic 

type due to reassortment or zoonosis, can also lead to escape of preexisting 

population level immunity (21). These phenomena necessitate frequent 

updating of the influenza vaccine to account for the novel antigens present in 

new, dominant strains. Vaccines are the current best practice for decreasing 

the public health burden of influenza viruses. Injectable trivalent inactivated 

influenza vaccine (formalin inactivated) has been available in the USA since 

the 1940s and includes one strain of each IAV H1N1, IAV H3N2, and IBV 

(22). In 2003, the USA FDA approved trivalent LAIV for healthy individuals 

aged 5-49, and in 2007, an updated LAIV was approved for healthy 
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individuals aged 2-49 (20). Since there is not cross-protection between IBV 

lineages, quadrivalent vaccines recently (2013) replaced trivalent vaccines 

and include one strain of each influenza B strain lineage (in addition to the 

other strains of the trivalent vaccine) (23). 

 LAIV is created as a 6:2 reassortment virus containing the HA and NA 

gene segments from the wt, circulating strain for which immunity is desired, 

and the 6 internal gene segments (PB2, PA, PB1, NP, M, and NS) from the 

cold-adapted master donor viruses. For IAV (A/LAIV), the donor virus is cold-

adapted A/Ann Arbor/6/1960 (H2N2), and for IBV (B/LAIV), the donor virus 

is cold-adapted B/Ann Arbor/1/1966. Three phenotypes are conferred by the 

LAIV internal gene segments: cold-adaptation (ca; the ability to replicate at 

25°C), attenuation (att; decreased replication, especially as measured in vivo), 

and temperature sensitivity (ts; decreased replication at “high” temperatures 

like 37°C). Both wt A/Ann Arbor/6/1960 and wt B/Ann Arbor/1/1966 were 

extensively passaged at gradually decreasing temperatures in primary 

chicken kidney cells until they were able to replicate efficiently at 25°C (20, 

24). 

 For A/LAIV, there were 24 nucleotide mutations and 11 amino acid 

changes that occurred while cold-adapting A/Ann Arbor/6/1960 (H2N2) (Table 

1.1) (25). Using immortalized cell lines (MDCK) and embryonated hens’ eggs, 

the ts and att phenotypes were mapped to mutations in the PB2 (S265), PB1 

(E391, E581, and T661) and NP (G34) genes (26, 27) (Table 1.1). However, in 
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vivo experiments in ferrets and humans showed that the mutations in the M 

and PA segments are sufficient to confer att (28). Additional in vivo work in 

ferrets, hamsters, and humans revealed that the PB2, PB1, PA, and M 

segments of LAIV all contribute to the att phenotype (29) (Table 1.1). More 

recently, primary human nasal epithelial cells (hNECs) have been 

demonstrated to be a useful model for studies involving the LAIV att and ts 

phenotypes. (30-33). Using these cells, the M segment A/LAIV mutation (M2-

A86S) was confirmed to specifically contribute to the att and ts phenotypes 

(33). Other A/LAIV work in hNECs revealed decreased A/LAIV replication 

compared to WT despite similar numbers of virus particles released into the 

supernatant fluid (31) and an altered and generally more robust innate 

immune response associated with A/LAIV (32). For B/LAIV, the ts phenotype 

was mapped to the PA (M431) and NP (A114 and H410) gene segments and 

the att phenotype was mapped to these same mutations and the M segment 

(Q159 and V183) (20, 34, 35). 

 Due to problems with decreased LAIV effectiveness, the USA Advisory 

Committee for Immunization Practices recommended that LAIV not be used 

in the USA during the 2016-2017 influenza season (36, 37). The low 

effectiveness has been hypothesized to have been caused by pre-existing 

immunity in the population preventing sufficient replication of the 

attenuated vaccine viruses and the biology of the virus strains themselves 

(37). Specifically, the H1N1 component of the vaccine replicates poorly in 
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many of the systems in which it has been tested (including tissue culture), 

making it too attenuated to induce a protective immune response. However, 

it may be possible to genetically engineer LAIV to replicate optimally such 

that it can produce a robust immune response, while remaining safe (33, 37). 

 

VIRAL MEMBRANE PROTEIN LOCALIZATION 

Viruses are master manipulators of the cells they infect, taking advantage of 

robust cellular processes to quickly and efficiently replicate without having to 

“reinvent the wheel”. This includes the process of protein targeting and 

localization. Membrane proteins, both viral and cellular, must traffic to the 

location of their function. For many enveloped virus proteins, this is the site 

of assembly. Flockhouse virus transmembrane proteins target to the 

mitochondrial membrane (38), coronavirus transmembrane proteins target to 

the ER-Golgi intermediate compartment (ERGIC) (39), and influenza A virus 

proteins target to the plasma membrane (12). For proteins targeted through 

the secretory pathway, when an ER signal sequence emerges from the 

ribosome, it is co-translationally bound by a signal recognition particle (SRP) 

that then docks the ribosome/nascent peptide complex to the ER via the SRP 

receptor (40). The signal peptide is then bound by the protein translocator 

which feeds the protein into the ER lumen as it is translated. The 

hydrophobic signal peptide is usually cleaved by a signal peptide peptidase, 

but the presence of a stop-transfer sequence allows for dissociation from the 
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protein translocator and the formation of a transmembrane domain that will 

anchor the protein to the plasma membrane. This process results in a 

transmembrane protein with the N-terminus in the ER lumen and the C-

terminus facing the cytosol. However, multipass transmembrane proteins 

and proteins with differing topologies are possible depending on if the signal 

peptide/start transfer sequence is cleaved and the number and order of 

additional stop and start transfer sequences (40). Depending on any 

additional targeting sequences, proteins are then processed and trafficked 

normally to their final destination. This is accomplished through the 

concerted efforts of Rab proteins and Rab effector proteins that direct vesicles 

to the correct region, while SNARE proteins mediate fusion in a destination 

specific manner (40). 

 In polarized epithelial cells, there are two zones of the plasma 

membrane divided by the tight junction (Fig. 1.4). Above the tight junction, 

facing the luminal space, is the apical plasma membrane. Below the tight 

junction, including the majority of the lateral surfaces of the cell and the side 

facing the basal lamina, is the basolateral plasma membrane. The default 

destination for transmembrane cargo in the secretory pathway is the plasma 

membrane. Apically targeted proteins have diverse features that allow for 

their targeting. These include GPI-anchors, N-linked glycans, and signals in 

their transmembrane domains (Table 1.2). It is also thought that proteins 

without any other targeting signals find their way to the apical plasma 
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membrane by default (41). This is in contrast to basolateral targeting, which 

is thought to be dominant to apical targeting because adding a basolateral 

targeting sequence to an otherwise apically targeted protein will often result 

in the basolateral targeting of that protein (42). Basolateral targeting 

sequences include a C-terminal dileucine motif and tyrosine based signals 

(Fig. 1.4 and Table 1.2) (41). Proteins can also be targeted to the secretory 

pathway. Targeting proteins to the ER can be done through either ER 

retention signals (43) or retrieval signals that return the protein to the ER 

from further along in the secretory pathway (44). Proteins targeted to other 

cellular compartments and organelles use similar mechanisms, but contain 

distinct targeting signals (Table 1.2). 

 

VIROPORINS MEDIATE REPLICATION THROUGH ION CHANNEL 

DEPENDENT AND INDEPENDENT MECHANISMS 

 

The following review is in preparation for submission by Nicholas 

Wohlgemuth and Andrew Pekosz. 

 

ABSTRACT 

Viroporins are small transmembrane proteins that perform numerous, 

important viral functions. They commonly form homo-oligomers in host cells 

and display ion channel activity with poor specificity. Viroporins are 
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primarily considered only for their ion channel activity despite commonly 

possessing unusually long tail domains for viral membrane proteins. The 

cytoplasmic tail of IAV M2, the best characterized viroporin, plays critical 

roles in virus assembly, virus budding, and the regulation of host cell 

responses. While, the ion-channel activity of viroporins makes a tempting 

antiviral target, better understating of the non-ion channel functions of 

viroporins will allow for the better design and targeting of antiviral drugs. 

Because of their highly conserved nature, viroporins also provide intriguing 

targets for vaccination, and several vaccine candidates already target 

viroporin antigens. Future research into the critical, non-ion channel 

functions of viroporins could lead to better antiviral treatments and 

prophylactics. 

 

INTRODUCTION 

There are over 200 known viruses that readily infect humans (45) with the 

constant threat of emergence and reemergence adding to this number (46-48). 

Despite the universal burden of virus infection, there is a dearth of effective 

treatment options for the vast majority of viral pathogens, necessitating 

further research into their basic biology and pathophysiology (49). One of the 

first antiviral drugs to be clinically licensed in the USA was amantadine, an 

ion channel inhibitor that targets IAV M2 (50-56). M2 is a member of the 

expanding virus protein class known as viroporins, of which there are now 
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known members in many clinically important human viruses including 

human immunodeficiency virus 1 (HIV-1), hepatitis C virus (HCV), and 

Middle East respiratory syndrome coronavirus (MERS-CoV). Better 

understanding the biology of these diverse mediators of virus pathogenesis 

could lead to the development of novel therapeutics targeting both the ion 

channel activity of these proteins and their many other functions. 

 

GENERAL CHARACTERISTICS 

Viroporins are characterized by their small size (60-120 amino acids), homo-

oligomerization (commonly 4-6 subunits), transmembrane domains, and 

ability to create hydrophilic pores through a phospholipid bilayer (57). These 

virally expressed ion channels are often significantly smaller than their 

cellular counterparts. The cytoplasmic tails of M2 and other viroporins have 

been demonstrated to contain other features and domains that interact with 

virus or cellular proteins and lipids. These domains have diverse functions 

such as inducing membrane curvature, budding, and assembly. 

 

CLASSIFICATION 

Nieva, et al. (49) have proposed a classification system for viroporins based on 

the number of their transmembrane domains and topology. Class I viroporins 

are oligomers of single-pass transmembrane proteins while class II viroporins 

are oligomers of helix-turn-helix hairpin transmembrane proteins that span 
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the membrane with each helix. Subclass IA viroporins have their C-terminus 

facing the cytosol and their N-terminus facing the organelle lumen. This 

group includes IAV M2, HIV-1 viral protein U (Vpu), and CoV envelope small 

membrane protein (E) (49), while subclass IB viroporins have flipped topology 

and includes human respiratory syncytial virus (RSV) small hydrophobic 

protein (SH) and poliovirus 3A proteins (49). Subclass IIA viroporins have 

both their N- and C-termini facing the organelle lumen and includes HCV p7, 

while subclass IIB viroporins again have flipped topology, with both protein 

termini facing the cytosol and include the poliovirus 2B protein (49). 

 

ION CHANNEL ACTIVITY 

Viroporins rarely act as traditional cellular voltage- or ligand-gated channels, 

and often lack high ion selectivity (56). This is unsurprising considering the 

limited coding capacity of viruses and the small size of viroporins compared 

to their cellular counterparts. However, two of the best characterized 

viroporins, IAV M2 and Paramecium bursaria chlorella virus 1 (PBCV-1) Kcv 

protein, are highly selective for protons and potassium ions (58, 59) 

respectively. M2 and Kcv act more similarly to cellular ion channels in this 

regard. Nevertheless, other viroporins often have some small degree of 

selectivity. For example, HIV-1 Vpu and HCV p7 have mild cationic 

selectivity (60, 61). 
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Importantly, the specificity of many viroporins is context-specific. RSV 

SH protein is selective for cations at neutral pH and for anions at low pH 

(62). Additionally, the highly conserved IAV M2 His37 residue has been 

demonstrated to reside in the pore and, upon protonation at low pH, 

contribute to both ion channel activation and proton selectivity (63-68). At 

neutral pH, the nearby Trp41 residues cluster and block proton channel 

activity (49, 67, 69). However, at acidic pH’s, the Trp residues open and allow 

for the transport of protons (66, 68). Another striking example of viroporin 

specificity switching is the SARS-CoV E protein, where the charge of the lipid 

membrane environment affects the ionic specificity of the pore (70-73). 

 Cells spend a great deal of energy using pores and channels to 

maintain membrane gradients that are critical for basic house-keeping 

functions and homeostasis. However, viroporins often thwart these cellular 

efforts. For example, viroporins can increase the intracellular Ca2+ ion 

concentration by either allowing extracellular Ca2+ to enter from outside the 

cell or by releasing Ca2+ from intracellular stores (74-78). This increase in 

Ca2+ concentration can have drastic effects on cellular functions including 

mediating the activity of enzymes and inducing apoptosis. The ion channel 

activities of IAV M2 (79-84) and HCV p7 (85, 86) neutralize the pH in the late 

Golgi compartment, protecting virus particle and glycoprotein structure and 

disrupting cellular protein trafficking (56). Furthermore, a number of 

viroporins, including IAV M2 (87), RSV SH (88), and HCV p7 (89), have been 
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demonstrated to activate the NLRP3 inflammasome, a process generally 

activated through the disruption of intracellular K+ concentrations (56, 90, 

91). 

 

ION CHANNEL DEPENDENT AND INDEPENDENT EFFECTS ON 

VIRUS REPLICATION AND CELLULAR FUNCTION 

Viroporins have been traditionally studied for their ion channel activity and 

the effects this activity has on virus replication and cellular activities. 

However, due to limits on virus genome size and coding capacity, viral 

proteins, including viroporins, often assume numerous, diverse functions 

during replication. Consequently, the non-conducive domains of viroporins, 

including ectodomains and cytoplasmic tails, perform critical roles in virus 

replication that would seem out of place for cellular ion channels. 

 

Influenza virus M2  

The class IA viroporin IAV M2 has the most well characterized structure of 

any viroporin. Despite this, the precise structural mechanisms for activity 

and inhibition are not perfectly understood, due in part to the structural 

properties of M2 varying depending on experimental conditions (66, 92). The 

IAV M2 protein is perhaps the most well studied viroporin with regards to 

both its ion channel activity and ion channel independent activities. The M2 

ion channel has been demonstrated to be critical in numerous aspects of the 
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virus lifecycle. During entry, the influenza virus particle is endocytosed. 

Following acidification of the endosome, ion channel activity of M2 allows for 

the acidification of the internal environment of the virus particle. This allows 

for the release of the vRNPs from the virus M1, which frees the vRNP to 

enter the nucleus, permitting transcription and replication to begin (1). As 

mentioned above, M2 ion channel activity also neutralizes the pH in the late 

Golgi, preventing the premature triggering of the viral fusion protein, HA 

(79, 82, 83, 93-96). 

 Despite its well characterized role as an ion channel, IAV M2 is a 97 

amino acid protein with 53 of those amino acids (54.6%) present in the 

cytoplasmic tail (Fig. 1.2). The region of the cytoplasmic tail nearest to the 

transmembrane domain is required for efficient ion channel activity (97) and 

has been demonstrated to encode an amphipathic helix. The helix is thought 

to insert into the plasma membrane, induce membrane curvature, and 

facilitate ESCRT-independent membrane fusion and virion budding (12, 98, 

99). However, the extent of this region’s effect on budding and replication is 

dependent on virus strain and the experimental system used (42, 100-103). 

IAV budding occurs at lipid rafts in the apical plasma membrane (Fig. 1.3A). 

M2 is thought to localize to lipid rafts via cholesterol recognition amino acid 

consensus (CRAC) motifs in the amphipathic helix region of the cytoplasmic 

tail (98, 104) or through joint targeting with M1, since when expressed alone, 

M2 does not localize to lipid rafts (12, 105, 106). However, removal of the 
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CRAC motifs does not result in a significant defect in virus replication in 

vitro, but does decrease virulence in vivo (100, 107), raising questions about 

the CRAC domain’s role during in vitro particle assembly. Similarly, 

palmitoylation of a cysteine residue at position 50 in this region is not 

required for replication in vitro, but does contribute to virulence in vivo (107, 

108). The CRAC motif region of M2 also contains a caveolin-1 binding domain 

(CBD) that may play a role in the subcellular localization of M2 (Fig. 1.2) (12, 

109, 110). 

 While the membrane proximal region of the M2 cytoplasmic tail has 

been implicated in the budding and scission processes of virus egress, the C-

terminal end of the cytoplasmic tail is critical for virus assembly and the 

incorporation of vRNPs into budding virus particles (Fig. 1.3C) (111-115). 

Through systematically truncating the M2 cytoplasmic tail, several groups 

identified a region of M2 from amino acid position 70 to 77 as critical for virus 

replication and interaction with M1 (Fig. 1.2) (111, 112, 114, 115). Follow up 

studies identified a highly conserved tyrosine residue at position 76 that is 

required for replication, normal NP and M1 incorporation into virus particles, 

and filament formation on the surface of cells (Fig. 1.2) (113, 116). Together, 

these studies support a two-step model of IAV assembly coordinated by the 

viral M2 protein and its interactions with M1 (112) (Fig. 1.3). In the first 

step, the M2 cytoplasmic tail binds to M1, specifically M1 that is bound to the 

vRNP complex, ensuring that M1 and the vRNP are properly localized to the 
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apical plasma membrane (Fig. 1.3A). As multiple vRNP complexes are 

brought together by M1 in lipid rafts, the combined effects of HA, NA, M1, 

and M2 cause particle budding to occur. M2 is excluded from the lipid rafts, 

leaving it concentrated at the neck of budding (Fig. 1.3). Through additional 

interactions with M1, M2 then drives both scission and normal particle 

morphology (spherical and filamentous) (Fig. 1.3B). When the M2 

cytoplasmic tail is truncated, or critical amino acid residues are mutated, 

one, or both steps of virus assembly and budding can be disrupted (Fig. 1.3C) 

(111, 112). 

 Depending on the virus strain (111, 112, 114, 115), the M2 cytoplasmic 

tail region from amino acid 82-89 is critical for influenza virus replication 

(Fig. 1.2). Scanning alanine mutagenesis of the region failed to identify any 

specific residues that conferred this phenotype (112), but this region contains 

two highly conserved alanine residues at positions 83 and 86 that were never 

mutated as part of the original studies. Additionally, M2-86 is the site of a 

mutation only seen in the A/LAIV backbone virus. The LAIV-associated 

serine residue at position 86 turns out to be associated with decreased 

replication in hNECs, but not in immortalized cells, and is also associated 

with an altered cytokine secretion profile in infected cells (33). Nearer to the 

distal end of the cytoplasmic tail (Fig. 1.2), is a LC3-interacting region (LIR) 

capable of binding host LC3, relocalizing it to the plasma membrane, and 

subverting autophagy (117-120). 
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While IAV M2 is the best characterized, IBV and ICV also express M2 

proteins, BM2 and CM2, respectively. BM2 and CM2 are small proteins (109 

and 115 amino acids respectively) with short ectodomains (7 and 23 residues 

respectively), hydrophobic transmembrane domains (19 and 23 residues 

respectively), and long cytoplasmic tails (83 and 69 residues respectively) and 

form homo-tetramers in membranes (121-124). Similar to M2, both BM2 

(125) and CM2 (126) are crucial for assembly and genome packaging, and 

while the transmembrane domains are generally interchangeable among the 

M2 proteins, the cytoplasmic tails are species specific and not 

interchangeable (127, 128). Similar to M2, BM2 interacts with cellular 

factors, promoting virus replication. Specifically, BM2 binds and inhibits the 

cell cycle regulator and pro-apoptotic protein p53 (129). CM2 is able to alter 

intracellular pH (127), but unlike M2 and BM2, CM2 is posttranslationally 

glycosylated (124). 

 

HIV-1 Vpu 

The Vpu accessory protein is encoded by HIV-1 and numerous simian 

immunodeficiency virus strains (130). It is an 81 amino acid integral 

membrane protein with a 54 amino acid cytoplasmic tail (131). The 

cytoplasmic tail contains two amphipathic helixes joined by a hinge region 

(132, 133). The cation selective ion channel activity of Vpu is highly 

evolutionarily conserved with, likely, a robust, as yet undiscovered, 
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functional significance that is independent of its better characterized roles in 

host protein inhibition and degradation (134). However, membrane 

depolarization enhances virus particle release (135) and mutations disrupting 

ion channel formation reduce pathogenicity (56, 136, 137). Furthermore, 

substitution of Vpu with IAV M2 results in a virus that remains pathogenic 

(138). The oligomeric structure of the class IA viroporin HIV Vpu has not 

been solved to atomic resolution, but monomers of Vpu span membranes from 

residues 8-25 (49, 139). In vitro experiments (140) and in silico modelling 

(141, 142) have demonstrated that Vpu likely exists as a tetramer, pentamer, 

or larger oligomer (49). 

 Vpu, in contrast to most viroporins, is known primarily for its non-ion 

channel activities. One of these activities is its downregulation of the host 

surface protein CD4. Specifically, Vpu targets nascent CD4 in the ER, 

leading to proteasomal degradation of CD4 via the ERAD pathway and a 30-

fold decrease in half-life (131, 143). Vpu and CD4 have been demonstrated to 

physically interact in the ER (144) via their cytoplasmic tails (144, 145), and 

this interaction is critical for CD4 degradation (131). It is thought that two 

conserved serine residues in the hinge region of the cytoplasmic tail become 

phosphorylated, recruit beta transducin-repeat containing protein, which in 

turn recruits ubiquitin proteolysis machinery, leading to the degradation of 

CD4 (146-150). 
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 Another well characterized function of Vpu is the promotion of virus 

particle release (151, 152). This is thought to occur primarily through Vpu 

inhibition of the interferon stimulated gene BST2, a restriction factor that 

prevents the release of numerous enveloped viruses (153, 154). BST2 is 

thought to form a “tethered picket fence” around lipid rafts, likely organizing 

them in ways that are suboptimal for virus budding (155, 156). Additionally, 

BST2 “tethers” newly released virus particles to the infected cell preventing 

their release (157-161). As part of its normal localization, BST2 cycles from 

the plasma membrane though clathrin-coated vesicles to the trans-Golgi 

network and back (162, 163). Vpu binds BST2 (164-168) and slows down its 

recycling to the plasma membrane. Vpu also decreases the trafficking of 

newly synthesized BST2 to the plasma membrane, further decreasing the 

amount of BST2 available for antiviral activities (156, 169-172). 

Furthermore, Vpu can enhance BTS2 degradation through ESCRT-

dependent lysosomal degradation (156, 173-175). 

 

HCV p7 

HCV p7 is a small integral membrane protein that is critical for the 

production and release of infectious HCV virus particles (176). HCV 

monomers assemble as a homo-hexamer shaped like a large flower with the 

“petals” protruding towards the lumen and potentially serving as interacting 

sites with ER resident proteins (49, 176, 177). p7 is a 63 amino acid protein 
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with two transmembrane regions and both N- and C-terminal ends facing the 

ER lumen (class IIA) (178, 179). p7 has an 18 amino acid N-terminal end 

followed by two transmembrane helixes (14 and 17 residues) separated by a 7 

amino acid basic loop, and a 7 amino acid C-terminal tail (180, 181). 

 HCV p7 has ion channel activity with a small preference for cations 

(61, 86, 176, 181-186). As described for M2, its ion channel activity is 

activated at low pH (187). It can even substitute for M2 by protecting HA 

throughout the exocytic pathway (85), and M2 can partially restore HCV 

infectious virus production when expressed in trans (86). The ion channel 

activity of p7 has also been directly linked to its facilitation of the production 

of infectious HCV particles (180, 188, 189). It is thought that the p7 ion 

channel might be a regulator of a pH-dependent maturation process of the 

viral particles, but the precise mechanism has yet to be determined (176). 

Because intracellular particles are pH-sensitive while mature extracellular 

particles are not, p7 may help protect intracellular virions before they mature 

(86, 176). p7 causes changes to intracellular pH that may trigger NLRP3 

inflammasome activation and downstream cytokine production (190). 

 Despite having smaller cytoplasmic and luminal regions than other 

viroporins, p7 has a number of non-ion channel dependent functions during 

virus replication. p7 helps modulate assembly through its interactions with 

viral NS2, independent of its ion channel activity. In this role, p7 is likely 

recruiting the envelope glycoproteins to the site of assembly, the ER (191-
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196). Furthermore, the p7/NS2 interaction facilitates relocalization of core to 

the ER (197, 198). Independent of its ion channel activity, p7 can also act as a 

lipid raft adhesion factor, likely helping foment the lipid composition 

necessary for particle envelopment and budding (199). These interactions 

may explain the critical role p7 plays in capsid assembly and envelopment 

(56, 200). 

 

Coronavirus E 

Coronavirus E protein is a small (76-109 amino acid) transmembrane protein 

that plays many roles during coronavirus replication (reviewed by Ruch and 

Machamer 2012 (201)). It is thought to form homo-pentamers to account for 

its ion channel activities (202-205). E proteins are relatively diverse among 

Coronavirus species. They contain a hydrophobic domain near the N-terminal 

end that inserts into cell membranes such that the N-terminal end extends 

into the organellar lumen and the C-terminal end extends into the cytoplasm 

(206, 207). Additionally, there are conserved cysteines that are targets for 

palmitoylation and also highly conserved proline residues (201, 208-211). 

The ion channel activity of some coronavirus E proteins displays 

preference for monovalent cations, especially Na+ (212, 213) and is inhibited 

by hexamethylene amiloride (HMA), a broad spectrum Na+/H+ exchanger 

(56). While the role of E ion channel activity in virus replication is uncertain, 

HMA does inhibit replication (212). Furthermore, mutations in the 
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transmembrane domain effect ion channel activity and cause defects in 

replication (214, 215). 

 Similar to M2, the cytoplasmic tail of E interacts with a number of 

viral and cellular proteins to promote virus replication. Coronaviruses 

assemble and bud at the ERGIC membrane (216, 217). The expression of 

viral E and M (whose cytoplasmic tails interact (218)) can drive the formation 

of virus like particles (VLP) indicating that E plays a role in assembly and 

budding (219-221). Introducing mutations in the E protein cytoplasmic tail 

can result in unstable virus particles with altered morphology, possibly due 

to scission defects (222). Mutations in the transmembrane domain do not 

affect assembly, further implicating the cytoplasmic tail as the region critical 

for the assembly and budding processes (209, 214). Knocking out the E gene 

in some Coronaviruses does not totally ablate assembly and budding, 

although virus particles do assemble less efficiently than during WT 

infections (223-225). Palmitoylation of the E protein cytoplasmic tail is 

thought to be important for assembly and the E/M interaction (209-211). The 

precise mechanism by which E promotes assembly and budding is unknown, 

but these studies show that it may be an important facilitator of the budding 

and scission process (201). 

Furthermore, SARS-CoV E interacts with the cellular tight junction 

protein PALS1, potentially promoting disassembly of the tight junctions 

during infection (226). Specifically, the last four C-terminal residues of E 
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interact with the PDZ domain of PALS1 (70, 226). PDZ domains are common 

among cellular proteins that bind C-terminal tails of proteins, hinting at the 

possibility of more cellular interaction partners of E (70, 227). 

One of the most drastic effects on the morphology of cells infected with the 

coronavirus infectious bronchitis virus is the swelling of the Golgi complex, 

which is dependent on a single residue in the transmembrane domain of E 

(214). This swelling is coupled with a rearrangement and displacement of the 

Golgi complex from its perinuclear location (228, 229). Importantly, some of 

these changes are seen in normal cells producing large cargo like procollagen 

(230, 231). When E has been knocked out during transmissible 

gastroenteritis coronavirus (TGEV) or SARS-CoV infection, there is evidence 

that particles are properly assembled, but become arrested in the secretory 

pathway (224, 225). Together, these data suggest that SARS-CoV E protein 

expression is associated with a swelling of the Golgi complex that can better 

accommodate the trafficking of coronavirus particles during egress (201). 

 

Other viroporins 

While they seem to be more commonly encoded by RNA viruses, several DNA 

viruses do encode viroporins. Chloroviruses are a genus of giant viruses in the 

Phycodnaviridae family which infect freshwater, unicellular, chlorella-like 

green algae (232, 233). Because of the nature of their replication (DNA 

viruses that replicate in the cytoplasm) and their large genome sizes (greater 
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than 300,000 nucleotides), Chloroviruses encode viral versions of many 

cellular proteins to facilitate their replication. Likely due to viral genome 

packaging restrictions, many of their proteins are among the smallest 

examples of their functional class. PBCV-1 encodes Kcv, a 94 amino acid K+ 

channel protein (58, 234-236). The functional form is a homo-tetramer with 

complex characteristics including gating, high selectivity, and voltage 

sensitivity (58, 237). It is hypothesized that the ion channel depolarizes the 

infected cell’s plasma membrane, preventing superinfection, by another 

Chlorovirus (238). In contrast to many of the viroporins of RNA viruses, Kcv 

appears to function solely as an ion channel, and has only a small 

cytoplasmic tail (12 amino acids) that is not known to provide any secondary 

functions for replication. Another DNA virus viroporin-like protein, 

agnoprotein, is found in some polyomaviruses including JC and BK viruses. 

Little is known about polyomavirus agnoprotein, but it displays some 

common features of viroporins and is important for replication (92). 

Many other RNA viruses also encode viroporins. Rotavirus 

nonstructural protein 4 (NSP4) is larger (175 amino acids) than most other 

identified viroporins, and its viroporin activity was only discovered and 

characterized recently (75, 239-242). NSP4 is perhaps best known for its role 

as the first discovered viral enterotoxin (243), and it acts as an enterotoxin in 

both its secreted form and viroporin form through two distinct pathways 

(244). Like other viroporins, NSP4 is thought to promote virus budding, and 
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this activity is likely mediated by its ion channel activity. The structure of 

NSP4 has not been biochemically determined, but the viroporin domain is 

thought to be 44 amino acids long starting at amino acid position 47 (75). 

NSP4 has a preference for cations over anions and is able to conduct Ca2+, an 

activity linked to its enterotoxic effects and ability to promote assembly and 

budding (240, 242). Additional research is needed to determine the precise 

structure of full length NSP4 and mechanistic insights into its other roles 

during infection, including induction of autophagy to promote replication 

(245). 

The soluble form of Ebolavirus glycoprotein (sGP) is translated as the 

result of RNA editing of the GP gene, and it matures through a proteolytic 

cleavage process that releases a small fragment (40 amino acids) known as 

delta peptide (246). This delta peptide is important during virus entry (247), 

and is highly conserved among related filoviruses (248). An in silico analysis 

predicted the presence of a lysine-rich amphipathic sequence at the C-

terminal end of the protein with high structural relatedness to Rotavirus 

NSP4 (248). In vitro studies have confirmed that the delta peptide increases 

ion and small molecule permeability across lipid membranes (249). 

Additional research needs to be done to determine the roles of this newly 

identified viroporin during infection and if this activity plays a role in the 

delta peptide’s ability to facilitate entry. 
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Hepatitis E virus ORF3 is a 114 amino acid protein that has recently 

been shown to be a viroporin (250, 251). Little is known about the structure, 

but it is purported to form homo-oligomers in the ER of infected cells, and 

displays ion channel activity (250). Furthermore, ORF3 is essential for 

particle release from infected cells (250, 252-255), and can inhibit the 

expression of cytokines and chemokines during infection (256). Future 

studies are needed to confirm the ion channel activity of ORF3, determine its 

structure, and which domains of the protein are facilitating virion release 

and inhibiting the immune response. 

The alphavirus 6K protein is about 60 amino acids in length (257) and 

both increases membrane permeability and forms ion channels in lipid 

bilayers (258, 259). Similar to other viroporins, 6K is important for virus 

assembly and budding. Specifically, mutating cysteines in 6K caused a 

decrease in the release of virus particles, coincident with increased 

nucleocapsid content in virus particles and aberrant envelope formation 

(260). Additional work has confirmed that 6K is critical for assembly and 

budding (261-263), but few structural studies have been performed to 

validate this role and determine the mechanism (264). Recently, a new 

alphavirus protein was discovered which is encoded as the result of a frame 

shifting event during 6K translation. The newly discovered transframe (TF) 

protein contains a C-terminal extension in the -1 open reading frame, 

maintains ion channel activity, and may have redundant roles with 6K. TF is 
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not strictly required for virus propagation in culture, but it does promote the 

release of virus particles (265). 

 There are numerous other viroporins and potential viroporins among 

virus families. Human respiratory syncytial virus encodes a small 

hydrophobic protein (SH) that exhibits some viroporin-like features but is not 

critical for replication in vitro. However, deleting SH does lead to attenuation 

in vivo (266-268) and inhibits the induction of apoptosis (269, 270). Protein 

2B is an approximately 100 amino acid long protein encoded by enteroviruses 

of the Picornaviridae family (271). It has two transmembrane domains, and 

in most species, both its C- and N-terminal ends face the lumen of the 

endomembrane system (272, 273). Precise structural studies have not been 

done, but 2B increases cytosolic Ca2+, alters membrane trafficking, and 

promotes viral replication, all activities commonly associated with viroporins 

(74, 92, 274). Avian reovirus p10 (a fusion-associated small transmembrane 

protein) is thought to be a viroporin, inhibit apoptosis, and promote syncytia 

formation and virus release (275-278). 

 

VIROPORIN TARGETED TREATMENTS AND VACCINES 

 

Inhibitors of viroporins 

Viroporins make excellent targets for antiviral therapy because they are 

essential to many aspects of virus replication. Many viroporins are critical for 
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the release of infectious particles, while others have effects on cellular 

membranes that promote replication, and still others are important 

mediators of host immune responses. Because viroporins are so much smaller 

and less complex than most host ion channels, it is possible to specifically 

inhibit their activity with minimal side effects. Amantadine and its 

derivatives are well documented inhibitors of M2 ion channel activity (279). 

Similarly, long alkyl-chain iminosugar derivatives block HCV p7 ion channel 

activity and the release of infectious virus particles (184, 280, 281). Amiloride 

derivatives (like HMA) inhibit the channel activity of HIV-1 Vpu and SARS-

CoV E proteins (212, 282). Other inhibitors have also been used to target 

viroporins, with varying degrees of success (56). However, targeting antiviral 

therapy towards the non-ion channel functions of viroporins could have 

substantial benefits. Dual and combination therapies have the advantage of 

decreasing the probability of resistance developing de novo. Furthermore, 

using multiple drugs to target different activities of a viroporin could 

decrease the likelihood of resistance due to malleability constraints on such 

small, polyfunctional proteins. Mutations that provide resistance to the drug 

may negatively affect one of the viroporin’s other functions, preventing 

evolutionary selection. 
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Vaccines targeted against viroporins 

Because they are highly conserved viral proteins, viroporins make attractive 

vaccine targets for viruses that escape host immune responses via antigenic 

diversity. As described above for IAV, vaccines targeting the more 

immunogenic glycoproteins (HA and NA) require annual vaccination due to 

antigenic shift and drift. Decisions about which strains to incorporate into the 

vaccine are made too far in advance to consistently match the strains that are 

prevalent during the upcoming season, decreasing vaccine effectiveness. 

However, IAV M2 is more highly conserved than HA and NA, and therefore 

vaccines targeting M2 may have greater cross reactivity across IAV strains 

and subtypes, even against novel and pandemic strains. One promising 

vaccine target is the ectodomain of M2 (M2e) (reviewed in Kolpe, et al. 2017 

and Schotsaert, et al. 2009 (283, 284)). The earliest evidence that anti-M2 

immunity might be effective is that a mouse monoclonal antibody specific for 

the M2 ectodomain (14C2) demonstrated negative effects on the replication of 

several IAV strains in vitro (285). Furthermore, passive transfer of 14C2 to 

infected mice results in decreased amounts of virus detected in the lungs 

(286). One of the first reported M2e vaccines has the M2e domain fused to the 

Hepatitis B core protein and provides protection from lethal challenge in the 

mouse model (287). Other M2e-fusion and whole M2 vaccines have been 

developed, but so far, none have advanced to human trials. 
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Alterations to the IAV M2 cytoplasmic tail have also led to several 

vaccine candidates. Extending the M2 cytoplasmic tail by adding a myc 

epitope to the end leads to decreased virus replication in vivo, but not in 

vitro, and immunization with this mutant virus protects mice from 

subsequent lethal challenge (288). Furthermore, as discussed above, large 

truncations of the M2 cytoplasmic tail result in decreased replication in vitro 

(111, 112, 114, 115), but shorter truncations have minimal effects on 

replication in vitro, yet still decrease virus replication in mice and induce 

heterotypic immunity (289, 290). Additionally, IAV with defective M2 ion 

channel activity (291) or M2 deleted entirely (292, 293) have been proposed 

as vaccine candidates. The M2 deletion vaccine also provides effective 

heterosubtypic protection in both mice and ferrets (293, 294). One downside 

to the M2 truncation and deletion vaccines is that M2 contains several 

cytotoxic T-cell epitopes and can induce T cell based immunity (295-298). In 

addition to these promising IAV vaccine candidates, mutating the M2 

cytoplasmic tail to target M2 away from the site of budding and assembly 

results in decreased replication in primary respiratory epithelial cells and 

could yield a promising vaccine candidate (42). Furthermore, currently 

licensed vaccines like the LAIV (discussed above) could be optimized through 

mutations in M2 that optimize virus replication to a level that provides 

robust immunity but remains safe (33, 37). 
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 In addition to IAV M2, viroporin-based vaccines could potentially be 

used to protect against any of the viruses discussed above. Deleting E from 

the SARS-CoV genome or SH from the RSV genome results in attenuated 

viruses that could potentially be developed as live, attenuated vaccines (224, 

268). However, because of this vulnerability, viruses seem to have evolved 

other immunodominant epitopes that prevent robust, natural immune 

responses to viroporins. For example, while IAV M2 contains T cell epitopes, 

the immunodominant T cell responses are against the M1 and NP proteins 

(299, 300). Further development of vaccine candidates and delivery systems 

may overcome these challenges. 

 

CONCLUSIONS AND FUTURE PERSPECTIVES 

This review focuses on the sometimes secondarily considered, non-ion 

channel activities of viroporins. Viroporins are an emerging target for both 

clinical intervention with drugs and prevention via vaccination. Viruses are 

infamous for ‘doing more with less’, with regard to genome size, compared to 

other pathogens. To think of viroporins as just ion channels is to discount 

decades of research into the polyfunctionality of viral proteins and genome-

coding capacity restrictions placed on viruses. For many viroporins there is a 

scarcity of mechanistic studies attributing the various known functions to the 

different regions of the protein. Regulating host processes including 

membrane trafficking and apoptosis could be via non-ion channel domains 
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interacting with cellular proteins, via ion channel activity disrupting cellular 

homeostasis, or via other mechanisms. While ion channel activity is likely 

conserved due to its necessity for replication, assessing the role of non-ion 

channel domains in virus replication could provide valuable information for 

drug and prophylactic discovery efforts. 

  



35 

 

FIGURES AND TABLES 

 

 

 

 



36 

 

Figure 1.1. Influenza A virus biology. A) Influenza A virus particle with 

“spherical” (right) and filamentous (left) morphology. Image adapted from 

Noda, et al. 2012 (301). Artwork generated by Katherine J. Fenstermacher. 

Both virus particles have the 8 vRNPs surrounded by an envelope coated 

with HA and NA. M2 is present in low concentrations in the envelope. B) 

Influenza A virus replication cycle. Image from Shaw and Palese 2013 (1). 

Upon binding the surface of the cell, the virus particle is endocytosed and the 

low pH of the endosome triggers both fusion and the release of vRNP into the 

cytoplasm. The vRNPs are then imported into the nucleus where the viral 

RNA is replicated and viral mRNA transcribed. Viral proteins and vRNPs 

concentrate at the apical plasma membrane for assembly and budding (1). 
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Figure 1.2. M2 schematic. M2 is a 97 amino acid protein encoded as a 

splice variant of the virus M gene segment. The 53 amino acid cytoplasmic 

tail contains numerous functional domains important for replication. CRAC – 

cholesterol recognition amino acid consensus domain. CBD – caveolin-1 

binding domain. LIR – LC3 interacting region. 

 

 

  



38 

 

 

Figure 1.3. The two-step process of influenza A virus assembly and 

budding. A) Step 1: aggregation of virus particle components at the apical 

plasma membrane. The M2/M1/vRNP tripartite interaction is critical for the 

efficient recruitment and packaging of vRNP. B) Step 2 with full length M2: 

M2 and M1 mediate virion particle morphology and the efficient packing of 

vRNP and M2 at the budding “neck” facilitates particle scission and budding. 

C) Step 2 with truncated M2: the M1/M2 interaction is disrupted, altering 

particle morphology and decreasing the incorporation of vRNP into the 
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budding particle. Key: dark pink protein – HA, light pink protein – NA, 

purple hairpin with black polymerase complex- vRNP, green protein – M1, 

teal protein – full-length M2, red protein – truncated M2. Artwork generated 

by Katherine J. Fenstermacher.   
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Figure 1.4. Targeting of proteins to the plasma membrane or ER in 

polarized epithelial cells. Targeting sequences are required to target viral 

and cellular proteins to different regions of the cell.  
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Segment Amino acid Phenotype 

PB2 S265 ts/att 

PB1 E391 ts/att 

 
D457 

 

 
E581 

 

 
T661 

 PA E613 att 

 
P715 

 NP N23 ts/att 

 
G34 

 M2 S86 ts/att 

NS1 T153 
  

Table 1.1. Influenza A virus LAIV amino acid changes. During the cold-

adaptation process, A/Ann Arbor/6/1960 (H2N2) accumulated 11 amino acid 

changes in its internal gene segments. It is generally considered that five of 

those changes (bolded) confer the attenuation (att) and temperature sensitivity 

(ts) phenotypes. However, additional work has demonstrated that the PA 

segment and M2 mutation contribute to the ts and att phenotypes. Adapted 

from Jin and Subbarao 2015 (20). 
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Subcellular location Targeting sequence 

Nucleus Short sequence of positively charged residues 

Mitochondria Positively charged amphipathic helix 

Peroxisome C-terminal –SKL 

ER C-terminal -KDEL or –KKXX 

Apical plasma membrane N-linked glycans, GPI anchors 

Basolateral plasma 
membrane 

C-terminal -LL, C-terminal AASLLAP, C-terminal 
YXXL 

 

Table 1.2. Targeting sequences are used to direct viral and cellular 

proteins to the appropriate locations (40). Apical and basolateral 

targeted sequences reviewed in Stoops and Caplan, 2014 (41).
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ABSTRACT 

 The influenza A virus components of the live, attenuated influenza 

vaccine (LAIV) encode the HA and NA gene segments from a circulating virus 

strain and the remaining gene segments from the cold-adapted master donor 

virus, A/Ann Arbor/6/1960 (H2N2). The master donor virus imparts at least 

three phenotypes: temperature-sensitivity (ts), attenuation (att), and cold-

adaption (ca). The genetic loci responsible for the att and ts phenotypes of 

LAIV were mapped to PB1, PB2, and NP by reverse genetics experiments 

using immortalized cell lines. However, several in vivo studies have 

demonstrated that the M segment, which acquired an alanine (Ala) to serine 

(Ser) mutation at M2 position 86 during cold-adaption – a mutation found in 

no other influenza A virus strain – contributes to the att phenotype. Prior 

studies have shown this region of the M2 cytoplasmic tail to be critical for 

influenza virus replication. Using reverse genetics, we demonstrate that 

certain amino acid substitutions at M2 positions 83 and 86 alter the 

replication of influenza A/Udorn/307/72 (H3N2). Importantly, substitution of 

a Ser at M2 position 86 reduces A/Udorn/307/72 replication in differentiated 

primary human nasal epithelial cell (hNECs) cultures, but does not 

substantially affect replication in MDCK cells. When a Ser was substituted 

for Ala at M2 86 in LAIV, the virus replicated to higher titers and with faster 

kinetics in hNEC cultures, implicating that this amino acid change 

contributes to LAIV attenuation. Increased replication also resulted in 
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increased production of IFN-λ. These data indicate the LAIV associated Ser 

mutation at M2 position 86 contributes to the att phenotype and is associated 

with a differential regulation of interferon in LAIV infection. 

 

INTRODUCTION 

Influenza A virus (IAV) is a member of the Orthomyxoviridae family and 

contains an 8-segment, negative-sense RNA genome encoding 10 to 14 

proteins (1). The live attenuated influenza vaccine (LAIV) is a 6:2 reassortant 

vaccine virus containing the PB2, PB1, PA, NP, M, and NS genome segments 

of a live-attenuated donor virus that was selected for its attenuated (att) and 

temperature-sensitivity (ts; replication at <32°C but not >39°C) phenotypes. 

There are 11 amino acid differences between the LAIV strain and the IAV 

strain from which it was derived (25). The att and ts LAIV phenotypes have 

been mapped to the PB1 (E391, G581, T661), PB2 (S265), and NP (G34) 

genes by experiments in immortalized cell lines (20, 26, 27, 29, 302). These 

experiments did not demonstrate a contribution of the M2-A86S mutation to 

temperature dependent LAIV replication. However, in vivo experiments in 

hamsters, ferrets and even humans have implicated the LAIV mutation M2-

A86S as important for the att phenotype (20, 28, 29, 303). Few studies have 

been performed to understand the molecular mechanisms conferring these 

phenotypes. During single-step replication in Madin-Darby canine kidney 

(MDCK) cells at 39°C, viral RNA synthesis and vRNP export from the 
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nucleus are reduced. Furthermore, incorporation of the viral matrix protein 

M1 into virus particles was reduced, causing heterogeneous and irregular 

virion morphology (20, 302). LAIV replication is restricted within 

physiological ranges of temperature (32 to 37°C) during infection of primary, 

differentiated human nasal epithelial cell (hNEC) cultures (30, 31), 

suggesting that other mutations in the LAIV genome may contribute to 

reduced virus replication in primary respiratory epithelial cell cultures.  

The M2 protein is a 97 amino acid integral membrane protein with a 

54 amino acid cytoplasmic tail (304). It is a highly conserved protein required 

for virus entry (305), membrane scission (99) and the production of infectious 

virus particles (111-115). M2 forms disulfide-linked homo-tetramers with pH-

gated, proton-selective ion channel activity (101, 306). The ion channel 

activity is critical for virus uncoating – by allowing protons to enter the virion 

interior, and thus permitting the vRNP to dissociate from M1 (1, 59, 307, 

308) – and preventing the premature cleavage of HA by neutralizing the pH 

in the late Golgi (93). M2 has also been shown to be important for inhibition 

of autophagy and preventing autophagosome fusion with lysosomes (117, 119, 

120). 

The distal region of the M2 cytoplasmic tail is essential for IAV 

replication and is involved in vRNP incorporation into progeny virions (111-

115). When the M2 cytoplasmic tail is truncated by deleting the last 16 amino 

acids there is decreased release of infectious virus particles, which is not 
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observed when only the last 8 amino acids are deleted (112). When the region 

(M2 82-89) was mutated to alanine residues, infectious particle production 

was not altered. However, the original alanine residues at M2 positions 83 

and 86 were never mutated and their contribution to the M2 protein 

functions never investigated. The A83 residue is conserved across a wide 

range of IAV strains while A86 is highly conserved except for pandemic 2009 

H1N1 viruses (Val) and LAIV (Ser).  

To investigate the role amino acids at positions 83 and 86 of M2 may 

play in IAV replication and attenuation, we generated recombinant viruses 

with substitutions at these amino acids. This allowed us to show that both 

amino acid positions contributed to efficient virus replication. Both glutamic 

acid and serine substitutions at position 86 caused an approximately 2-log 

decrease in virus replication in primary human nasal epithelial cells (hNEC) 

but not MDCK cells. The magnitude of decrease was dependent on the 

temperature (greater reduction at 37°C than at the permissive temperature 

of 32°C) of the cells during infection. Introducing an M2-S86A substitution 

increased LAIV replication and altered interferon lambda (IFN-λ) production 

in hNEC cultures, indicating a role for the M2-86S amino acid change in both 

the att and ts phenotypes of LAIV.  
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MATERIALS AND METHODS 

Plasmids 

The plasmid pHH21 expressing full length influenza virus gene segments 

was used to generate recombinant viruses (111) as described below. All 

mutations were introduced using the QuikChange Lightning site-directed 

mutagenesis kit (Agilent). All inserts and mutations were confirmed by 

sequencing. Primer sequences are in Table A.1 in the appendix. 

 

Cell culture 

MDCK cells and HEK 293T (293T) cells were cultured in Dulbecco’s modified 

Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 

100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM GlutaMAX (Gibco). 

Human nasal epithelial cell (hNEC) cultures were isolated from non-diseased 

tissue after endoscopic sinus surgery for non-infection related conditions and 

grown at air-liquid interface (ALI) as previously described (31, 309-311). 

hNEC differentiation medium (DM) and culture conditions have previously 

been described in detail (31). The donors for the hNEC cultures were females 

ages 57 and 61 (Fig. 2.2), males ages 47 and 67 (Fig. 2.3) and males ages 72 

and 67 (Fig. 2.4, Fig. 2.5 and Table 2.1). 
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Viruses 

Recombinant A/Udorn/307/72 (H3N2) (rUd) has been described previously 

(108, 112, 305, 312). A recombinant LAIV consisting of the internal gene 

segments of A/Ann Arbor/6/1960 (H2N2) and the HA and NA segments from 

A/Victoria/361/2011(H3N2) (rVic-LAIV) was generated using sequences 

available in Genbank and the NIAID Influenza Research Database (25, 313, 

314). Recombinant viruses were rescued using the 12-plasmid reverse 

genetics system (108, 305, 312, 315). Briefly, 293T cells were transfected with 

pHH21 plasmids encoding all 8 influenza A virus gene segments along with 

protein expression plasmids encoding NP, PA, PB1, and PB2. Transfected 

cells were then co-cultured with MDCK cells, and sampled every 24 hours for 

the presence of infectious virus. Viruses were then plaque purified and 

confirmed by sequencing. The entire M segment open reading frame was 

sequenced in all recombinant viruses to ensure the absence of any second site 

mutations. All rVic-LAIV rescues were performed at 32°C. Stocks of virus 

were generated by infecting MDCK cells at a low multiplicity of infection 

(MOI) as described below.  

 

Plaque assays 

Plaque assays were performed in 6-well plates of confluent MDCK cells. 

Serial 10-fold dilutions of the virus inoculum were generated in infection 

media (IM; DMEM supplemented with 0.3% BSA [Sigma], 100 U/mL 



50 

 

penicillin, 100 μg/mL streptomycin, 2 mM GlutaMAX [Gibco], and 4 μg/mL 

N-acetyl trypsin [NAT; Sigma]). Cells were washed twice with PBS 

containing calcium and magnesium (PBS+) and 250 μL of inoculum was 

added. The cells were incubated for 1 hour at RT with rocking. The inoculum 

was removed and replaced with IM containing 1% agarose. Cells were then 

incubated at 32°C for 4-5 days, fixed in 2% formaldehyde, and stained in a 

Naphthol Blue Black solution. Individual plaque diameters were determined 

by ImageJ. For synthetic virus generation, the agar above individual plaques 

was removed with a sterile pipette, aspirated into 1 mL of IM, and stored at -

80°C. 

 

50% Tissue culture infectious dose (TCID50) assay 

MDCK cells were plated in 96-well plates, grown to confluence, and washed 

twice with PBS+. Tenfold serial dilutions of the virus inoculum were made 

and 200 μL of dilution was added to each of 6 wells in the plate, followed by 

incubation for 7 days at 32°C. Cells were then fixed by adding 100 μL of 4% 

formaldehyde in PBS per well, followed by staining with a Naphthol Blue 

Black solution. Endpoint calculations were determined by the Reed-Muench 

method (316). 
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Low MOI infection 

Before all low MOI infections, cells are washed twice with PBS+. Seed stocks 

(SS) were generated by incubating 250 μL of the plaque pick solution on fully 

confluent MDCK cells for 1 hour at room temperature. The inoculum was 

removed, cells were washed twice with PBS+, and then 1 mL of IM was added 

before returning the cells to the incubator at 32°C. Virus supernatant was 

harvested when 50% of the cells displayed cytopathic effect upon inspection 

with light microscopy, usually 24-48 hours post-infection (HPI). Seed stocks 

were then titrated by TCID50 assay, and used to generate working stocks. 

Working stocks were generated as described for seed stocks, except infections 

were performed in 75 or 150 cm2 flasks and the inoculum used was SS diluted 

to an MOI of 0.01 in IM. 

Multistep virus growth curves were performed at a MOI of 0.001 in 

MDCK cells and 0.1 in hNECs. For MDCK cell infections, the inoculum was 

diluted in IM, added to cells, and allowed to incubate at 32 or 37°C for 1 hour. 

Cells were then washed 3 times with PBS+ and incubated with fresh IM at 32 

or 37°C. At the indicated HPI, all media were removed and replaced with 

fresh IM. The amount of infectious virus in each sample was determined by 

TCID50 assay on MDCK cells. For hNECs, the apical surface was washed 

with IM without NAT and the basolateral DM was replaced immediately 

before infection. Inoculum diluted in IM without NAT was then added and 

allowed to incubate on cells at the growth curve temperature for 1 hour. The 
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inoculum was then removed, the cells were washed three times with PBS+, 

left at ALI, and returned to 32°C or 37°C. At the indicated times post-

infection, IM without NAT was added to the apical chamber of the wells and 

allowed to incubate on cells at 32°C for 10 minutes, removed, and then the 

cells were returned to the incubator at ALI. Basolateral DM was removed 

and replaced every 48 hours for the duration of the growth curves. All 

samples were stored at -80°C. 

 

Interferon, cytokine and chemokine measurements 

Secreted interferons, cytokines, and chemokines were quantified from the 

apical and basolateral samples from the 48 and 96 hour post-infection 

samples from the hNEC multistep virus growth curves. Measurements were 

performed using the V-PLEX Human Chemokine Panel 1 (CCL2, CCL3, 

CCL4, CCL11, CCL13, CCL17, CCL22, CCL26, CXCL10, and IL-8), V-PLEX 

Human IL-6 kit (Meso Scale Discovery), and the DIY Human IFN Lambda 

1/2/3 (IL-29/28A/28B) ELISA (PBL Assay Science) according to 

manufacturers’ instructions. Of the 12 analytes tested, 10 (CCL2, CCL3, 

CCL4, CCL11, CCL17, CCL22, CXCL10, IL-8, IL-6, and IFN-λ) were 

specifically induced in virus-infected cultures. The amount secreted was 

adjusted by sample volume (either 100 or 150 μl for the apical washes, 500 μl 

for the basolateral supernatants) to show total pg secreted. 
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Statistical analyses 

Multistep growth curves were analyzed by two-way ANOVA with a Dunnett’s 

posttest performed for all viruses when significant differences from WT virus 

were present. Plaque diameters and cytokine and chemokine measurements 

were analyzed by ANOVA. All statistical analyses were performed in 

GraphPad Prism 7.0. 

 

RESULTS 

Rescue of recombinant viruses with mutations in the M2 cytoplasmic 

tail 

Previous work showed that the region of M2 containing amino acids 82-89 

was important for virus replication and efficient genome packaging, but 

scanning alanine mutagenesis failed to identify any single residue 

responsible for the phenotype (111). However, substitutions at M2 amino acid 

positions 83 and 86 were not made. Since an Ala residue is present at M2 

position 83 in nearly 100% of North American human influenza virus 

isolates, we replaced Ala83 with a number of amino acids to assess the 

overall tolerance of that position to mutations (Fig. 2.1). Approximately 

63.5% of IAV strains contain Ala at position 86 (Fig. 2.1), and Ala is the 

residue found in most H3N2 influenza A virus isolates. The M2-86Val 

mutation is present in 36.4% of sequences in the database and is encoded 

primarily by H1N1 viruses. The A/Ann Arbor/6/1960 (H2N2) LAIV M2 
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protein contains an Ala to Ser mutation at position 86 of the M2 cytoplasmic 

tail (25) which was acquired during the cold-adaption of the virus. Given this 

natural variation in amino acid sequences at M2 position 86, we focused on a 

limited number of substitutions at this position (Fig. 2.1). These substitutions 

were initially introduced into the A/Udorn/307/72 infectious clone, which is 

an H3N2 virus with highly conserved Ala residues at M2 amino acid 

positions 83 and 86. 

 

Replication of rUd M2-83 mutants in MDCK cells and hNEC cultures 

In order to mimic the temperature of the upper respiratory tract, all 

experiments with the rUd M2-83 viruses were performed at 32°C, the 

temperature of the upper respiratory tract. Plaque assays performed on 

MDCK cells showed no difference in plaque size between rUd M2-WT, A83V, 

A83P, A83M, A83E, and A83K (Fig. 2.2A and 2B). On MDCK cells, rUd M2-

WT, A83V, A83P, A83M, and A83K all replicated with similar kinetics and 

produced a comparable amount of infectious virus after low MOI infection 

(Fig. 2.2C). The rUd M2-A83E showed a modest increase in replication 

compared to rUd M2-WT (Fig. 2.2C). In hNEC cultures, rUd M2-WT, A83V, 

A83P, and A83E all replicated with similar kinetics while rUd M2-A83K 

replicated slightly faster than rUd M2-WT (Fig 2.2D). The rUd M2-A83M 

replicated with significantly worse compared to WT (approximately 100-fold 

lower infectious virus production). The data indicate that rUd M2 position 83 
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does not have a large effect on virus replication, except in the case of rUd M2-

A83M on hNECs, indicating the site is relatively amenable to mutation, 

despite being highly conserved in natural influenza isolates. 

 

Replication of rUd M2-86 mutants in MDCK cells and hNEC cultures 

Plaque assays performed on MDCK cells showed no difference in plaque size 

between the rUd M2-WT, A86V, A86S, and A86E (Fig. 2.3A and 3B). In 

MDCK cells at 32°C, rUd M2-WT, A86S, and A86E all replicated with similar 

kinetics and produced a comparable amount of infectious virus (Fig 3C). rUd 

M2-A86V showed a small, but statistically significant, increase in replication 

compared to rUd M2-WT. Because the M2-86S mutation is associated with 

LAIV – a virus known to have restricted replication at higher temperatures – 

the growth curves were also performed at 37°C. All of the viruses replicated 

with similar kinetics and titers compared to rUd M2-WT (Fig. 2.3D) at this 

temperature in MDCK. Virus replication was then assessed at both 

temperatures in hNEC cultures. At 32°C on hNECs, rUd M2-WT and A86V 

replicated similarly, while A86S and A86E replicated with decreased kinetics 

compared to rUd M2-WT (Fig. 2.3E). Strikingly, on hNECs at 37°C, rUd M2-

A86V, A86S, and A86E all replicated with significantly decreased kinetics 

and to a lower peak titer compared to rUd M2WT (Fig. 2.3F). Taken together, 

the data suggest that mutations at rUd M2 position 86 are detrimental to 

virus replication, and this effect is most evident in hNECs at 37°C.  
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Replication of rVic-LAIV M2-86 mutants in MDCK cells and hNEC 

cultures 

Because the M2-A86S mutation arose during LAIV cold-adaption and this 

mutation altered rUd replication in hNEC cultures, we chose to study the 

effect of this mutation in the LAIV genetic background. Recombinant LAIV 

expressing the HA and NA proteins from A/Victoria/361/2011 (rVic-LAIV) 

was rescued along with an rVic-LAIV M2-S86A containing virus. Plaque 

assays performed on MDCK cells showed no difference in plaque size between 

rVic-LAIV and rVic-LAIV M2-S86A (Fig. 2.4A and 4B). Multi-step growth 

curves performed in MDCK cells at 32 and 37°C (Fig. 2.4C and 4D) showed 

consistent virus replication with rVic-LAIV M2-S86A virus having slightly 

reduced virus replication kinetics at 37°C. In hNEC cultures, the viruses 

replicated with identical kinetics at 32°C, but rVic-LAIV M2-S86A replicated 

to significantly higher titers at 37°C (Fig. 2.4E and 4F). Together, the data 

indicate that the LAIV-associated mutation, M2-A86S, contributes to the att 

and ts phenotypes on hNEC cultures, but not MDCK cells. 

 

Induction of chemokines, cytokines, and IFN-λ by rVic-LAIV M2-

A86S in hNEC cultures 

Because LAIV induces a significantly different epithelial cell innate immune 

response compared to seasonal influenza (30, 32), the effect of the M2-S86A 
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mutation on interferon and chemokine secretion in hNEC cultures was 

determined at 48 and 96 HPI. Expression of ten of the 12 analytes increased 

with temperature and time in response to infection, irrespective of the 

infecting virus (Fig. 2.5 and Table 2.1). Secretion of the induced factors was 

directional, with higher amounts detected in the basolateral media (Fig. 2.5). 

While IFN-λ secretion was similar between the two viruses at 32°C, 

differences emerged during infections at a higher temperature. At 37°C, IFN-

λ secretion was significantly greater for rVic-LAIV than rVic-LAIV M2-S86A 

at 48 HPI, but significantly less at 96 HPI (Table 2.1). Together these data 

indicate that an M2-S86A mutation increases LAIV virus replication and 

alters innate immune responses in hNEC cultures at 37°C, identifying it as 

another mutation responsible for attenuating LAIV replication in a 

temperature-dependent manner. 

 

DISCUSSION 

The LAIV-associated M segment contributes, in part, to LAIV’s attenuation 

phenotype (20, 29, 303). The only M segment mutation between the WT and 

cold-adapted strains of A/Ann Arbor/6/1960 is a missense mutation at M2 

position 86 from an alanine in the WT stain to a serine in the cold-adapted 

vaccine stain (25). Our data indicate that the M2-A86S mutation acquired 

during LAIV cold-adaption contributes to reduced virus replication in hNEC 

cultures but not MDCK cells, in a temperature-dependent manner and can 
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alter the production of IFN-λ. This suggests that LAIV attenuation in hNEC 

cultures is not solely driven by the ts and ca mutations identified in the 

polymerase complex proteins. In addition to being the location of an LAIV-

associated mutation, M2 amino acid position 86 is also present in a region of 

M2 previously identified as critical for IAV replication and budding (112, 

115). Scanning alanine mutagenesis of these regions was unable to fully 

recapitulate the replication defect associated with the M2 truncations used to 

identify the regions. This could be because alanine is ubiquitous at M2 amino 

acid position 83 in circulating strains of influenza and common at position 86 

(Fig. 2.1). Mutating the alanine at M2 position 83 did not have a consistent 

effect on the replication of virus in either MDCK cells or hNECs (Fig. 2.2C 

and 2D). However, substituting a methionine at this position led to a defect 

in replication, indicating that the presence of an alanine at this position is 

not critical for replication, though the position is not fully malleable. 

Because most of the previous studies of LAIV in vitro replication were 

performed in immortalized cell lines including MDCK cells or embryonated 

hen’s eggs, it is perhaps not surprising that the contribution of the M2 

mutation was not recognized previously, as the replication differences we 

observed were specific to infection of hNEC cultures and not in MDCK cells. 

Primary, differentiated epithelial cell cultures provide greater clinical 

relevance and phenotype penetrance than immortalized cell lines (30, 31, 

113, 317-322). This is particularly true for studying LAIV (30, 31). These 
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cultures can contain multiple epithelial cell types including ciliated cells, 

basal cells, goblet cells and club cells (323, 324). Additionally, immortalized 

cell lines and embryonated chickens’ eggs both lack elements of the epithelial 

cell innate immune system and virus restriction factors. There is a greater 

replication restriction of LAIV at both 32 and 37°C in primary, differentiated 

epithelial cell cultures compared to MDCK cells (31, 320). This difference in 

replication on primary human respiratory epithelial cells has been associated 

with a robust, unique innate immune response (30) and an increased ratio of 

non-infectious to infectious virus particles (31, 32). The M2-A86S mutation 

attenuated rUdorn virus replication on hNECs at 32 and 37°C (Fig. 2.3E and 

3F). Consistent with this, introducing the M2-S86A mutation into the LAIV 

background increased virus replication at 37°C (Fig. 2.4F) in hNEC cultures. 

This increase in LAIV replication on hNECs was associated with altered 

induction of IFN-λ production at 48 HPI (Table 2.1). IFN-λ receptor 

expression is restricted to epithelial cells and IFN-λ is critical to protecting 

epithelial tissues during virus challenge (325, 326). These results are 

consistent with the robust innate immune response seen with LAIV 

infections compared to WT viruses (30, 32). The significance of the changes in 

the kinetics and magnitude of IFN-λ secretion in response to virus infection 

are not clear at this time, but it will be interesting to investigate the effect of 

these mutations on LAIV infection in an animal model. Every cytokine and 

chemokine tested was secreted preferentially into the basolateral media (Fig. 
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2.5). This agrees with previous reports of a basolateral bias in cytokine 

secretion during influenza virus infection of primary respiratory epithelial 

cells (319). A M2-A86V substitution did show reduced replication in the 

rUdorn virus background despite it being present in some natural isolates of 

IAV. This may be due to the fact that rUdorn is a H3N2 virus while the A86V 

substitution is only found in H1N1 subtype viruses, indicating a strain-

specific role for this position. Strain specific effects of mutations in the M2 

protein have been documented previously (108, 111-113). 

Previous work has shown that at the non-permissive temperatures of 

38.5 to 40°C, the M1 protein of LAIV viruses is not efficiently packaged into 

budding particles (327) and particles exhibited a more heterogeneous, 

enlarged morphology (302). However, there is no decrease in M1 

incorporation into virus particles at the physiologically relevant 

temperatures of 32 and 37°C (31). We therefore chose these temperatures to 

better model the effects of these mutations at the temperatures of the human 

respiratory tract, 32°C (upper) and 37°C (lower). For the M2-83 mutation 

experiments, we used 32°C to accurately model infections of the upper 

respiratory tract. However, because the M2-86 mutation is associated with 

the temperature-sensitive LAIV vaccine, we used both 32 and 37°C. 

Annual influenza vaccination is the primary means of preventing 

seasonal influenza and decreasing its sociologic and economic impacts. LAIV 

has been shown to be more efficacious than inactivated influenza in children 
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aged 6-69 months (20, 328) and adults (20, 329, 330). However, LAIV is not 

being recommended for use during the 2016-2017 influenza season due to low 

effectiveness (36). Few studies have been performed to understand the LAIV 

att phenotypes at the molecular level, and it remains to be determined if all 

of the LAIV associated mutations are relevant and necessary for the 

production of a safe and efficacious vaccine. Our studies show that one can 

obtain a better understanding of the LAIV attenuation through the use of 

hNEC cultures and suggest that LAIV attenuation is not solely due to 

polymerase complex mutations. This implies that LAIV can be re-engineered 

to replicate either more or less efficiently through the manipulation of the M2 

protein sequences including, but not limited to positions 83 and 86. The 

decreased replication on hNECs and altered innate immune induction 

associated with the LAIV M2-A86S mutation demonstrate the merit of this 

strategy and justifies the investigation of the other LAIV-associated 

mutations with these methods. 
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FIGURES AND TABLES 

 

Figure 2.1. M2 cytoplasmic tail. M2 cytoplasmic tail schematic depicting 

amino acid frequency in all H3N2, H1N1, and H2N2 human isolate 

sequences from North America (complete genomes only) available in the 

Influenza Research Database. Search was performed 7/2/2017. 
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Figure 2.2. Replication of M2-83 mutants on MDCK cells. (A) Plaque 

assays performed with the indicated viruses on MDCK cells. (B) 

Quantification of plaque diameter from 34-64 individual plaques per virus 

identified from 2-3 independent experiments. *p < 0.05. No mutations had 

statistically significant differences compared to rUd M2-WT. Low MOI 

multistep growth curves performed on (C) MDCK cells or (D) hNECs with the 

indicated viruses at 32⁰ C. Data are pooled from two independent replicates 
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each with n = 3 wells per virus (total n = 6 wells per virus). *p < 0.05 

compared to rUd M2-WT (two-way ANOVA with Dunnett’s posttest). In (C) 

no time points were significantly different while in (D) rUd M2-A83M (48, 72, 

96, and 120 HPI), rUd M2-A83K (24, 36, and 48 HPI) showed differences. 

Dotted line indicates limit of detection.  
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Figure 2.3. Replication of M2-86 mutants in the rUd background on 

MDCK cells and hNECs. (A) Plaque assays performed with the indicated 

viruses on MDCK cells. (B) Quantification of plaque diameter from 84-137 
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individual plaques per virus identified from 2-3 independent experiments. *p 

< 0.05. No conditions were statistically significant compared to rUd M2-WT. 

Low MOI multistep growth curves performed on (C and D) MDCK cells or (E 

and F) hNECs with the indicated viruses at 32⁰ C (C and E) or 37⁰ C (D and 

F). Data are pooled from two independent replicates each with n = 3 wells per 

virus (total n = 6 wells per virus). *p < 0.05 compared to rUd M2-WT (two-

way ANOVA with Dunnett’s posttest) significant differences (p < 0.05) 

compared to rUd M2-WT: In (C) no time points were significantly different 

while in (E) rUd M2-A86S (48 and 72 HPI), rUd M2-A86E (36 and 48 HPI) 

and (F) rUd M2-A86V (36 and 72 HPI), rUd M2-A86S (36, 48, 72, 96 HPI), 

rUd M2-A86E (36, 48, 72, 96 HPI) showed differences. Dotted line indicates 

limit of detection.  
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Figure 2.4. Replication of M2-86 mutants in the rVic-LAIV 

background in MDCK cells. (A) Plaque assays performed with the 

indicated viruses on MDCK cells. (B) Quantification of plaque diameter from 
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24-47 individual plaques per virus identified from 2-3 independent 

experiments. *p < 0.05. No mutations had statistically significant differences 

compared to rVic-LAIV. Low MOI multistep growth curves performed on (C 

and D) MDCK cells or (E and F) hNECs with the indicated viruses at 32⁰ C 

(C and E) or 37⁰ C (D and F). Data are pooled from two independent 

replicates each with n = 3 wells per virus (total n = 6 wells per virus). *p < 

0.05 compared to rVic-LAIV (two-way ANOVA with Dunnett’s posttest). In 

(D) rVic-LAIV M2-S86A (36 HPI) and (F) rVic-LAIV M2-S86A (36, 48, 72, 96, 

and 120 HPI) showed differences. Dotted line indicates limit of detection.  
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Figure 2.5. Comparison of apical versus basolateral secretion of 

cytokines and chemokines. Samples collected 48 (A and B) and 96 (C and D) 

HPI during low MOI multistep growth curve experiment (Fig. 2.4E and 4F, Table 2.1) 
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performed at 32⁰C (A and C) and 37⁰C (B and D). WT =rVic LAIV M2-WT; S86A = 

rVic LAIV M2-S86A. Data are pooled from two independent replicates each with n = 3 

wells per virus. 
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32⁰C 37⁰C 

 
48 HPI 96 HPI 48 HPI 96 HPI 

 
M2-86A M2-86S M2-86A M2-86S M2-86A M2-86S M2-86A M2-86S 

CCL2 3.2 ± 0.5 2.9 ± 0.2 4.1 ± 1.5 3 ± 0.2 7.5 ± 0.5 8.5 ± 1.2 39.3 ± 15 26.5 ± 10.1 

CCL3 N.D. N.D. 15.5 ± 1.9 
13.8 ± 

0.4 
16.5 ± 1.8 19.9 ± 2.6 45.7 ± 9.4 48.9 ± 8.3 

CCL4 N.D. N.D. 5.8 ± 0.7 5.1 ± 0.5 7 ± 1.6 8.6 ± 2 37.7 ± 11.2 34.1 ± 6.3 

CCL11 N.D. N.D. 13.9 ± 1.5 
14.9 ± 

1.9 
14.8 ± 2.7 20.1 ± 5.3 39.5 ± 7.9 54.8 ± 11.1 

CCL13 9.8 ± 0.3 9.9 ± 0.3 9.8 ± 0.3 9.9 ± 0.3 9.8 ± 0.3 9.8 ± 0.3 9.8 ± 0.3 9.9 ± 0.3 

CCL17 3.2 ± 0.2 2.4 ± 0.2 8.4 ± 0.3 6.1 ± 1.1 14.4 ± 0.5 15.4 ± 2.6 24 ± 1.4 23 ± 4.9 

CCL22 
13.3 ± 

0.6 
12.9 ± 

0.5 
22.6 ± 1.7 26 ± 2.6 35 ± 2.8* 54.4 ± 4* 110 ± 12.3 112.5 ± 3.6 

CCL26 
10.4 ± 

0.7 
10.8 ± 

0.7 
10.4 ± 0.7 

10.3 ± 
0.8 

10.6 ± 0.7 10.4 ± 0.7 10.4 ± 0.7 10.4 ± 0.7 

CXCL10 
22.3 ± 

8.8 
15.1 ± 

5.1 
2139.2 ± 
1027.1 

1000.4 ± 
457.3 

2509.2 ± 
1250.9 

3127.3 ± 
1287.1 

5804.8 ± 
195.2 

5234.8 ± 
543.3 

IFN-λ 
184.5 ± 

12.3 
179.4 ± 

7.6 
288.5 ± 

53.9 
269.9 ± 

44.3 
424.6 ± 

55* 
920.4 ± 
132.9* 

5888.3 ± 
130* 

3658.8 ± 
390.1* 

IL-6 6.5 ± 2.6 8.1 ± 3.3 9.6 ± 2.9 7.7 ± 1.3 20.4 ± 4.4 36.1 ± 6.2 528.7 ± 85 
430.7 ± 

83.1 

IL-8 
1655.1 ± 

385.8 
1702.7 ± 

374.9 
1323.2 ± 

116.5 
1503.6 ± 

87.8 
3412.1 ± 

620.4 
4557.2 ± 

433.1 
25820.9 ± 

3920.1 
27445.7 ± 

2865.3 

 

Table 2.1. Total secreted cytokine (pg/μL). Samples collected during low 

MOI multistep growth curve experiment (2.4E and 4F). Data are pooled from 

two independent replicates each with n = 3 wells per virus. None detected 

(N.D.) means that levels were below the lower limit of detection. *p < 0.05 

virus specific difference at the indicated time post infection (two-way 

ANOVA).
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CHAPTER 3: INFLUENZA A VIRUS M2 PROTEIN 

APICAL TARGETING IS REQUIRED FOR 

EFFICIENT VIRUS BUDDING AND REPLICATION 

 

Nicholas Wohlgemuth, Andrew P. Lane, and Andrew Pekosz 
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ABSTRACT 

 The influenza A virus (IAV) M2 protein is a multifunction protein with 

critical roles in virion assembly and budding. M2 is targeted to the apical 

plasma membrane of polarized epithelial cells, and the interaction of the viral 

proteins M2, M1, HA, and NA near glycolipid rafts in the apical plasma 

membrane is hypothesized to coordinate the assembly of infectious virus 

particles. To determine the role of M2 protein apical targeting in IAV 

replication, assembly, and budding a panel of M2 proteins with basolateral 

plasma membrane (M2-Baso) or endoplasmic reticulum (M2-ER) targeting 

sequences was generated. MDCK II cells stably expressing M2-Baso, but not 

M2-ER, complemented the replication of M2-stop viruses. However, in 

primary human nasal epithelial cell (hNEC) cultures, viruses encoding M2-

Baso and M2-ER replicated to negligible titers compared to WT virus. M2-

Baso replication was negatively correlated with cell polarization. These 

results demonstrate that M2 apical targeting is essential for IAV replication, 

targeting M2 to the ER results in a strong, cell type independent inhibition of 

virus replication, and targeting M2 to the basolateral membrane has greater 

effects in hNECs than in MDCK cells.  

 

IMPORTANCE 

Influenza A virus assembly and particle release occurs at the apical 

membrane of polarized epithelial cells. The integral membrane proteins 
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encoded by the virus – HA, NA and M2 – are all targeted to the apical 

membrane and believed to recruit the other structural proteins to sites of 

virus assembly. By targeting M2 to the basolateral or ER membranes, 

influenza A virus replication was significantly reduced. Basolateral targeting 

of M2 reduced the infectious virus titers with minimal effects on virus 

particle release while targeting to the ER resulted in reduced infectious and 

total virus particle release. Therefore, altering the expression and the 

intracellular targeting of M2 has major effects on virus replication through 

different mechanisms. 

 

INTRODUCTION 

 Virus infections frequently target the polarized epithelial cells lining 

the respiratory tract, digestive tract, or mucosal surfaces. Efficient 

production of progeny viruses requires directional coordination among virion 

components to traffic to either the apical or basolateral plasma membrane. 

Some viruses target their proteins to the apical plasma membrane and then 

bud into the lumen and can primarily only spread among epithelial cells. 

Other viruses target their proteins to the basolateral plasma membrane 

where they assemble and are more prone to progress to systemic and 

disseminated infections (331, 332). 

Influenza A virus (IAV) is in the family Orthomyxoviridae and has a 

genome consisting of eight negative-sense, single-stranded RNA segments 
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encoding 10 to 14 proteins (1). All three integral membrane proteins, HA 

(333, 334), NA (335-337), and M2 (338), are targeted to the apical plasma 

membrane. M2 apical targeting is not dependent on its acylation or 

cholesterol-binding residues (107). The viral matrix protein, M1, and the viral 

ribonucleoprotein (vRNP) complex traffic to the apical plasma membrane as 

well, and must interact with the apically targeted viral surface proteins (12, 

339-341) for efficient virion assembly (112-114). M1 and vRNP traffic to the 

apical plasma membrane through interactions with the cytoskeleton (342), 

and NP has been shown to be intrinsically targeted to the apical plasma 

membrane (1, 343). 

The influenza virus M2 protein is a 97 amino acid integral membrane 

protein that forms disulfide-linked tetramers. M2 is predominantly 

associated with its well characterized proton channel activity. During the 

virus entry process, this activity allows for the acidification of the virion 

interior, which permits vRNP release from M1 (1, 59, 307, 308).The C-

terminal 54 amino acids of M2 form the highly conserved cytoplasmic tail, 

which is important for both the assembly and budding processes of viral 

egress, but have little effect on the M2 proton channel activity (97). The 

membrane distal region of the cytoplasmic tail is critical for the incorporation 

of vRNPs into budding particles (111-115). The membrane proximal region of 

M2 can induce membrane curvature and has been implicated in ESCRT-

independent membrane scission and budding of IAV particles (12, 99), though 
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the extent to which this activity is needed appears to vary between virus 

strains and experimental systems (100-103). 

To investigate the role M2 apical targeting plays in IAV replication, 

assembly, and budding, we generated M2 constructs targeted away from the 

apical plasma membrane, the site of virus budding and assembly. When M2 

was targeted to the ER with a dilysine retrieval signal (43, 44, 82), virus 

particles were not released due to a defect in budding. When M2 was targeted 

to the basolateral plasma membrane, the effect on virus particle production 

was dependent on the polarization of the cell model being used. The data 

indicate that both the level of expression as well as the intracellular 

localization of M2 impact infectious virus production. 

 

MATERIALS AND METHODS 

Plasmids 

The plasmid pCAGGS (pC) (344) expressing the cDNA for the M2 protein 

from A/Udorn/72(H3N2) (rUdorn) has been previously described (111, 345). 

The pHH21 plasmids expressing full length influenza virus gene segments 

were used to generate recombinant viruses (111) as described below. pHH21 

plasmids encoding the A/Victoria/361/2011(H3N2) (rVic) virus RNA segments 

were generated using sequences available in Genbank and the NIAID 

Influenza Research Database (25, 313, 314). The plasmid pBABE, which 

expresses puromycin N-acetyltransferase, was used for puromycin resistance 
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in stably transfected cells. All mutations were introduced using the 

QuikChange Lightning site-directed mutagenesis kit (Agilent). All inserts 

and mutations were confirmed by sequencing. Primer sequences are in Table 

A.1 in the appendix. 

 

Cells 

Madin-Darby canine kidney (MDCK) cells and HEK 293T (293T) cells were 

cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 

10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin, 

and 2 mM GlutaMAX (Gibco). M2-MDCK cells stably transfected with the 

pCAGGS plasmid expressing the M2 protein from A/Udorn/72(H3N2) were 

cultured as described for MDCK cells except the media was supplemented 

with 5 μM amantadine hydrochloride and 7.5 μg/mL puromycin 

dihydrochloride (111). MDCK type II cells (MDCK II) (a gift from Dr. Ann 

Hubbard) were cultured in Minimum Essential Medium (MEM) 

supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 

and 2 mM GlutaMAX. Human nasal epithelial cell (hNEC) cultures were 

derived from epithelial cells isolated from non-diseased tissue after 

endoscopic sinus surgery for non-infection related conditions and grown at 

air-liquid interface (ALI) as previously described (31, 309-311). hNEC 

differentiation medium (DM), infection media (IM), and culture conditions 

have previously been described in detail (31). hNEC polarization was 
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monitored by measuring transepithelial resistance with a Millicell-ERS after 

adding 250 μL of warm IM without NAT to the apical chamber. 

 

Antibodies 

M2 was detected with an anti-M2 rabbit polyclonal antibody (pAb) (GeneTex 

GTX125951) or the anti-M2 monoclonal antibody (mAb) 14C2 which 

recognizes the extracellular domain of M2. HA was detected with a pAb anti-

H3 (goat) serum derived from A/Aichi/2/1968 (BEI V314-591-157). The 

antibody that recognizes calnexin is a rabbit pAb (Genscript A01240-40) and 

the ZO-1A12 mAb (ThermoFisher 33-9100) recognizes ZO-1. β-actin was 

detected by a mouse mAb (Abcam ab6276). The antibody that recognizes NP 

is a rabbit pAb (GeneTex GTX125989). All secondary antibodies used are 

ThermoFisher Scientific Alexa Fluor (AF) fluorescent antibodies conjugated 

to AF488, AF555, or AF647. 

 

Stable cell line production and culture 

Stable MDCK II cell lines expressing rUdorn M2, rUdorn M2-ER,rUdorn M2-

Baso, rUdorn M2-FLAG, and eGFP were established by cotransfecting 

pBABE (0.5 μg/well) with pC plasmids encoding the cDNA of interest (1.0 

μg/well) and Lipofectamine 2000 (9 μL/well). Transfections were performed in 

suspension. At 20 h post transfection the transfection mixture was removed 

and replaced with culture media supplemented with 5 μM amantadine 
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hydrochloride (Sigma). At 48 h post transfection cells were detached with 

trypsin and plated at low densities onto 96-well plates with culture media 

supplemented with amantadine hydrochloride and 3.75 μg/mL puromycin 

dihydrochloride (Sigma). The puromycin-resistant cells were screened for 

clonality (wells containing a single colony) and M2 expression by plate reader 

or fluorescence-activated cell sorting (FACS). Live cells were stained on ice 

with 14C2 (1:500 dilution) followed by AF488 conjugated goat anti-mouse 

antibody (1:500 dilution). Fluorescence was measured with a FilterMax F5 

Multi-Mode Microplate reader (Molecular Devices). Because M2-ER and M2-

Baso are not expressed on the apical surface, 18-24 clonal wells were 

expanded and analyzed by FACS as described below. Stably transfected cells 

were then grown in media supplemented with 5 μM amantadine 

hydrochloride and 3.75 μg/mL puromycin dihydrochloride for MDCK II cells 

and 7.5 μg/mL puromycin dihydrochloride for MDCK cells. 

 

Flow cytometry 

Cells were detached with trypsin, fixed for 15 minutes at room temperature 

(RT) with 2% paraformaldehyde (PFA) in PBS, permeabilized with 0.2% 

Triton X-100 (Sigma) in PBS, blocked for 1 h in PBS with 3% donkey serum 

and 0.5% bovine serum albumin (BSA; Sigma), and stained for 1 h with 14C2 

(1:500 diluted in blocking solution) followed by staining for 1 h with AF 

labeled donkey anti-mouse antibodies (1:500 diluted in blocking solution). 
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Cells were washed between each step with PBS. Surface M2 staining was 

performed as above, except without permeabilization. The cells were 

analyzed by flow cytometry on a BD FACSCalibur and the data was 

processed and analyzed using FlowJo software. 

 

Viruses 

Recombinant A/Udorn/72/(H3N2) (rUdorn) and recombinant A/WSN/33 

(H1N1) (rWSN) have been described previously (108, 111, 112, 305, 312). 

Recombinant A/Victoria/361/2011(H3N2) (rVic) virus was rescued using the 

12-plasmid reverse genetics system (108, 305, 312, 315). Briefly, 293T cells 

were transfected with pHH21 plasmids encoding all 8 influenza A virus gene 

segments along with protein expression plasmids encoding the NP, PA, PB1, 

and PB2 cDNAs. Transfected cells were then co-cultured with M2-MDCK 

cells, and sampled every 24 hours for the release of virus particles. Viruses 

were plaque-purified and confirmed by sequencing. Stocks of virus were 

generated by infecting MDCK cells at a low multiplicity of infection (MOI) as 

described below. 

 

Plaque assays 

Plaque assays were performed in 6-well plates of confluent M2-MDCK cells. 

Serial 10-fold dilutions of the virus inoculum were generated in infection 

media (IM; DMEM supplemented with 0.3% BSA [Sigma], 100 U/mL 
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penicillin, 100 μg/mL streptomycin, 2 mM GlutaMAX [Gibco], and 4 μg/mL 

N-acetyl trypsin [NAT; Sigma]). Cells were washed twice with PBS 

containing calcium (100 mg/mL CaCl2) and magnesium (100 mg/mL 

MgCl2•6H2O) (PBS+) and 250 μL of inoculum was added. The cells were 

incubated for 1 hour at RT with rocking. The inoculum was removed and 

replaced with IM containing 1% agarose. Cells were then incubated at 37°C 

for 2-5 days, fixed in 2% formaldehyde, and stained in a naphthol blue black 

solution. For synthetic virus generation, before fixing, the agar above 

individual plaques was removed with a sterile pipette, aspirated into 1 mL of 

IM, and stored at -80°C. 

 

50% tissue culture infectious dose (TCID50) assay 

MDCK or M2-MDCK cells were plated in 96-well plates, grown to confluence, 

and washed twice with PBS+. Ten-fold serial dilutions of the virus inoculum 

were made and 200 μL of each dilution was added to each of 6 wells in the 

plate, followed by incubation for 5 days at 37°C. Cells were then fixed by 

adding 100 μL of 4% formaldehyde in PBS per well, followed by staining with 

a naphthol blue black solution. 

 

Low MOI infection 

Before all infections, cells are first washed twice with PBS+. Seed stocks (SS) 

were generated by incubating 250 μL of the plaque picks generated above on 
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fully confluent MDCK cells for 1 hour at RT. Inoculum was removed, cells 

were washed twice with PBS+, and then 1 mL of IM was added before 

returning the cells to the incubator at 37°C. Virus supernatant was harvested 

when 50% of the cells displayed cytopathic effect upon inspection with light 

microscopy (usually 24-48 hours post infection (HPI)). The infectious virus 

titer of the SS was then determined by TCID50 assay, and used to generate 

working stocks (WS). The WS was generated as for seed stocks, except 

infections were performed in 75 or 150 cm2 flasks and the inoculum used was 

SS diluted to an MOI of 0.01 in IM. 

Multistep virus growth curves were performed at a MOI of 0.001 in 

MDCK cells and 0.1 in hNECs. For MDCK cell infections, the inoculum was 

diluted in IM, added to cells, and allowed to incubate at RT with rocking for 1 

hour. Cells were then washed 3 times with PBS+ and incubated with fresh 

IM at 37°C. At the indicated HPI, all media were removed and replaced with 

fresh IM. The amount of infectious virus in each sample was determined by 

TCID50 assay on M2-MDCK cells. For hNECs, the apical surface was washed 

with IM without NAT and the basolateral DM was replaced immediately 

before infection. Inoculum diluted in IM without NAT was then added and 

allowed to incubate on cells at 32°C for 1-2 hours. The inoculum was then 

removed, the cells were washed three times with PBS+, left at ALI, and 

returned to 32°C. At the indicated times post infection, IM without NAT was 

added to the apical chamber of the wells and allowed to incubate at 32°C for 5 
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minutes, removed, and the cells were returned to the incubator at ALI. 

Basolateral DM was removed and replaced every 48 hours for the duration of 

the growth curves. All samples were stored at -80°C. 

 

High MOI infection 

High MOI (1 or 2 TCID50 per cell) infections were performed as low MOI 

infections except, at the indicated time post infection, in addition to collecting 

virus supernatant, cells were lysed in 1% SDS in PBS, collected, and stored 

at -20°C. Infection supernatant was cleared of cell debris by centrifugation at 

1400 x g for 10 minutes and infectious virus titers determined by TCID50. 

For hNECs, prior to the first time point, the apical surface was washed with 

an acidic PBS wash (PBS+ adjusted to a pH of 5.2 with citric acid) (346). 

 

Microscopy 

MDCK II cells stably transfected with the indicated constructs were grown 

for six days on collagen-coated polystyrene Transwell inserts (Costar). Cells 

were then fixed with 2% PFA at RT for 15 minutes or ice cold methanol for 10 

minutes at -20°C. Cells were then washed and stored in PBS at 4°C. PFA 

fixed cells (but not methanol-fixed cells) were permeabilized with 0.2% 

Triton-X 100 (Sigma) in PBS for 15 minutes at RT before blocking. PFA-fixed 

cells were then blocked in PBS with 2% donkey serum and 0.5% BSA 

(blocking solution), stained with polyclonal rabbit anti-M2 antibody (1:400 in 



84 

 

blocking solution) and ZO-1A12 (1:50 in blocking solution) followed by 

secondary AF488-linked donkey anti-rabbit antibody and AF555-linked 

donkey anti-mouse antibody (both 1:500 in blocking solution). Methanol-fixed 

cells were stained the same way except with 14C2 and rabbit anti-calnexin 

antibody as primary antibodies and AF488-linked donkey anti-rabbit and 

AF555-linked donkey anti-mouse as secondary antibodies (all 1:500 in 

blocking solution). Cells were washed after each step by dipping membranes 

in PBS with 0.2% Tween-20 (PBST) 12 times. Cells were washed one final 

time in MilliQ water before mounting in Prolong gold antifade with DAPI 

(ThermoFisher). Cells were imaged using a Zeiss LSM 700 microscope with 

Zen software for image acquisition. Images were taken with a 63x objective in 

Z-stack mode with 0.25 or 0.5 μm spacing between stacks. Images were 

analyzed and processed with Volocity and FIJI. 

 

SDS-PAGE and western blotting 

Virus supernatant from high MOI infections was concentrated through a 35% 

sucrose cushion at 118,000 x g for 1 hour in an Optima Max-TL Beckman 

Ultracentrifuge. Alternatively, concentrating viral supernatants with Amicon 

Ultra – 0.5 ML Centrifugal Units (Ultracel – 100K; Millipore) or using non-

concentrated infection supernatant yielded comparable results. All samples 

were mixed with 4X SDS-PAGE sample buffer containing dithiothreitol 

(DTT; Thermo) before heating for 5 min at 100°C. Samples were loaded 
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alongside Precision Plus Protein Standards All Blue protein ladder (Biorad) 

into a 4-15% Mini-PROTEAN TGX Gel (Biorad) and run at 100 V. Proteins 

were transferred onto an Immobilon – FL polyvinyl difluoride membrane at 

100 V for 1 hour. Afterwards, membranes were blocked in PBS containing 

0.2% Tween 20 and 5% blotting-grade blocker (Biorad). The membrane was 

then stained with primary antibodies (1:1000 goat anti Aichi, 1:1000 rabbit 

anti NP, or 1:10,000 mouse anti-β-actin), then stained with the appropriate 

AF conjugated secondary antibodies (1:1000). Between each step, the 

membrane was washed 3 times with PBS containing 0.2% Tween 20. Protein 

was detected using a FluorChem Q system (Proteinsimple). Cellular 

expression of viral proteins was normalized by β-actin expression, had mock 

subtracted, and then was normalized to average WT values. Levels of viral 

protein in the supernatant had mock subtracted and then were normalized to 

average WT values. 

 

Statistical analyses 

Multistep growth curves were analyzed by two-way ANOVA. FACS, M2-Baso 

mislocalization, endpoint dilution assays, high MOI infection virus 

replication and protein expression, and transepithelial resistance (TER) 

dependence on titer were analyzed by ANOVA. M2-ER localization and M2-

ER and M2-Stop high MOI infections were analyzed with unpaired t-tests. 

All statistical analyses were performed in GraphPad Prism 7.0. 
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RESULTS 

Expression of mistargeted M2 constructs 

To investigate the role of M2 apical targeting on virus assembly and budding, 

amino acid sequences were mutated (C-terminal KKXX motif) to target it to 

the ER (43, 44, 82) or added (C-terminal AAASLLAP) to target M2 to the 

basolateral plasma membrane (347) (Fig. 3.1A). Additionally, a FLAG-tagged 

M2 construct was created to control for the addition of C-terminal amino acid 

residues at the end of the M2-Baso protein. Stable cell lines expressing the 

M2 cDNAs in MDCK II cells were generated and characterized for surface 

and total M2 expression by flow cytometry using the anti-M2 monoclonal 

antibody 14C2 either before, or after permeabilization (Fig. 3.1B). WT M2, 

M2-FLAG, M2-Baso, and M2-ER all express approximately the same amount 

of total M2. However, M2-ER is not present on the cell surface while WT M2, 

M2-FLAG, and M2-Baso all express similar amounts of cell surface M2.  

Confocal immunofluorescence microscopy was then used to assess the 

subcellular localization of these constructs. For determining the extent of 

basolateral targeting of M2-Baso, ZO-1 was used to stain the tight junctions 

and demarcate the border between the apical and basolateral plasma 

membrane (Fig. 3.1C). WT M2 and M2-FLAG primarily stain at or above the 

level of the tight junction, indicating apical plasma membrane localization. 

Alternatively, M2-Baso has increased staining below the tight junction, and 
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has significantly less apical staining than either WT M2 or M2-FLAG (Fig. 

3.1D). To determine the localization of the M2-ER construct, the ER was 

stained with an anti-calnexin antibody (Fig. 3.1E), and then colocalization of 

M2 and calnexin was determined (Fig. 3.1F). M2-ER exhibits a significant 

increase in ER localization compared to WT M2. 

 

Complementation of viruses that do not express M2 

Infectious virus production requires small amounts of M2 and M2 expressed 

in trans can complement the replication of recombinant viruses that do not 

encode the M2 protein (111). Accordingly, MDCK II cells stably transfected 

with WT M2 or M2-FLAG allowed for the replication of rUdorn M2-Stop virus 

(Fig. 3.2A). M2-Baso expressing cells allowed for a significantly lower 

production of infectious virus particles, while M2-ER and eGFP expressing 

cells did not support virus replication above the limit of detection (234 

TCID50/mL). Similarly, when rWSN M2-Stop virus was used, WT M2, M2-

FLAG, and M2-Baso expressing cells, all detected similar quantities of 

infectious virus particles, while M2-ER and eGFP expressing cells detected 

significantly fewer viral particles, indicating that the inhibitory effect of M2-

Baso is not as prominent in rWSN M2-Stop infected cells (Fig. 3.2C). In 

contrast, all cell lines supported similar levels of both rUdorn WT and rWSN 

WT infectious virus production, demonstrating that there are no nonspecific, 

detrimental effects associated with expressing M2 on the ER or basolateral 
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plasma membrane (Fig. 3.2B and 2D). For a more sensitive measure of the 

ability of the M2 constructs to complement IAV infection, low MOI growth 

curves were performed. MDCK II cells expressing WT M2, M2-FLAG, and 

M2-Baso were all able to replicate rUdorn M2-Stop to approximately 1 × 108 

TCID50/mL by 24 to 36 HPI (Fig. 3.2E). The M2-Baso expressing cells showed 

slightly slower kinetics of virus production and a later time of peak virus 

production, but these differences did not reach statistical significance. 

Neither M2-ER nor eGFP expressing cells were able to support rUdorn M2-

Stop infectious virus production to appreciable levels. Additionally, WT M2, 

M2-FLAG, M2-Baso, M2-ER, and eGFP expressing MDCK II cells were all 

able to replicate WT rUdorn to the same approximate peak titer with similar 

kinetics, indicating that there are no non-specific, detrimental replication 

defects associated with expressing M2 on the ER or basolateral plasma 

membrane (Fig. 3.2F). 

 

Replication of recombinant viruses expressing mistargeted M2 

Recombinant IAV encoding the mistargeted M2 proteins were generated in 

the rVic background to further study the effects of M2 localization on virus 

infection and to better model recent seasonal IAV strains. The rVic M2-ER 

was unable to replicate to detectable levels in MDCK cells (Fig. 3.3A), but 

was able to replicate to similar levels as both rVic WT and rVic M2-FLAG in 

M2-MDCK cells (Fig. 3.3B), indicating that the rVic M2-ER mutation can be 
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complemented by M2-WT protein. The rVic M2-Baso replicated to lower peak 

titers and with slower kinetics in MDCK cells (Fig. 3.3A) but was 

indistinguishable from rVic WT and rVic M2-FLAG after infection of MDCK-

M2 cells (Fig. 3.3B), indicating that the effect of targeting M2 to the 

basolateral membrane was not as detrimental to virus replication as 

targeting it to the ER.  

To utilize a more relevant cell culture model for studying the rVic 

viruses, primary, differentiated human nasal epithelial cell (hNEC) cultures 

were used. In hNECs, both rVic M2-ER and rVic M2-Baso were unable to 

replicate to appreciable levels while rVic M2-FLAG replicates with 

significantly decreased kinetics compared to rVic WT (Fig. 3.3C). Taken 

together, the data indicate that targeting M2 to the ER has a clear 

detrimental effect on influenza virus replication while targeting it to the 

basolateral membrane results in a more variable, cell type specific inhibition 

of virus replication.  

 

High MOI infection and protein analysis of rVic M2-Baso in hNECs 

Following high MOI infection, rVic M2-Baso replicates to significantly lower 

titers than rVic WT on hNECs (Fig. 3.4A), consistent with the low MOI 

growth curve results. In contrast to the low MOI data, rVic M2-FLAG 

replicates to a higher titer than rVic WT during high MOI infections on 

hNECs (Fig. 3.4A). Infectious particles and viral proteins were never detected 
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in the basolateral chamber of hNECs infected with rVic WT, rVic M2-FLAG, 

or rVic M2-Baso (Fig. 3.4B and 4C). Cells infected with rVic M2-FLAG and 

M2-Baso express similar levels of HA2, but had higher levels of cell 

associated NP than rVic WT (Fig. 3.4C, 4D, and 4E). In the apical 

supernatant, all three viruses had similar levels of HA2 and NP, suggesting 

virus particle release was consistent despite the differences in infectious 

virus titers. Taken together, the data indicate that the reduced amount of 

infectious virus particles in the rVic M2-Baso infected hNECs is not due to 

reduced virus budding, but a decrease in the infectivity of the released virus 

particles. 

 

rVic M2-baso replication and cell polarization 

High MOI infections on hNEC cultures with different degrees of polarization, 

as determined by TER, were performed to assess the degree to which the 

reduced replication of rVic M2-Baso was dependent upon the polarization 

state of the hNEC cultures. Both rVic WT and rVic M2-FLAG replicated to 

equivalent levels in hNEC cultures with low or high TER levels as indicated 

by linear regression slopes that do not significantly deviate from 0 (Fig. 3.5A) 

and similar amounts of infectious virus detected in cells with a TER reading 

greater than 650 Ω•cm2 or cells with a TER reading less than 650 Ω•cm2 

(Fig. 3.5B). This indicated that the polarization of the cultures did not affect 

infectious virus production. However, rVic M2-Baso replicates less efficiently 
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in hNEC cultures with high TER readings compared to cultures with low 

TER readings, as evident by the negative correlation between virus 

replication and hNEC polarity (Fig. 3.5A). The slope is statistically different 

from both 0 and the slope of the rVic WT and rVic M2-FLAG lines. Consistent 

with these results, rVic M2-Baso replicates to a higher titer in cells with a 

TER reading of less than 650 Ω•cm2 than in cells with a TER reading of 650 

Ω•cm2 or greater (Fig. 3.5B).  

 

High MOI infection and protein analysis of rVic M2-ER and rUdorn 

M2-Stop in MDCK cells 

Consistent with the low MOI growth curve results, rVic M2-ER replicates to 

a significantly decreased titer compared to rVic WT during high MOI 

infections of MDCK cells (Fig. 3.6A). Cells infected with either rVic WT or 

rVic M2-ER express similar levels of both HA2 and NP (Fig. 3.6B, 6C, and 

6D). However, there is no detectable HA2 or NP in the supernatant of cells 

infected with M2-ER, indicating that despite cells being infected, no virus 

particles were released (Fig. 3.6B, 6E, and 6F). Like rVic M2-ER, rUdorn M2-

Stop replicates to a significantly lower titer than rUdorn WT virus in MDCK 

cells (Fig. 3.7A). While cells infected with rUdorn M2-Stop express similar 

quantities of viral proteins HA2 and NP as cells infected with rUdorn WT 

(Fig. 3.7B, 7C, and 7D), rUdorn M2-Stop infected cell supernatant has 

detectable, albeit slightly lower amounts of HA2 and NP compared to rUdorn 
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WT (Fig. 3.7B, 7E, and 7F). Together, the data indicate that rVic M2-ER has 

significantly lower release of viral proteins when compared to rUdorn M2-

stop, suggesting mislocalizing M2 to the ER has a stronger effect on virus 

particle release than deleting the protein completely. 

 

DISCUSSION 

IAV infects and buds primarily from the apical plasma membrane during 

infection of polarized epithelial cells. All three viral integral membrane 

proteins are targeted to the apical plasma membrane (333-338). Because of 

this, it would be expected that critical egress processes like scission and 

genome packaging may be disrupted if viral proteins critical for these roles 

were targeted to other locations in the cell. When a basolateral localization 

signal is added to the HA cytoplasmic tail, HA loses its strict apical targeting, 

but virus budding still occurs at the apical plasma membrane without a 

drastic decrease in virus replication (348-350). This has been seen with other 

viral glycoproteins as well. When vesicular stomatitis virus glycoprotein loses 

its strict targeting to the basolateral plasma membrane, virus was still 

predominantly released at the basolateral plasma membrane (351). During 

measles virus infection of polarized epithelial cells, the glycoproteins H 

(apical and basolateral) and F (basolateral) are not strictly targeted to the 

apical plasma membrane, but virus is preferentially released apically (352). 

However, when basolateral targeting signals in these proteins were 
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disrupted, virus was unable to spread by syncytia formation and had 

decreased lateral spread in vivo, indicating a role for basolateral glycoprotein 

targeting in measles virus cell-to-cell spread (353). Furthermore, measles 

virus matrix protein interacts with the cytoplasmic tails of the glycoproteins, 

permitting M-glycoprotein co-targeting to the apical plasma membrane and 

allowing for virus airway shedding (354). Similarly, the data described here 

indicate that M2 apical targeting is required for IAV replication and budding. 

 In contrast to HA (348, 349), M2 targeted to the basolateral plasma 

membrane (Fig. 3.1A, 1C, and 1D) or the ER (Fig. 3.1A, 1E, and 1F) resulted 

in substantial replication defects (Fig. 3.3). This was demonstrated for rVic 

M2-ER virus in MDCK cells (Fig. 3.3A) and hNECs (Fig. 3.3C) and with 

rUdorn M2-ER in the transcomplementation system (Fig. 3.2E). For M2-

Baso, the replication defect was apparent on MDCK cells infected with rVic 

M2-Baso (Fig. 3.3A) and hNECs (Fig. 3.3C), but not in the 

transcomplementation system (Fig. 3.2E). The phenotype penetrates more 

strongly when M2-Baso is expressed by the recombinant virus (Fig. 3.3A) 

rather than the cells being infected (Fig. 3.2E). This is potentially due to the 

ability of stably transfected cells to express more M2 than infected cells, 

making them more likely to have spillover of M2 into the apical 

compartment. Only a small amount of M2 is required to complement infection 

of an M2-stop virus (111), so even a small amount of spillover to the apical 

compartment could rescue replication to near WT levels. However, the MDCK 
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cells used in the recombinant virus studies are highly polarized (as 

determined by TER; data not shown), and the difference in phenotype 

penetrance may be due to the cell strain used in each study. When rUdorn 

expressing WT M2 infects MDCK II cells stably transfected with M2-ER, M2-

Baso, or WT M2, it replicates to similar levels with similar kinetics (Fig. 

3.2F), indicating that expressing M2 at these membranes does not disrupt 

the ability of the cell to sustain virus replication. This is consistent with a 

prior report showing that M2-ER does not inhibit the transport of HA to the 

cell surface (82). Furthermore, MDCK cells stably transfected with WT M2 

support the replication of rVic WT, rVic M2-ER, and rVic M2-Baso to the 

same levels (Fig. 3.3B), demonstrating that there are no detrimental effects 

associated with encoding the mutations in the virus genome. 

 Both rVic M2-Baso and rVic M2-ER are unable to replicate in hNEC 

cultures. Moreover, rVic M2-ER replication is barely detectable on MDCK 

cells while rVic M2-Baso does produce some infectious virus particles. MDCK 

cells and hNECs differ in numerous characteristics, but critically for these 

results, hNECs, as ex vivo nasal epithelial cells, are more highly polarized 

than MDCK cells, an immortalized cell line derived from canine kidney cells. 

Accordingly, rVic M2-Baso replicates to significantly lower titers on highly 

polarized hNEC cultures than poorly polarized hNEC cultures (Fig. 3.5A and 

5B), indicating that the M2-Baso replication phenotype is cell polarization-

dependent. 
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M2 plays several roles during IAV replication that could account for 

the emergence of a replication defect when targeting M2 away from the apical 

plasma membrane. The C-terminal end of the M2 cytoplasmic tail is essential 

for incorporation of vRNPs into budding particles (111-113). The membrane 

proximal region of the M2 cytoplasmic tail contributes to virus membrane 

scission and budding in an ESCRT-independent manner in some studies (12, 

98, 99). However, other studies have shown that many of the individual 

amino acids in this region of M2 are either dispensable or have a modest 

phenotype, suggesting the virus strain or the cell culture system utilized may 

play an important role in phenotype penetration (100-103). During infection 

of hNECs, rVic M2-Baso and rVic WT secrete similar amounts of virus 

protein into the apical supernatant (Fig. 3.4B, 4F, and 4G) despite rVic M2-

Baso having significantly reduced production of infectious virus (Fig. 3.4A). 

In vivo epithelial cells and hNECs produce mucus that can interact with IAV 

particles. After removing the inoculum during high MOI infections of hNECs, 

the apical surface was washed with an HA-inactivating acidic PBS wash 

(PBS+ titered to a pH of 5.2 with citric acid (346)) to prevent infectious virus 

left over from the inoculum from being detected at subsequent time points. 

However, this inactivated virus may still be present at these time points and 

detected as either “cell-associated” or “secreted” into the supernatant, 

confounding the hNEC protein results.  
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High MOI infection with rVic M2-ER on MDCK cells resulted in a 

significant decrease in virus replication (Fig. 3.6A) associated with a near 

complete absence of virus particle release (Fig. 3.6B, 6E, and 6F). Similarly, 

when M2 was not expressed (M2-stop virus), virus replication was reduced 

(Fig. 3.7A) but detectable amounts of viral proteins were present in the apical 

supernatant (Fig. 3.7B, 7E, and 7F). Taken together, the data indicate that 

targeting M2 to the ER results in a greater reduction of virus particle 

budding than deleting the protein completely. This may indicate that M2-ER 

is bringing other viral or cellular factors needed for virus budding away from 

the apical membrane, thus sequestering them away from the sites of virus 

budding. M2 has a well characterized interaction with M1 (112-114) and 

targeting M2 away from the apical plasma membrane may result in the 

relocalization of M1 and/or the vRNP. The putative cellular ubiquitin ligase 

UBR4 associates with M2 and promotes plasma membrane localization of not 

only M2, but also HA and NA (355). Furthermore, M2 relocalizes the 

essential autophagy protein LC3 to the plasma membrane, resulting in viral 

subversion of autophagy (117). Annexin A6 interacts with the M2 protein and 

alters virus budding (356). Finally, M2 and both cellular Rab11 and the β 

subunit of the F1Fo-ATPase are important for IAV filament budding (357, 

358). Therefore, targeting M2 away from the apical plasma membrane may 

disrupt any number of viral and cellular protein interactions critical for 

influenza virus assembly, budding, and replication. 
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Membrane targeting by viral proteins is a critical determinant of 

tropism and pathogenesis (332). Sendai virus is a pneumotropic mouse virus 

and buds predominantly from the apical plasma membrane. However, a 

mutant that buds nonspecifically, from the apical and basolateral plasma 

membranes, was isolated and determined to expand tropism and alter 

pathogenesis (359-362). Similarly, for coronaviruses, apical release is 

associated with local spread and transmission, while basolateral release is 

associated with systemic infection (363, 364). In human airway epithelial 

cells, IAV is released from the apical surface of infected cells (365, 366). IAV 

principally causes acute respiratory illness. However, systemic infections and 

complications are often associated with poor prognosis. The mechanisms of 

IAV systemic dissemination are poorly understood, but may involve the 

depolarization of epithelial cells during infection and subsequent infection of 

endothelial cells (366), in addition to the well characterized addition of an HA 

multibasic cleavage site (367-371). The data described here indicate that 

targeting M2 to the ER causes a defect in budding and replication, but 

relocalizing it to the basolateral membrane has more modest effects on the 

apical budding of IAV. The contribution of M2 mislocalization and the 

mislocalization of viral/cellular factors associated with M2 on altered virus 

budding and infectious virus production needs to be determined.  
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FIGURES 

 

Figure 3.1. Localization of M2 proteins. (A) Schematic of Udorn M2 

proteins with mutations made to the cytoplasmic tail to alter intracellular 

membrane targeting. (B) Surface and total M2 staining of MDCK II cells 

stably expressing the indicated protein. Error bars indicate SEM. *p < 0.01 

(total) and # p < 0.01 (surface) M2 compared to WT M2 (ANOVA with 

Bonferroni multiple comparison posttest). Color of significance indicator 
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matches image legend. n = 4-7 stably transfected cell lines (C and E) 

Immunofluorescence confocal microscopy images of MDCK II cells stably 

expressing the indicated M2 construct and immunostained for the indicated 

proteins. Scale bar is 5 μm. (D) Quantification of apical targeting by percent 

of M2 staining at or above the tight junctions. n = 40 total cells from 2-3 

stably transfected cell lines. *p < 0.01 (ANOVA with Bonferroni multiple 

comparison posttest). (E) Quantification of M2 and calnexin colocalization 

(Pearson’s correlation coefficient). n = 100 total cells from 2-3 stably 

transfected cell lines. *p < 0.01 (unpaired t test).  
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Figure 3.2. Replication of IAV on MDCK II cells stably expressing 

different M2 proteins. (A) rUdorn M2-Stop, (B) rUdorn, (C) rWSN M2-stop, 

and (D) rWSN endpoint dilution results on the indicated MDCK II cell lines. 

Stably transfected proteins are indicated on the x-axis. Virus was incubated 

on cells for 5 days. * p < 0.01 compared to WT M2 (one-way ANOVA). Data 

are pooled from two independent experiments. (E) rUdorn M2-Stop and (F) 

rUdorn multistep growth curves performed on MDCK II cells stably 

expressing the indicated proteins. Infectious virus titers were determined on 

MDCK-M2 cells. Data are representative of two independent replicates. n = 3 

wells. *p < 0.01 compared to rUd WT (two-way ANOVA).   
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Figure 3.3. Replication of recombinant viruses expressing different 

M2 constructs. Multistep growth curves performed on (A) MDCK cells, (B) 

M2-MDCK cells, and (C) hNECs. Data are pooled from two independent 

replicates for total n = 6-7 wells. *p < 0.01 compared to rVic WT (two-way 

ANOVA with Bonferroni multiple comparison posttest).  
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Figure 3.4. Replication and protein expression of rVic M2-Baso and 

rVic M2-FLAG on hNECs. High MOI infections were performed with the 

indicated viruses and 24 HPI virus titers in the apical (A) and basolateral (B) 

chambers were determined. Data are pooled from three independent 

replicates. n = 3 wells in each replicate. *p < 0.01 (one-way ANOVA). (C) 

Infected cell supernatants and cell lysates were analyzed by western blotting 

with antibodies against HA2 and NP. HA2 quantification for (D) cells and (F) 
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apical supernatant. NP quantification for (F) cells and (G) apical 

supernatant. Data are pooled from three independent replicates. n = 3 wells 

in each replicate. *p < 0.01 (one-way ANOVA). 
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Figure 3.5. The M2-Baso replication defect is dependent on the 

polarization of the hNEC culture. High MOI infections performed with 

the indicated viruses for 24 hours. TER was measured before infection. (A) 

The correlation between hNEC polarization (Ω∙cm2) and virus titer at 24 HPI 

(MOI of 1) was quantified using a linear regression model. n = 15 per virus 

pooled from two independent experiments. *p < 0.05. (B) Virus replication at 
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24h on hNEC stratified by TER level (low TER < 650 Ω∙cm2 < high TER). *p < 

0.01 Wilcoxon rank-sum test. n = 15 per virus pooled from two independent 

experiments. 
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Figure 3.6. Replication and protein expression of rVic M2-ER on 

MDCK cells. High MOI infections were performed with the indicated viruses 

for 15-24 hours. (A) Virus titer at endpoint. Data are representative of three 

independent experiments. n = 3 wells per experiment. *p < 0.01 (unpaired t 

test). (B) Infected cell supernatants and cells were lysed and analyzed by 

western blotting with antibodies against HA2 and NP. HA2 quantification for 

(C) cells and (E) supernatant and NP quantification for (D) cells and (F) 

supernatant. Independent replicates were performed in triplicate and 

average data from each replicate was used. *p < 0.01 (unpaired t test).  
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Figure 3.7. Replication and protein expression of rUdorn M2-Stop on 

MDCK cells. High MOI infections were performed with the indicated viruses 

for 24 hours. (A) Virus titer at endpoint. Data are representative of three 

independent experiments. n = 3 wells per experiment. *p < 0.01 (unpaired t 

test). (B) Infected cell supernatants and cells were lysed and analyzed by 

western blotting with antibodies against HA2 and NP. HA2 quantification for 

(C) cells and (E) supernatant and NP quantification for (D) cells and (F) 

supernatant. Data are pooled from three independent experiments (n = 3). *p 

< 0.01 (unpaired t test).
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CHAPTER 4: GENERAL DISCUSSION 
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The research within this dissertation improves our understanding of the role 

that M2 plays in IAV replication, assembly, and budding. By adding unique 

sequences to the IAV M2 protein, I created a virus that failed to replicate 

efficiently and which could serve as a potential vaccine candidate. By 

introducing another set of specific mutations into M2, I was able to alter 

influenza virus vaccine replication to potentially increase its effectiveness in 

some populations. Together this work has progressed our understanding of 

both the basic biology of the IAV M2 protein and influenza vaccination 

strategies. 

 

LAIV is no longer recommended in the USA due to problems with 

low effectiveness 

As described in Chapter 1, the LAIV contains a mixture of three or four 

different viruses depending on the formulation (quadrivalent: A/H1N1, 

A/H3N2, B/Victoria, B/Yamagata; trivalent: A/H1N1, A/H3N2, B). The 

specific stains used in the vaccine are reviewed and updated twice a year by 

the WHO. A meta-analysis by strain showed efficacy from 85% for the H1N1 

component, 76% for the H3N2 component, and 73% for the B component 

(372). However, in 2009, a novel pandemic H1N1 (pH1N1) emerged and 

replaced the existing seasonal H1N1 strain. Because the vaccine was updated 

to include pH1N1 (now the seasonal strain), there have been consistent 

problems with low effectiveness of the H1N1 component (37, 373). This 
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ultimately led to the recommendation by the USA Advisory Committee for 

Immunization Practices to not use the LAIV vaccine beginning with the 2016-

2017 influenza season (36). Interestingly, in the UK, Canada, and Finland, 

the effectiveness problem was not as robust, leading these counties to 

continue recommending LAIV (37, 374, 375). 

 Several hypotheses have emerged to explain the decrease in 

effectiveness seen in LAIV since 2009 (Reviewed by Singanayagam et al. 2017 

(37)). One hypothesis is that there is bias and heterogeneity in the studies 

used to assess LAIV effectiveness. Most influenza virus vaccine effectiveness 

studies are done with a test-negative study design in which patients with 

influenza-like illness are tested for influenza, then vaccination rates are 

compared between those who test positive and those who test negative (376). 

Small sample sizes often lead to inadequate statistical power and large 

confidence intervals that need to be taken into account when interpreting 

such vaccine efficacy data. Furthermore, standardizing study parameters 

such as inclusion criteria, sampling method, and sampling quality could 

further decrease the heterogeneity and bias seen in some vaccine 

effectiveness studies (37, 376-378). 

Another hypothesis is that previous vaccination and natural immunity 

can have negative effects on LAIV effectiveness. During LAIV clinical testing, 

efficacy was not demonstrated in individuals over 50, and efficacy in 

individuals 18-49 was lower than what was observed in children, supporting 
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the hypothesis that previous exposure to natural infection or vaccination can, 

by eliciting a partially protective immune response, prevent robust 

replication of LAIV and decrease LAIV efficacy (379, 380). Repeated 

vaccinations with LAIV may have the same cumulative effect in children as 

adults who have had a lifetime of exposure to natural infections and 

vaccination, potentially decreasing the effectiveness in children towards what 

was seen in adults (37). While studies conducted following LAIV vaccination 

for two consecutive years showed no drop in efficacy (381), the consequence of 

repeated LAIV vaccination for several years (a decade or more) has not been 

investigated (37). However, such a study could be performed and used to test 

this hypothesis. 

 By its very nature, LAIV is supposed to be attenuated. Egg-adaptation 

mutations required for efficient replication and eggs (critical for mass 

production of the vaccine) can further attenuate LAIV strains. As a live 

vaccine, LAIV is thought to need to replicate in order to induce effective 

immunity. Consequently, the drop in LAIV effectiveness could be due to the 

biological characteristics of the pH1N1 virus itself. It has been shown in 

numerous model systems that pH1N1 replicates poorly. While pH1N1 is 

antigenically (HA) similar to the 1918 human influenza virus (382), it 

reemerged as a zoonotic, triple-reassortant virus from swine (383, 384). 

Numerous mutations are required for the efficient replication of a swine virus 

in humans. These mutations confer optimal receptor specificity, polymerase 
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activity, immune system inhibition, and various other functions for better 

infection of the new host (385, 386). Together, these observations lead to the 

hypothesis that because pH1N1 is a newly emerged virus, it has not had time 

to sufficiently adapt for high levels of replication in humans. Pandemic 

viruses such as pH1N1 can potentially overcome this through its novel 

antigenicity in younger populations and thus a more susceptible population.  

 It is known that under optimal conditions LAIV H1N1 can produce 

effective immunity (387), but this does not seem to be the case in of real-

world human effectiveness. Additionally, the thermostability of the pH1N1 

strain used in the US vaccine may have been suboptimal and, combined with 

problems with vaccine handling, may have contributed to the low 

effectiveness seen for the pH1N1 component of LAIV in the USA, but not in 

other countries (388-390). As described in Chapter 1, LAIV was derived 

through the blind passage of WT influenza virus strains at progressively 

colder temperatures (24). This resulted in 11 amino acid changes in the 

internal gene segments that confer att and cause decreased replications in 

humans vaccinated with LAIV (20, 25). Since pH1N1 already replicates 

poorly, the combined effects of its replication deficiencies with the LAIV 

internal gene segments may cross a threshold below which virus replication 

is no longer able to induce effective immunity. Further study of the effects 

that the LAIV mutations have on virus replication could lead to the design of 

vaccines that are able to replicate optimally despite replication defects in 



114 

 

their immunogenic components (HA and NA) (37). Furthermore, comparative 

shedding studies in ferrets and humans with various strains of LAIV 

including pH1N1, could confirm if the replication defects discussed have 

effects on in vivo replication and immunogenicity (390). 

 

Identification of novel determinants of LAIV replication 

The Pekosz lab has developed a robust model for studying the LAIV 

associated phenotypes in primary human nasal epithelial cells (hNECs) (31-

33). Using this model, I was able to show that the previously discounted 

LAIV mutation M2-A86S (20, 26, 27, 302), contributes to both the ts and att 

phenotypes (33). These results were not detectable in MDCK cells, confirming 

the previous results while also demonstrating the superiority of our hNEC 

model. Furthermore, because the M2-A86S mutation had such drastic effects 

on virus replication (approximately 100-fold) (33), it is reasonable to assume 

that this same mutation causes a large decrease in replication in vivo (29). In 

turn, this mutation may be contributing to the inefficient replication of the 

pH1N1 component of LAIV and decreased vaccine efficacy. Another student 

under my mentorship in the Pekosz Laboratory demonstrated that the NS 

gene segment of LAIV (which contains a mutation at NS1 amino acid position 

153 – Table 1.1) contributes to increased replication in both the LAIV and 

WT backbones (391). By further investigating the LAIV-associated mutations 
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we may be able to develop a rational vaccine strategy through optimizing 

vaccine virus replication. 

 

Identification of the mechanism behind the M2-86 mutation’s role in 

attenuation 

In Chapter 2, I was able to show that the LAIV associated M2-A86S mutation 

is associated with an altered cytokine secretion profile. Specifically, M2-A86S 

was associated with a greater, early IFN-λ response. Additional evidence has 

shown that LAIV infections induce robust IFN-λ responses in hNECs (32), 

which is likely important for virus clearance and attenuation. IFN-λs 

(IFNL1-4) are a class of antimicrobial immune regulators critical for 

protecting epithelial cells during viral infection (392). 

To determine if IFN-λ induction is the mechanism by which the M2-

A86S mutation confers att, a series of high MOI (1-10 infectious units per 

cell) infections could be performed to confirm the IFN-λ response under these 

conditions and at earlier times post infection. I hypothesize that the IFN-λ 

response will be greater at early times post infection, and this response is 

what controls virus replication at later times post infection. To complement 

our work, qRT-PCR should be performed on RNA extracted from infected 

cells to confirm the protein results from Chapter 2. Microarray and pathway 

analyses (cytokine and metabolic) could then be performed to further clarify 

the mechanism. 
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Furthermore, I hypothesize that blocking or knocking out the IFN-λ 

pathway (e.g. using mouse tracheal epithelial cell [mTEC] cultures from mice 

with the IFN-λ receptor knocked out) would rescue the replication seen in 

influenza viruses encoding a serine residue at M2-86. I also predict that 

adding recombinant IFN-λ to cells infected with WT IAV virus would 

decrease replication to a greater extent than adding it to M2-86S virus 

infected cells, because M2-86S has already induced such a robust IFN-λ 

response. Accordingly, I expect that the downstream effects of IFN-λ, 

including the induction of the known influenza restriction factor Mx1 (393, 

394), would be significantly upregulated during LAIV infection compared to 

WT infection. 

 

Optimizing LAIV replication and vaccine efficacy for diverse viruses 

and populations 

Other members of the Pekosz laboratory (391, 395) and I (33), have 

demonstrated that by adding and subtracting the LAIV-associated mutations, 

we can generate LAIV viruses with variable degrees of replication. For 

example, by reversing the LAIV-associated M2-A86S mutation, we can 

increase LAIV virus replication. I hypothesize that a LAIV pH1N1 strain can 

be produced with the ability to replicate better, both in vitro and in vivo, 

allowing it to induce an effective immune response, while remaining safe. 

Increasing replication creates the potential to increase reactogenicity, which 
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would have to be carefully monitored and controlled for in these studies. To 

accomplish this, a more comprehensive panel of viruses containing the 

individual LAIV-associated mutations (Table 1.1) would need to be generated 

with both LAIV- and WT-associated residues in both LAIV and WT virus 

backbones of each H1N1 and H3N2. While a 44 (11 mutations x 2 backbones 

x 2 subtypes) virus panel may seem unwieldy, triaging the mutations for 

redundancy (similar effects in both background and subtypes or similar 

effects with each mutations in same gene) in hNECs would drastically 

decrease the number of viruses that need to be analyzed further. Assuming 

all of the mutations cause similar effects regardless of virus backbone and 

subtype, a panel of 11 viruses could be used for the preliminary animal 

studies. This number is likely still high as some mutations are unlikely to 

have significant effects on replication. 

 For preliminary studies, the individual mutations should be tested for 

their ability to affect virus replication in age and sex matched mice. Once the 

effect of individual mutations is established, combinations of mutations can 

be created to produce vaccine candidate viruses with an array of replication 

proficiencies. However, humans exist as outbred populations with 

heterogeneous immune responses and unique virus exposure histories. 

Performing preliminary vaccine candidate studies in naïve, inbred mice does 

not adequately model the complex interactions that led to the decreased 

effectiveness of LAIV (37). A model of outbred mice or, preferably ferrets, 
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immunized and boosted with quadrivalent LAIV or inactivated vaccine may 

be sufficient to begin modelling these phenomena. Alternatively, “natural” 

infection history could be modeled by using mice that have been exposed to 

sublethal doses of heterologous influenza strains. Furthermore, both age and 

sex must be analyzed to better predict vaccine effectiveness in diverse ranges 

of human populations (396, 397). Assessing the effects on replication of the 

individual LAIV mutations in these diverse populations will better inform the 

rational design of a novel LAIV utilizing a subset of the current LAIV 

mutations (and perhaps additional mutations) to fine tune replication. 

Generally, as exposure (vaccination and natural infection) increases, greater 

LAIV replication would be required. It is tempting to speculate that in the 

future, physicians will be able to prescribe an array of LAIV vaccines with 

different replication efficiencies depending on the patient’s age, sex, and 

vaccination and exposure history. 

 

Targeting M2 away from the apical plasma membrane decreases 

virus replication 

As described in Chapter 1 and Chapter 3, IAVs attach, enter, assemble, and 

bud from the apical plasma membrane. To assemble and bud, the virus 

transmembrane proteins, HA, NA, and M2, all target to the apical plasma 

membrane using cellular transport machinery (12). Previous work has shown 

that when HA loses its strict apical targeting there is not a substantial effect 
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on virus replication (348, 349). In contrast, in Chapter 3 of this dissertation I 

show that targeting M2 away from the apical plasma membrane to either the 

basolateral plasma membrane or the ER, results in significantly decreased 

virus replication (42). While deleting M2 significantly decreases budding, 

targeting M2 to the ER decreases budding to an even greater extent. This 

could occur because M2 is binding or interacting with another virus or 

cellular factor that is important for budding and subsequently bringing that 

factor with it to the ER. Furthermore, the replication defect associated with 

targeting M2 to the basolateral plasma membrane is dependent on the 

polarization of the cell model. In highly polarized hNECs, virus with M2 

targeted to the basolateral plasma membrane is functionally dead, while in 

less polarized MDCKs the virus is still able to replicate. 

 

Identification of the mechanism underlying the decrease in 

replication from mistargeting M2 

Following my work described in Chapter 3, the next step to advance the field 

is to determine the mechanism underlying the decrease in replication 

associated with targeting M2 away from the apical plasma membrane. 

 

Identification of the M2 apical targeting sequence 

Identifying the apical targeting sequence of M2 could aid in the mistargeting 

of M2. As shown in Fig. 3.1, the mistargeting of both M2-Baso and M2-ER is 
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not 100%. This could be due to partial penetrance of the yet-unidentified 

apical targeting sequence. While basolateral targeting sequences are 

generally dominant to apical targeting sequences, deleting or mutating the 

apical targeting sequence may allow for more efficient relocalization of the 

protein, making follow-up, mechanistic studies easier. Apical targeting 

sequences can be diverse, and while M2 has both a CRAC domain and a 

palmitoylated cysteine residue (both of which could contribute to the 

distribution of M2 in the host cell), mutation of both these features does not 

drastically affect influenza virus replication (100, 108). Nevertheless, while 

not statistically significant, there is a slight decrease in replication of M2 

virus in primary cells (mTECs) when the palmitoylation site is mutated 

(108). In light of our recent work on M2 localization, this palmitoylation 

mutation warrants further investigation into the role it may play in apical 

targeting. While palmitoylation may contribute to M2 localization, it is 

unlikely to be the only factor. Apical targeting sequences are often located 

near the transmembrane domain or at the C-terminal end of the protein 

(398). The Pekosz lab has previously published analyses of mutations at both 

the transmembrane proximal region (100) and the C-terminal end (111, 112) 

but never analyzed these mutants for subcellular localization. Analyzing 

these mutants (M2-Stop70, M2-Stop82, M2-Stop90, and M2-delCRAC) for 

their membrane targeting could reveal a region required for apical targeting. 

Subsequent mutagenesis within an identified region, would pinpoint the 
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apical targeting sequence. It should be noted that the deletion of the apical 

targeting sequence would be particularly useful for M2-Baso. While M2-ER 

has strong effects on virus replication in every model used, M2-Baso only 

exhibits complete ablation of replication in the highly polarized hNEC 

system, which is not as amenable to manipulation and biochemical studies. 

Greater mislocalization in less polarized cells like MDCK cells would make 

mechanistic studies easier. 

 

Determine if mistargeting M2 has effects on early stages of virus 

gene expression 

At late times post infection, there are not major differences in viral gene 

expression when M2 is mistargeted (Chapter 3). However, early differences in 

virus gene expression could delay virus assembly and budding. To rule out 

this possibility, a series of high MOI infections at earlier times post infection 

(1, 3, 6, 9 and 12 h) and subsequent western blotting of the resulting samples 

would reveal the presence of any early blocks in virus replication. WT M2 has 

been shown to delay the trafficking of HA to the plasma membrane (82). The 

proposed experiment would assess the levels of HA, NP, M1 and M2 

expressed in cells at these early times post infections and ensure there are no 

significant temporal changes in protein expression compared to WT. I 

hypothesize, that M2-Baso will traffic normally through the ER and not 

disrupt the expression of other viral proteins, and M2-ER, depending on if it 
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is activated at the relatively high pH of the ER and early Golgi compartment, 

may or may also not disrupt virus protein production kinetics. Although a 

previous report indicates it will not (82). 

 

Assessing the effects of mistargeting M2 on IAV assembly, budding, 

and cellular function 

In Chapter 3, I demonstrated that targeting M2 away from the apical plasma 

membrane significantly decreases virus replication, and for M2-ER, this is 

associated with a decrease in budding. To confirm these findings and expand 

them to the M2-Baso construct, a series of high MOI confocal 

immunofluorescence microscopy experiments looking at the localization of 

several viral and cellular proteins could be performed. As discussed in 

Chapter 1, M2 is known to interact with M1 and NP (most likely through its 

interactions with M1). Using similar localization techniques as applied in 

Chapter 3, one could determine the localization of both M1 and NP and if 

these proteins are relocalized along with M2. Furthermore, assessing the 

activation and localization of cellular proteins known to interact with M2 

could determine if other functions of M2 are affected by its relocalization. IAV 

infections normally increase the accumulation of lipidated LC3, a marker of 

autophagosome formation, in an M2 dependent manner (119). The M2-

mistargeting constructs could be co-transfected with GFP-LC3 to determine if 

the M2-mistargeting mutant viruses are still able to induce LC3 lipidation 
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during infection, and if there are any changes to the subcellular localization 

of LC3. Other cellular factors to consider are Annexin A6, which has been 

shown to interact with M2 and alter virus budding (356), and Rab 11 and the 

β subunit of the F1Fo-ATPase, both of which have been shown to be 

important for proper targeting of viral components to the apical plasma 

membrane during assembly and budding (99, 357, 358). I hypothesize that 

M2 is partially relocalizing both M1 and NP away from the apical plasma 

membrane, and that this will be detectable by confocal immunofluorescence 

microscopy under the appropriate conditions. 

 

Systemic influenza virus model 

Systemic complications from influenza virus infections are rare but can be 

dangerous. Most systemic complications are associated with highly 

pathogenic avian influenza virus infections, which can only be studied only 

BSL-3 conditions, making studies expensive and time-consuming. Infections 

can lead to severe central nervous system (CNS) disease and infection 

including encephalopathy and encephalitis (399-402). However, the 

mechanisms of such neurocomplications and systemic dissemination are 

poorly understood. It may involve the depolarization of airway epithelial cells 

and infection of endothelial cells (366). Additionally, there is a well 

characterized HA polybasic cleavage site mutation that is required for HA to 

be primed outside of the airway lumen (367-371). 
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Despite the severity of influenza systemic complications, there are no 

systems that accurately model the course of systemic infection. An H1N1 

virus from 1933, A/Wilson Smith Neurovirulent/1933 (WSN), is a 

neurovirulent strain of influenza derived from “throat washings” from a 

patient (403) and subsequent laboratory adapted through extensive 

passaging in mice (via intracranial administration) and tissue culture (404, 

405). However, it can only cause neurological symptoms following 

intracranial injection or intranasal infection at unnaturally high doses (406, 

407). WSN is able to do this despite lacking a polybasic cleavage site. Thus, 

WSN is likely utilizing different mechanisms or pathways than natural 

viruses to induce systemic infection and neurological effects. 

The basolateral targeting of critical viral proteins is a well-established 

route to systemic infection (332, 359-362). In Chapter 3 I describe a M2 

protein construct targeted to the basolateral plasma membrane. An HA 

protein targeted to the basolateral plasma membrane has already been 

described (348, 349). If an NA protein can be created that is targeted to the 

basolateral plasma membrane, then there will be constructs of all three virus 

transmembrane proteins targeted to the basolateral plasma membrane. I 

hypothesis that adding the C-terminal tag used for M2-Baso (-AAASLLAP) to 

the end the end of the NA cytoplasmic tail would result in significant 

basolateral localization of that protein. Furthermore, I hypothesize that a 

virus with basolaterally targeted HA, NA, and M2, in addition to an HA 
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polybasic cleavage site, would be able to spread systemically in an animal 

model, and provide a platform for investigating systemic complications (such 

as CNS infection) of influenza infection. Importantly, an animal adapted 

backbone virus would mitigate biosafety risk, and the addition of human 

specific micro RNA targets would further decrease risk (408). The virus’s 

basolateral directionality would severely restrict its ability to transmit, 

decreasing biosafety concern further. 

 

Development of a mistargeted M2 vaccine 

As discussed in Chapter 1, several vaccine strategies are being developed 

that utilize M2. Extending the M2 cytoplasmic tail by adding a Myc-tag to 

the end results in a highly attenuated virus that can induce protective 

immunity (288). In Chapter 3, I demonstrate that extending the cytoplasmic 

tail with a basolateral targeting sequence results in a virus that is highly 

attenuated in hNECs. Furthermore, simply mutating the cytoplasmic tail to 

contain an ER retrieval signal also attenuated virus replication in hNECs 

and MDCK cells. Extending the cytoplasmic tail with a FLAG-tag 

significantly decreased virus replication in hNECs under low MOI infection 

conditions, but not to the same extent as M2-ER or M2-Baso. I hypothesize 

that both M2-Baso and M2-ER would make ideal vaccine candidates, proving 

safe to administer as live viruses, and capable of inducing strong immunity. 
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 To begin testing these constructs for their ability to serve as vaccine 

platforms, morbidity and mortality would need to be assessed in a small 

animal model, most likely mice. While ferrets are better models of influenza 

pathogenesis, mice remain a much cheaper and still relevant model. As a 

control, the M2-FLAG construct I used in Chapter 3 should be included to 

create a panel of viruses: mistargeted M2 only (M2-ER), extended M2 only 

(M2-FLAG), and mistargeted and extended M2 (M2-Baso). First the 50% 

mouse lethal dose would need to be determined to assess relative safety. I 

hypothesize that M2-ER and M2-Baso will both require high virus titers (as 

measured by TCID50) to kill 50% of mice. During these studies, morbidity can 

also be measured (weight and temperature) and a subset of mice sacrificed to 

determine if virus is able to replicate in the respiratory tract. Afterwards, 

these studies should be repeated with the more clinically relevant nonhuman 

primate models to better assess and predict safety and attenuation in 

humans. 

 To determine if infection with M2-ER, M2-Baso, or M2-FLAG can 

induce protective immune responses, the humoral immune response to the 

M2-mistargeting viruses could be assessed. Mice could be infected with a 

sublethal dose of each virus, and then bled at several times post infection 

(e.g. 7, 14, 21, and 28 dpi) to quantify systemic antiviral antibody titers and 

subtypes by ELISA and microneutralization. Bronchoalveolar lavages should 

also be performed to assess mucosal IgA and IgG levels and virus replication. 
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One benefit to this strategy of immunization would be the inclusion of all 

potential T cell antigenic sites (discussed in Chapter 1). Current vaccine 

strategies rely on the use of egg-adapted or attenuated internal gene 

segments (PB1, PB2, PA, NP, M, and NS). If attenuation can be attained by 

simply adding sequences to M2, and not mutating or subtracting, then all 

potential T cell epitopes will be conserved, potentially improving cellular 

immunity to the vaccine. To assess this, T cells in the blood, lungs, and 

mesenteric lymph nodes should be quantified for the amount, type, 

polarization, functionality, and specificity for influenza antigens, particularly 

those against the internal gene segments (e.g. M1 and NP). 

 Finally, the mistargeting mutants can be assessed for their ability to 

generate homo- and heterotypic, protective immune responses. Following 

immunization with the mutants (a month or more post immunization), lethal 

or sublethal challenges could be administered with the same or different 

subtype of virus. Mice could then be monitored for morbidity and mortality. I 

hypothesize that mice receiving the M2-ER, M2-Baso, and M2-FLAG 

mutations would all be protected to approximately the same level. However, 

M2-ER and M2-Baso, because of their inability to replicate in hNECs, could 

be “safer” and more attenuated than M2-FLAG (Chapter 3). Additionally M2-

ER and M2-Baso, by the nature of their poor replication and mistargeted M2, 

would likely be safer in the population than the existing LAIV vaccine, which 

has the potential to shed and transmit to unvaccinated individuals (409, 410). 



128 

 

 

Conclusion 

Most live vaccines currently on the market were created through the 

serendipitous process of blind passaging in suboptimal model systems which 

resulted in virus attenuation in humans. The work presented in this 

dissertation transcends this historic strategy, and will help inform the 

rational design of improved influenza vaccines. Current influenza virus 

vaccination strategies are not consistently effective and are insufficient to 

respond quickly to emergent strains. The director of the U.S. National 

Institute of Allergy and Infectious Diseases of the National Institutes of 

Health, has repeatedly stressed the need for improved influenza vaccines and 

the creation of a universal influenza vaccine (411-413). While the work in this 

dissertation is unlikely to lead to a universal flu vaccine on its own, its 

findings will help drive the rational design of the next generation influenza 

vaccines. The idea that M segment point mutations in LAIV can significantly 

alter virus replication could have substantial impacts on the redesign of 

LAIV in diverse populations. Furthermore, this idea, that attenuation can be 

achieved through addition to the M2 cytoplasmic tail, could lead to a novel 

live, attenuated vaccine strategy. First put forth by Wu and Pekosz (288), 

this concept was expanded in this dissertation to include additions that alter 

M2 localization. Such a vaccine could produce broader immune responses 

than current vaccines due to the inclusion of all WT epitopes. A universal 
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influenza vaccine is unlikely to become reality for many years, but 

improvements like those discussed in this dissertation could increase 

vaccination effectiveness and longevity and help abolish the need for annual 

vaccination. 
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APPENDIX 

Primer name Primer sequence (5' to 3')

Ud_M2-A83V_1 GAA CAG CAG AGT GTT GTG GAT GCT GAC G

Ud_M2-A83V_2 C GTC AGC ATC CAC AAC ACT CTG CTG TTC

Ud_M2-A83P_1 GAA CAG CAG AGT CCT GTG GAT GCT GAC G

Ud_M2-A83P_2 C GTC AGC ATC CAC AGG ACT CTG CTG TTC

Ud_M2-A83M_1 GAA CAG CAG AGT ATG GTG GAT GCT GAC G

Ud_M2-A83M_2 C GTC AGC ATC CAC CAT ACT CTG CTG TTC

Ud_M2-A83E_1 GAA CAG CAG AGT GAA GTG GAT GCT GAC G

Ud_M2-A83E_2 C GTC AGC ATC CAC TTC ACT CTG CTG TTC

Ud_M2-A83K_1 GAA CAG CAG AGT AAG GTG GAT GCT GAC G

Ud_M2-A83K_2 C GTC AGC ATC CAC CTT ACT CTG CTG TTC

Ud_M2-A86V_1 CAA AAT GAC TGT CGT CAA CAT CCA CAG C

Ud_M2-A86V_2 GAA CAG CAG AGT GCT GTG GAT GTT GAC G

Ud_M2-A86S_1 CAA AAT GAC TGT CGT CAG AAT CCA CAG C

Ud_M2-A86S_2 GAA CAG CAG AAT GCT GTG GAT TCT GAC G

Ud_M2-A86M_1 CAA AAT GAC TGT CGT CCA TAT CCA CAG C

Ud_M2-A86M_2 GAA CAG CAG AGT GCT GTG GAT ATG GAC G

Ud_M2-A86E_1 CAA AAT GAC TGT CGT CTT CAT CCA CAG CA

Ud_M2-A86E_2 GAA CAG CAG AGT GCT GTG GAT GAA GAC G

LAIV_M2-S86A_1 AAA ATG ACT ATC GTC AGC ATC CAC AGC ACT CTG CTG

LAIV_M2-S86A_2 CAG CAG AGT GCT GTG GAT GCT GAC GAT AGT CAT TTT

Ud_M2-FLAG_1

GTC AGC ATA GAG CTG GAG GAC TAC AAG GAT GAT GAT GAC 

TAC TAA AAA ACT ACC TTG

Ud_M2-FLAG_2

CAA GGT AGT TTT TTA GTA GTC ATC ATC ATC CTT GTA GTC 

CTC CAG CTC TAT GCT GAC

Vic_M2-FLAG_1

GTC AGC ATA GAG TTG GAG GAC TAC AAG GAT GAT GAT GAC 

TAC TAA AAA ACT ACC TTG

Vic_M2-FLAG_2

CAA GGT AGT TTT TTA GTA GTC ATC ATC ATC CTT GTA GTC 

CTC CAA CTC TAT GCT GAC

Ud_M2-Baso_1
GC ATA GAG CTG GAG GCA GCC GCA AGC CTG CTG GCA CCA 

TAA AAA ACT ACC TTG

Ud_M2-Baso_2
CAA GGT AGT TTT TTA TGG TGC CAG CAG GCT TGC GGC TGC 

CTC CAG CTC TAT GC

Vic_M2-Baso_1
GC ATA GAG TTG GAG GCA GCC GCA AGC CTG CTG GCA CCA 

TAA AAA ACT ACC TTG

Vic_M2-Baso_2
CAA GGT AGT TTT TTA TGG TGC CAG CAG GCT TGC GGC TGC 

CTC CAA CTC TAT GC

M2-ER_1
G GAT GCT GAC GAC AGT CAT TTT GTC AGC AAA AAG CTG GAG 

TAA

M2-ER_2
TTA CTC CAG CTT TTT GCT GAC AAA ATG ACT GTC GTC AGC 

ATC C  

Table A.1. Primer sequences. 
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