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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, some 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 

considerably 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 

this amino acid change as contributing to LAIV attenuation. Increased replication also resulted in 

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.

†Correspondence should be addressed to Andrew Pekosz, W. Harry Feinstone Department of Molecular Microbiology and 
Immunology, Johns Hopkins University Bloomberg School of Public Health, Baltimore, Maryland, 21205, USA, Phone: 
+1-410-502-9306, Fax: +1-410-955-0105, apekosz1@jhu.edu.
*these authors contributed equally to the manuscript

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Vaccine. Author manuscript; available in PMC 2018 December 04.

Published in final edited form as:
Vaccine. 2017 December 04; 35(48 Pt B): 6691–6699. doi:10.1016/j.vaccine.2017.10.018.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

influenza; respiratory epithelial cells; LAIV; vaccines

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 [2]. 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 [3–7]. 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 [3,7–9]. 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 nucleus are reduced. Furthermore, incorporation of the viral matrix protein M1 into 

virus particles was reduced, causing heterogeneous and irregular virion morphology [6,7]. 

LAIV replication is restricted within physiological ranges of temperature (32 to 37°C) 

during infection of primary, differentiated human nasal epithelial cell (hNEC) cultures 

[10,11], 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 [12]. It is a highly conserved protein required for virus entry [13], 

membrane scission [14] and the production of infectious virus particles [15–19]. M2 has 

been shown to form disulfide-linked homo-tetramers with pH-gated, proton-selective ion 

channel activity [20,21]. The ion channel activity is critical for virus uncoating - by allowing 

protons to enter the virion interior, permitting the vRNP to dissociate from M1 [1,22–24] - 

and preventing the premature cleavage of HA by neutralizing the pH in the late Golgi [25]. 

M2 has also been shown to be important for inhibition of autophagy and preventing 

autophagosome fusion with lysosomes [26–28].

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

in vRNP incorporation into progeny virions [15–19]. 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 observed when only the last 8 amino acids are deleted [17]. 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 were never investigated. The A83 
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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 on 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.

MATERIALS AND METHODS

Plasmids

The plasmid pHH21 expressing full length influenza virus gene segments was used to 

generate recombinant viruses [16] 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 available upon request.

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 [11,29–31]. hNEC differentiation medium (DM) and culture conditions have 

previously been described in detail [11]. The donors for the hNEC cultures were females 

ages 57 and 61 (Figure 2), males ages 47 and 67 (Figure 3) and males ages 72 and 67 

(Figure 4, Figure 5 and Table 1).

Viruses

Recombinant A/Udorn/307/72 (H3N2) (rUd) has been described previously [13,17,32,33]. 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 

[2,34,35]. Recombinant viruses were rescued using the 12-plasmid reverse genetics system 

[13,32,33,36]. 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 virese to ensure the absence of any second site mutations. All rVic-LAIV 
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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 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.

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 [37].

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 hours post infection, all media was 

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

allowed to incubate 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.

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 reveal any single residue responsible for the phenotype [16]. 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. 1). Approximately 63.5% of IAV strains contain Ala at position 86 (Fig. 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 protein contains an Ala to Ser mutation 

at position 86 of the M2 cytoplasmic tail [2] 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. 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. 
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Plaque assays performed on MDCK cells showed no difference in plaque size between rUd 

M2-WT, A83V, A83P, A83M, A83E, and A83K (Fig. 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. 2C). The rUd M2-

A83E showed a modest increase in replication compared to rUd M2-WT (Fig. 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 2D). The rUd M2-A83M 

replicated with significantly reduced kinetics compared to WT (approximately 2 logs lower 

infectious virus production). The data indicate that rUd M2 position 83 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. 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. Since 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. 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. 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. 3F). Taken together, the data suggest that mutations at rUd 

M2 position 86 are detrimental to virus replication, and this effect is strongest in hNECs at 

37°C.

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

Since 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. 4A and 4B). Multi-step growth curves performed 

in MDCK cells at 32 and 37°C (Fig. 4C and 4D) showed consistent virus replication with 

rVic-LAIV M2-S86A virus showing slightly reduced virus replication kinetics at 37°C. In 

hNEC cultures, the viruses replicated with identical kinetics at 32°C, but the rVic-LAIV M2-

S86A replicated to significantly higher titers at 37°C (Fig. 4E and 4F). Together, the data 

indicate that the LAIV associated mutation, M2-A86S, contributes to the att and ts on hNEC 

cultures, but not MDCK cells.
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Induction of chemokines, cytokines, and IFN-λ by rVic-LAIV M2-A86S in hNEC cultures

Since LAIV induces a significantly different epithelial cell innate immune response 

compared to seasonal influenza [10,38], the effect of the M2-S86A mutation on interferon 

and chemokine secretion in hNEC cultures was determined at 48 and 96 hours post low MOI 

infection. Expression of ten of the 12 analytes increased with temperature and time in 

response to infection, irrespective of the infecting virus (Fig. 5 and Table 1). Secretion of the 

induced factors was directional, with higher amounts detected in the basolateral media (Fig. 

5). While IFN-λ secretion is similar between the two viruses at 32°C, differences emerge 

during infections at a higher temperature. At 37°C, IFN-λ secretion is significantly greater 

for rVic-LAIV than rVic-LAIV M2-S86A at 48 HPI, but significantly less at 96 HPI (Table 

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 has been shown to contribute, in part, to LAIV’s 

attenuation phenotype [3,7,8]. 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 [2]. 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 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 [15,17]. 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. 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. 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, but the position is not fully malleable.

Since 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 identified previously, as the 

replication differences we identified were specific to infection of hNEC cultures and not 

obvious in MDCK cells. Primary, differentiated epithelial cell cultures have been shown to 

provide greater clinical relevance and phenotype penetrance than immortalized cell lines 

[10,11,18,39–44]. This is particularly true for studying LAIV [10,11]. These cultures can 

contain multiple epithelial cell types including ciliated cells, basal cells, goblet cells and 

club cells [45,46]. Additionally, immortalized cell lines and embryonated chickens’ eggs 

both lack elements of the epithelial cell innate immune system and virus restriction factors. 

Wohlgemuth et al. Page 7

Vaccine. Author manuscript; available in PMC 2018 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



There is a greater replication restriction of LAIV at both 32 and 37°C in primary, 

differentiated epithelial cell cultures compared to MDCK cells [11,42]. This difference in 

replication on primary human respiratory epithelial cells has been associated with a robust, 

unique innate immune response [10] and an increased ratio of non-infectious to infectious 

virus particles [11,38]. The M2-A86S mutation attenuated rUdorn virus replication on 

hNECs at 32 and 37°C (Fig. 3E and 3F). Consistent with this, introducing the M2-S86A 

mutation intothe LAIV background increased virus replication at 37°C (Fig. 4F) in hNEC 

cultures. This increase in LAIV replication on hNECs was associated with altered induction 

of IFN-λ production at 48 HPI (Table 1). IFN-λ receptor expression is restricted to 

epithelial cells and IFN-λ is critical to protecting epithelial tissues during virus challenge 

[47,48]. These results are consistent with the robust innate immune response seen with 

LAIV infections compared to WT viruses [10,38]. The significance of the changes in the 

kinectics 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 (Supplemental Fig. 1). This agrees with previous 

reports of a basolateral bias in cytokine secretion during influenza virus infection of primary 

respiratory epithelial cells [41]. 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 [16–18,33].

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 [49] and particles 

exhibited a more heterogeneous, enlarged morphology [6]. However, there is no decrease in 

M1 incorporation into virus particles at the physiologically relevant temperatures of 32 and 

37°C [11]. 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, since 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 aged 6–69 months [7,50] and adults 

[7,51,52]. However, LAIV is not being recommended for use during the 2016–2017 

influenza season due to low effectiveness [53]. Few studies have been performed to 

understand the LAIV attenuation 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 
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the LAIV M2-A86S mutation demonstrates the merit of this strategy and justify the 

investigation of the other LAIV associated mutations with these methods.
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Figure 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. Replication of M2-83 mutants in MDCK cells and hNEC cultures
(A) Plaque assays performed with indicated virus 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 conditions were statistically significant compared to rUd M2-

WT. Low MOI multistep growth curves performed on (C) MDCK cells or (D) hNECs with 

the indicated viruses at 32°C. 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). 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 3. Replication of M2-86 mutants in the rUd background in MDCK cells and hNEC 
cultures
(A) Plaque assays performed with indicated virus on MDCK cells. (B) Quantification of 

plaque diameter from 84–137 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 32°C (C and E) or 37°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 4. Replication of M2-86 mutants in the rVic-LAIV background in MDCK cells and hNEC 
cultures
(A) Plaque assays performed with indicated virus on MDCK cells. (B) Quantification of 

plaque diameter from 24–47 individual plaques per virus identified from 2–3 independent 

experiments. *p < 0.05. No mutations were statistically significant 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 32°C (C and E) or 37°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 5. Comparison of apical versus basolateral secretion of interferons, cytokines, and 
chemokines
Samples collected 48 (A and B) and 96 (C and D) HPI during low MOI multistep growth 

curve experiment (Fig. 4E and 4F, Table 1) performed at 32°C (A and C) and 37°C (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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