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ABSTRACT The influenza A virus (IAV) M2 protein is a multifunctional protein with
critical roles in virion entry, assembly, and budding. M2 is targeted to the apical
plasma membrane of polarized epithelial cells, and the interaction of the viral pro-
teins M2, M1, HA, and NA near glycolipid rafts in the apical plasma membrane is hy-
pothesized to coordinate the assembly of infectious virus particles. To determine the
role of M2 protein apical targeting in IAV replication, 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 those of wild-type virus. M2-Baso replication was nega-
tively correlated with cell polarization. These results demonstrate that M2 apical tar-
geting 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 occur at the apical
membrane of polarized epithelial cells. The integral membrane proteins 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 endoplasmic reticulum membranes, influenza A virus replication
was significantly reduced. Basolateral targeting of M2 reduced the infectious virus ti-
ters with minimal effects on virus particle release, while targeting to the endoplas-
mic reticulum resulted in reduced infectious and total virus particle release. There-
fore, altering the expression and the intracellular targeting of M2 has major effects
on virus replication.
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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 lumen
via the apical plasma membrane and can primarily spread only among epithelial cells.
Other viruses target their proteins to the basolateral plasma membrane and are more
prone to progress to systemic and disseminated infections (1, 2).

Influenza A virus (IAV) is in the family Orthomyxoviridae and has a genome consisting
of eight negative-sense, single-stranded RNA segments encoding 10 to 14 proteins (3).
All three integral membrane proteins, HA (4, 5), NA (6–8), and M2 (9), are targeted to
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the apical plasma membrane. M2 apical targeting is not dependent on its acylation or
cholesterol binding residues (10). The viral matrix protein, M1, and the viral ribonucle-
oprotein (vRNP) complex traffic to the apical plasma membrane as well and must
interact with the apically targeted viral surface proteins (11–14) for efficient virion
assembly (15–17). M1 and vRNP traffic to the apical plasma membrane through
interactions with the cytoskeleton (18), and NP has been shown to be intrinsically
targeted to the apical plasma membrane (3, 19).

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 (3,
20–22). The C-terminal 54 amino acids of M2 form the highly conserved cytoplasmic
tail, which is important for both the assembly and budding processes but has little
effect on the M2 proton channel activity (23). The membrane-distal region of the
cytoplasmic tail has been shown to be critical for the incorporation of vRNPs into
budding particles (15–17, 24, 25). The membrane-proximal region of M2 can induce
membrane curvature and has been implicated in ESCRT-independent membrane scis-
sion and budding of IAV particles (14, 26), although the extent to which this activity is
needed appears to vary between virus strains and experimental systems (27–30).

To investigate the role M2 apical targeting plays in IAV replication, 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 (31–33),
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 depen-
dent on the polarization of the cell model being used. The data indicate the intracellular
localization of M2 impacts infectious virus production.

RESULTS
Expression of mistargeted M2 constructs. To investigate the role of M2 apical

targeting on influenza virus replication, amino acid sequences were mutated (C-
terminal KKXX motif) to introduce an endoplasmic reticulum (ER) retention signal
(31–33) or added (C-terminal AAASLLAP) to create a basolateral plasma membrane-
targeting motif (34) (Fig. 1A). As a control for the addition of amino acid sequences to
the M2 C terminus, a FLAG-tagged M2 construct was created which contained the same
number of added amino acids as the M2-Baso protein. Stable cell lines expressing the
M2 cDNAs in MDCK II cells were generated, since this MDCK sublineage is often used
for studies of polarized transport and targeting (35–37). The stable cell lines were
characterized for surface and total M2 expression by flow cytometry using the anti-M2
monoclonal antibody 14C2 either before or after membrane permeabilization (Fig. 1B).
Wild-type (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 membranes (Fig. 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
has significantly less apical staining than either WT M2 or M2-FLAG (Fig. 1D). To
determine the localization of the M2-ER construct, the ER was stained with an anti-
calnexin antibody (Fig. 1E), and then colocalization of M2 and calnexin was determined
(Fig. 1F). M2-ER exhibits significantly increased ER colocalization compared to that of
WT M2.

Complementation of viruses that do not express M2. Infectious virus production
requires minor amounts of M2, and M2 expressed in trans can complement the
replication of recombinant viruses that do not encode the M2 protein (25). Accordingly,
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MDCK II cells stably transfected with WT M2 or M2-FLAG allowed for the replication of
recombinant A/Udorn/72(H3N2) (rUdorn) M2-Stop virus (Fig. 2A). M2-Baso-expressing
cells allowed for a significantly decreased amount of infectious virus particle produc-
tion, while M2-ER- and enhanced green fluorescent protein (eGFP)-expressing cells are
unable to support virus replication above the limit of detection (234 50% tissue culture
infective doses [TCID50]/ml). Similarly, when recombinant A/WSN/33 (H1N1) (rWSN)
M2-Stop virus was used, WT M2-, M2-FLAG-, and M2-Baso-expressing cells all supported
similar levels of infectious virus particle production, while M2-ER- and eGFP-expressing
cells detected significantly fewer virus particles. This indicates that the inhibitory effect
of M2-Baso is not as prominent with the rWSN M2-Stop virus (Fig. 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 plasma membrane and that the mistar-

FIG 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 standard errors of the means (SEM). P values were �0.01 (*) (total) and �0.01 (#) (surface) for M2 compared to WT M2 (ANOVA
with Bonferroni multiple-comparison posttest). The color of the significance indicator matches the image legend. n � 4 to 7 stably
transfected cell lines. (C and E) Immunofluorescent confocal microscopy images of MDCK II cells stably expressing the indicated M2
construct and immunostained for the indicated proteins. Scale bar, 5 �m. (D) Quantification of apical targeting by percentage of M2
staining at or above the tight junctions (TJ). n � 40 total cells from 2 to 3 stably transfected cell lines. *, P � 0.01 (ANOVA with
Bonferroni multiple comparison posttest). (F) Quantification of M2 and calnexin colocalization (Pearson’s correlation coefficient). n �
100 total cells from 2 to 3 stably transfected cell lines. *, P � 0.01 (unpaired t test).
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geting M2 mutants do not have a dominant-negative phenotype (Fig. 2B and D). For a
more sensitive measure of the ability of the M2 constructs to complement IAV infection,
low-multiplicity-of-infection (MOI) growth curves were performed. MDCK II cells ex-
pressing WT M2, M2-FLAG, and M2-Baso all were able to replicate rUdorn M2-Stop to
approximately 1 � 108 TCID50/ml by 24 to 36 h postinfection (Fig. 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 infec-
tious virus production to appreciable levels. Additionally, WT M2-, M2-FLAG-, M2-Baso-,
M2-ER-, and eGFP-expressing MDCK II cells all were able to replicate WT rUdorn to the
same peak infectious virus titer with similar kinetics, again indicating that there are no
nonspecific detrimental replication defects associated with expressing M2 on the ER or
basolateral plasma membrane (Fig. 2F).

Replication of recombinant viruses expressing mistargeted M2. Recombinant
IAV encoding the mistargeted M2 proteins were generated in the A/Victoria/361/
2011(H3N2) (rVic) background to further study the effects of M2 localization on virus
infection. The rVic M2-ER was unable to replicate to detectable levels in MDCK cells (Fig.
3A) but was able to replicate to levels similar to those of both rVic WT and rVic M2-FLAG
in M2-MDCK cells (Fig. 3B), indicating that the rVic M2-ER mutation can be comple-
mented by M2-WT protein. rVic M2-Baso replicated to lower peak titers and with slower
kinetics in MDCK cells (Fig. 3A) but was indistinguishable from rVic WT and rVic
M2-FLAG after infection of M2-MDCK cells (Fig. 3B), again 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

FIG 2 Replication of IAV on MDCK II cells stably expressing M2 proteins. (A to D) rUdorn M2-Stop (A), rUdorn (B), rWSN M2-stop (C), and rWSN (D) 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 and F) rUdorn M2-Stop (E) and rUdorn (F) 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 Udorn WT (two-way ANOVA).
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M2-ER and rVic M2-Baso were unable to replicate to appreciable levels, while rVic
M2-FLAG replicates with slightly decreased kinetics compared to rVic WT (Fig. 3C).
Taken together, the data indicate that targeting M2 to the endoplasmic reticulum 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 infection of hNECs.
Following high-MOI infection, rVic M2-Baso replicates to significantly lower titers than
rVic WT on hNECs (Fig. 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. 4A). Infectious particles and viral proteins
were never detected in the basolateral chamber of hNECs infected with rVic WT, rVic
M2-FLAG, or rVic M2-Baso (Fig. 4B and C), indicating there was no aberrant virus
budding occurring at the basolateral membranes. Cells infected with rVic M2-Baso
expressed slightly smaller amounts of HA2 and NP protein than rVic WT- or rVic M2
FLAG-infected cells (Fig. 4C, D, and E). The levels of cell-associated M1 protein were
equal to or higher than those in rVic M2 Baso-infected cells compared to either rVic WT
or rVic M2-FLAG (Fig. 4C and F). In the apical supernatant, all three viruses had
equivalent levels of HA2 and M1 (Fig. 4C, G, and I), but the amount of NP secreted from
rVic M2-Baso-infected cells was significantly reduced, suggesting virus particle release
was not significantly reduced but that the proportion of viral proteins in released
particles was altered in rVic M2-Baso-infected hNEC cultures. Taken together, the data
indicate that the reduced amount of infectious virus particles in the rVic M2-Baso-
infected hNECs is due not to reduced virus budding but a decrease in the infectivity of
the released virus particles related to the reduced packaging of viral NP.

The phenotype of reduced NP incorporation and reduced overall virus infectivity is
consistent with mutations in the membrane-distal portion of the M2 cytoplasmic tail
(15, 17, 25). This phenotype is often associated with reduced packaging of viral RNA, so
we used real-time reverse transcription-quantitative PCR (RT-qPCR) to assess the secre-
tion of M segment RNA in hNEC cultures infected with rVic WT or rVic M2-Baso (Fig. 5A
and B). While the amount of M segment RNA was reduced in cells infected with rVic
M2-Baso, even smaller amounts were present in the supernatant of rVic M2-Baso-

FIG 3 Replication of recombinant viruses expressing M2 constructs. (A to C) Multistep growth curves performed on MDCK cells (A),
M2-MDCK cells (B), and hNECs (C). Data are pooled from two independent replicates for n � 6 to 7 wells. *, P � 0.01 compared to
rVic WT (two-way ANOVA with Bonferroni multiple-comparison posttest).
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infected cells (Fig. 5A), suggesting reduced viral RNA packaging into particles secreted
from rVic M2-Baso-infected cells (Fig. 5B).

rVic M2-Baso replication and cell polarization. High-MOI infections on hNEC
cultures with different degrees of polarization, as determined by trans-epithelial cell
electrical resistance (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. 6A), and similar amounts of infectious virus were
detected in cells with a TER reading greater than 650 � · cm2 or cells with a TER reading
less than 650 � · cm2 (Fig. 6B). This indicated that the polarization of the cultures did
not affect infectious virus production with these two virus strains. However, rVic
M2-Baso replicates less efficiently in hNEC cultures with high TER readings than in
cultures with low TER readings, as evidenced by the negative correlation between virus
replication and hNEC polarity (Fig. 6A) and a slope that 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 � · cm2 than in cells with a TER reading of 650 � · cm2 or greater (Fig. 6B). These
data indicate that rVic M2-Baso replicates more efficiently in cells that are not highly
polarized, perhaps because the localization of the M2-Baso protein is not as restricted
under conditions of reduced cell polarization.

High-MOI infection and protein analysis of rVic M2-ER in MDCK cells. Consistent
with the low-MOI growth curve results, rVic M2-ER replicates to a significantly de-
creased titer compared to that of rVic WT during high-MOI infections of MDCK cells (Fig.
7A). Cells infected with either rVic WT or rVic M2-ER express similar levels of both HA2
and NP (Fig. 7B, C, and D) but a slightly reduced amount of M1 (Fig. 7B and E). However,
while there is detectable HA2, NP, and M1 in the supernatant of rVic WT-infected cells,
there are virtually no detectable viral proteins in the supernatant of rVic M2-ER-infected
cells (Fig. 7B, E, F, and G). This indicates that the defect in rVic M2-ER replication occurs
at the level of virus particle budding, in contrast to the defect seen in rVic M2-Baso-
infected cells, which appears to be at the level of infectious virus production and not
overall particle budding.

Like rVic M2-ER, rUdorn M2-Stop replicates to a significantly lower titer than rUdorn
WT virus in MDCK cells (Fig. 8A). While cells infected with rUdorn M2-Stop express

FIG 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 cells
were lysed and analyzed by Western blotting with antibodies against HA2, NP, and M1. (D and G) HA2 quantification for cells (D)
and apical supernatant (G). (E and H) NP quantification for cells (E) and apical supernatant (H). (F and I) M1 quantification for cells
(F) and apical supernatant (I). Data are pooled from two or three independent replicates. n � 3 wells in each replicate. *, P � 0.01
(one-way ANOVA).

FIG 5 Relative M gene segment expression following infection of rVic M2-Baso and rVic M2-FLAG.
High-MOI infections were performed with the indicated viruses, and cells (A) and apical supernatant (B)
were assessed by RT-qPCR for relative expression of the virus M gene segment. Two or three indepen-
dent experiments were performed in triplicate.
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quantities of viral proteins HA2, NP, and M1 similar to those of cells infected with
rUdorn WT (Fig. 8B, C, D, and E), rUdorn M2-Stop-infected cell supernatants have
detectable amounts of HA2, NP, and M1, although they are reduced compared to
rUdorn WT (Fig. 8B, F, G, and H), indicating that viral budding is taking place in rUdorn
M2-stop-infected cells, in contrast to what is seen with rVic M2-ER. Not surprisingly,
there was very little viral M segment RNA detected in the supernatant of rVic M2-ER-
infected MDCK cells (Fig. 9A and B). Compared to the amount of viral M segment RNA
present in infected cells, there was also a significant reduction in rUdorn M2-Stop
packaging of viral M RNA (Fig. 9C and D).

Together, the data indicate that rVic M2-ER has significantly lower release of viral
proteins than rUdorn M2-stop, suggesting mislocalizing M2 to the endoplasmic retic-
ulum has a stronger effect on virus particle release than deleting the protein com-
pletely.

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 (4–9). Because of this, it would be expected that critical egress
processes like scission and genome packaging are 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 (38–40). 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
(41). 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 (42). However, when basolateral
targeting signals in these proteins were disrupted, virus was unable to spread by
syncytium formation and had decreased lateral spread in vivo, indicating a role for
basolateral glycoprotein targeting in measles virus cell-to-cell spread (43). Furthermore,
measles virus matrix protein interacts with the cytoplasmic tails of the glycoproteins,
permitting M-glycoprotein cotargeting to the apical plasma membrane and allowing
for virus airway shedding (44). Similarly, the data described here indicate that M2 apical
targeting is required for IAV replication.

In contrast to HA (38, 39), M2 targeted to the basolateral plasma membrane (Fig. 1A,
C, and D) or the ER (Fig. 1A, E, and F) resulted in substantial replication defects. This was
demonstrated for rVic M2-ER virus in MDCK cells (Fig. 3A) and hNECs (Fig. 3C) and with

FIG 6 M2-Baso replication defect is dependent on the polarization of the hNEC culture. High-MOI
infections performed with the indicated viruses for 24 h. TER was measured before infection. (A) The
correlation between hNEC polarization (� · 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 24 h on hNEC stratified by TER level (low TER � 650 � · cm2 � high TER). *, P � 0.01
Wilcoxon rank sum test. n � 15 per virus pooled from two independent experiments.
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rUdorn M2-ER in the transcomplementation system (Fig. 2E). For M2-Baso, the replica-
tion defect was apparent on MDCK cells infected with rVic M2-Baso (Fig. 3A) and hNECs
(Fig. 3C) but not in the transcomplementation system (Fig. 2E). The phenotype pene-
trates more strongly when M2-Baso is expressed by the recombinant virus (Fig. 3A)
rather than the cells being infected (Fig. 2E). Since M2 expression is driven by a strong,
constitutively active promoter in the cell lines, more M2 protein is present than for a
virus infection, and this may result in some of the tagged protein being expressed on
the apical membrane if protein levels exceed the capacity of the basolateral transport
system. Only a small amount of M2 is required to complement infection of an M2-stop
virus (25), so even a small amount of spillover to the apical compartment could rescue
replication to nearly WT levels. 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. 2F), indicating that expressing M2 at these membranes does not
induce a dominant-negative phenotype and does not disrupt the ability of the cell to
support replication of the WT virus. This is consistent with a prior report that M2-ER
does not inhibit the transport of HA to the cell surface (31). 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. 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. However,
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. 6A and B), indicating
that the M2-Baso replication phenotype is cell polarization dependent.

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 has been demonstrated to be essential for
incorporation of vRNPs into budding particles (15, 17, 25). The membrane-proximal
region of the M2 cytoplasmic tail has been demonstrated to contribute to virus
membrane scission and budding in an ESCRT-independent manner in some studies (14,
26, 45). 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 plays an important role in phenotype
penetration (27–30). During infection of hNECs, rVic M2-Baso and rVic WT secrete
similar amounts of virus protein into the apical supernatant (Fig. 4B) despite rVic
M2-Baso having significantly reduced levels of infectious virus (Fig. 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 containing calcium and magnesium [PBS�]
titrated to a pH of 5.2 with citric acid [46]) to prevent infectious virus left over from the
inoculum 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.

High-MOI infection with rVic M2-ER on MDCK cells resulted in a significant decrease
in virus replication (Fig. 7A) associated with a near-complete absence in virus particle
release (Fig. 7B). Similarly, when M2 was not expressed (M2-stop virus), virus replication

FIG 7 Replication and protein expression of rVic M2-ER on MDCK cells. High-MOI infections were performed with the indicated viruses for 15 to
24 h. (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, NP, and M1. (C to H)
HA2 quantification for cells (C) and supernatant (F), NP quantification for cells (D) and supernatant (G), and M1 quantification for cells (E) and
supernatant (H). Two or three independent replicates were performed in triplicate, and average data from each replicate were used. *, P � 0.01
(unpaired t test).
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was reduced (Fig. 8A) but there were detectable amounts of viral proteins present in
the apical supernatant (Fig. 8B). Taken together, the data indicate that targeting M2 to
the endoplasmic reticulum results in a greater reduction of virus particle budding than
deleting the protein completely. This indicates that M2-ER is taking other viral or
cellular factors needed for virus budding away from the apical membrane, thereby
sequestering them away from the sites of virus budding. M2 has a well-characterized
interaction with M1 (15–17), 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 has been shown to associate with M2 and promote plasma membrane
localization of not only M2 but also HA and NA (47). Furthermore, M2 has been
demonstrated to relocalize the essential autophagy protein LC3 to the plasma mem-
brane, resulting in viral subversion of autophagy (48). Annexin A6 has been shown to
interact with the M2 protein and alter virus budding (49). Finally, M2 and both cellular
Rab11 and the � subunit of the F1Fo-ATPase have been demonstrated to be important
for IAV filament budding (50, 51). Therefore, targeting M2 away from the apical plasma
membrane may disrupt any number of virus and cellular protein interactions critical for
influenza virus assembly, budding, and replication.

Membrane targeting by viral proteins is a critical determinant of tropism and
pathogenesis (2). 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 (52–55). Similarly, for coronaviruses, apical release is
associated with local spread and transmission, while basolateral release is associated
with systemic infection (56, 57). In human airway epithelial cells, IAV is released from
the apical surface of infected cells (58, 59). IAV is principally an acute respiratory illness.

FIG 8 Replication and protein expression of rUdorn M2-Stop on MDCK cells. High-MOI infections were performed with the indicated viruses for
24 h. (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, NP, and M1. (C to H)
HA2 quantification for cells (C) and supernatant (F), NP quantification for cells (D) and supernatant (G), and M1 quantification for cells (E) and
supernatant (H). Data are pooled from two or three independent experiments (n � 3). *, P � 0.01 (unpaired t test).

FIG 9 Relative M gene segment expression following infection with rVic M2-ER and rUdorn M2-Stop.
High-MOI infections were performed with either rVic M2-ER (A and B) or rVic M2-Stop (C and D), and
infected cells (A and C) and supernatant (B and D) were assessed by RT-qPCR for relative expression of
the virus M gene segment. Two independent experiments were performed in triplicate.
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However, systemic infections and complications are often associated with poor prog-
nosis. 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 (59), in addition to the well-characterized addition of an HA
multibasic cleavage site (60–64). 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 the altered virus budding and infectious virus production needs to be determined.

MATERIALS AND METHODS
Plasmids. The plasmid pCAGGS (pC) (65), expressing the cDNA for the M2 protein from A/Udorn/

72(H3N2) (rUdorn), was described previously (25, 66) and was used as the starting material for all
mutagenesis and subsequent establishment of cell lines stably expressing M2 proteins. The pHH21
plasmids expressing full-length influenza virus gene segments were used to generate recombinant
viruses (25) 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 (67–69). The plasmid pBABE, which expresses puromycin N-acetyltransferase, was used for
puromycin resistance in stably transfected cells. All mutations were introduced using the QuikChange
Lightning site-directed mutagenesis kit (Agilent). All inserts and mutations were confirmed by sequenc-
ing. Primer sequences are available upon request.

Cells. Madin-Darby canine kidney (MDCK) cells and human embryonal kidney cells (293T) were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 100 �g/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 medium was supplemented with 5 �M amantadine hydrochlo-
ride and 7.5 �g/ml puromycin dihydrochloride (25). MDCK type II cells (MDCK II) (a gift from Ann
Hubbard) were cultured in minimum essential medium (MEM) supplemented with 10% FBS, 100 U/ml
penicillin, 100 �g/ml streptomycin, and 2 mM GlutaMAX. This MDCK subclone is routinely utilized for
studies of polarized transport of proteins, so it was deemed the most appropriate for studies of M2
subcellular localization. Human nasal epithelial cell (hNEC) cultures were derived from epithelial cells
isolated from nondiseased tissue after endoscopic sinus surgery for non-infection-related conditions and
grown at the air-liquid interface (ALI) as previously described (70–73). hNEC differentiation medium (DM),
infection medium (IM), and culture conditions have previously been described in detail (73). hNEC
polarization was monitored by measuring transepithelial resistance with a Millicell-ERS after adding 250
�l of warm IM without N-acetyl trypsin (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 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
(33-9100; ThermoFisher) recognizes ZO-1. �-Actin was detected by a mouse MAb (ab6276; Abcam). The
antibody that recognizes NP is a rabbit pAb (GTX125989; GeneTex). 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 M2, M2-ER, M2-Baso,
M2-FLAG, and eGFP were established by cotransfecting pBABE (0.5 �g/well) with pC plasmids encoding
the cDNA of interest (1.0 �g/well) and Lipofectamine 2000 (9 �l/well). Transfections were performed in
suspension. At 20 h posttransfection the transfection mixture was removed and replaced with culture
medium supplemented with 5 �M amantadine hydrochloride (Sigma). At 48 h posttransfection cells were
detached with trypsin and plated at low densities onto 96-well plates with culture medium supple-
mented with amantadine hydrochloride and 3.75 �g/ml puromycin dihydrochloride (Sigma). The
puromycin-resistant cells were screened visually for clonality (wells containing a single colony). M2
expression was detected using a 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 multimode microplate reader (Molecular
Devices). Since M2-ER and M2-Baso are not expressed on the apical surface, 18 to 24 clonal wells were
expanded and analyzed by FACS as described below. Stably transfected cells were then grown in
medium supplemented with 5 �M amantadine hydrochloride and 3.75 �g/ml puromycin dihydrochlo-
ride for MDCK II cells and 7.5 �g/ml puromycin dihydrochloride for MDCK cells.

Flow cytometry. Cells were detached with trypsin, fixed for 15 min at room temperature 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
(diluted 1:500 in blocking solution), followed by staining for 1 h with AF-labeled donkey anti-mouse
antibodies (diluted 1:500 in blocking solution). Cells were washed between each step with PBS. Surface
M2 staining was performed as described above, except without permeabilization. The cells were
analyzed by flow cytometry on a BD FACSCalibur, and the data were processed and analyzed using
FlowJo software.

Viruses. rUdorn and recombinant A/WSN/33 (H1N1) (rWSN) have been described previously (17, 25,
74–76). rVic virus was rescued using the 12-plasmid reverse genetics system (74–77). Briefly, 293T cells
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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
cocultured with M2-MDCK cells and sampled every 24 h for the release of virus particles. Viruses were
then plaque purified and confirmed by sequencing. Stocks of virus were generated by infecting
M2-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 IM (DMEM supplemented with 0.3% BSA
[Sigma], 100 U/ml penicillin, 100 �g/ml streptomycin, 2 mM GlutaMAX [Gibco], and 4 �g/ml N-acetyl
trypsin [NAT; Sigma]). Cells were washed twice with PBS containing calcium and magnesium (PBS�), and
250 �l of inoculum was added. The cells were incubated for 1 h at room temperature with rocking. The
inoculum was removed and replaced with IM containing 1% agarose. Cells were then incubated at 37°C
for 2 to 5 days, fixed in 2% formaldehyde, and stained in a naphthol blue-black solution. For recombinant
viruses, plaque picks were collected before fixing by removing the agar above individual plaques with
a sterile pipette, aspirating the agar plug into 1 ml of IM, and storing the suspension at �80°C.

TCID50 assay. MDCK or M2-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 �l of 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 �l of 4% formaldehyde in PBS to each well, followed by staining with a naphthol
blue-black solution.

Low-MOI infection. Before all low-MOI infections, cells were first washed twice with PBS�. Seed
stocks (SS) were generated by incubating 250 �l of the plaque pick solution on fully confluent MDCK or
M2-MDCK cells for 1 h at room temperature. 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 to 48 h postinfection [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 described above 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 an 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 room
temperature with rocking for 1 h. Cells were then washed 3 times with PBS� and incubated with fresh
IM at 37°C. At the indicated time postinfection, all medium was 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 to 2 h. The inoculum was then removed, and the cells were washed three times with PBS�,
left at the ALI, and returned to 32°C. At the indicated times postinfection, IM without NAT was added to
the apical chamber of the wells and allowed to incubate at 32°C for 5 min and removed, and the cells
were returned to the incubator at ALI. Basolateral DM was removed and replaced every 48 h 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 in the same way
as low-MOI infections, except that at the indicated time postinfection, 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 1,400 � g for 10 min, and infectious virus titers were
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) (46).

Microscopy. MDCK II cells stably transfected with the indicated constructs were grown for 6 days on
collagen-coated polystyrene Transwell inserts (Costar). Cells were then fixed with 2% PFA at room
temperature for 15 min or ice-cold methanol for 10 min 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 min at room temperature before blocking. PFA-fixed cells were then blocked in PBS
with 2% donkey serum and 0.5% BSA (blocking solution) and then stained with polyclonal rabbit anti-M2
antibody (1:400 in 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 14C2 and rabbit anti-calnexin
antibody were used as primary antibodies and AF488-linked donkey anti-rabbit and AF55-linked donkey
anti-mouse were used 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 4=,6-diamidino-2-phenylindole
(DAPI) (ThermoFisher). Cells were imaged using a Zeiss LSM 700 microscope with Zen software for image
acquisition. Images were taken with a 63� objective in Z-stack mode with 0.25- or 0.5-�m 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 � g for 1 h in an Optima Max-TL Beckman Ultracentrifuge.
Alternatively, concentrating viral supernatants with Amicon Ultra 0.5-ml centrifugal units (Ultracel-100K;
Millipore) or using nonconcentrated infection supernatant yielded comparable results. All samples were
mixed with 4� SDS-PAGE sample buffer containing dithiothreitol (DTT; ThermoFisher) before heating for
5 min at 100°C. Samples were loaded alongside Precision Plus Protein all blue protein ladder standards
(Bio-Rad) into a 4 to 15% Mini-PROTEAN TGX gel (Bio-Rad) and run at 100 V. Proteins were transferred
onto an Immobilon FL polyvinyl difluoride membrane at 100 V for 1 h. Afterwards, membranes were
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blocked in PBS containing 0.2% Tween 20 and 5% blotting-grade blocker (Bio-Rad). The membrane was
then stained with primary antibodies (1:1,000 goat anti-Aichi, 1:1,000 rabbit anti-NP, 1:500 rabbit anti-M1,
or 1:10,000 mouse anti-�-actin) and then stained with the appropriate AF-conjugated secondary anti-
bodies (1:1,000). 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).

Viral RNA quantification by RT-qPCR. RNA from virus particles secreted into the supernatant was
isolated and reverse transcribed into cDNA as described previously (78). RNA from infected cells was
isolated using TRIzol and the PureLink RNA minikit according to the manufacturer’s protocol (Thermo/
Ambion). cDNA from infected cells was generated using a high-capacity cDNA reverse transcription kit
with RNase inhibitor (Thermo) according to the manufacturer’s protocol, except 20-�l reaction mixtures
were used. The viral cDNA was quantified from both secreted virus particles (10 �l cDNA per reaction
mix) and infected cells (2 �l cDNA per reaction) by qPCR of the M gene using TaqMan qPCR assays
(Applied Biosystems). The forward primers (rVic, 5=-AAGACCAATTCTGTCACCTCTGA-3=; rUdorn, 5=-AAGA
CCAATCCTGTCACCTCTGA-3=), revere primers (rVic and rUdorn, 5=-CAAAGCGTCTACGCTGCAGTCC3=), and
probes (rVic, 5=-/56-FAM/TTTGTTTTC/ZEN/ACGCTCACCGT/3IABkFQ/-3=; rUdorn, 5=-/56-FAM/TTTGTATTC/
ZEN/ACGCTCACCGT/3IABkFQ/-3=) were purchased from Integrated DNA Technologies (79). The qPCR
assay was performed as described previously (78), except the sample volumes and primers described
above were used. Each sample was assayed in triplicate. The number of relative M gene copies in each
sample was assessed by normalizing the threshold cycle of each sample to the threshold cycle of WT
infection.

Statistical analyses. Multistep growth curves were analyzed by two-way analysis of variance
(ANOVA). FACS, M2-Baso mislocalization, endpoint dilution assays, high-MOI-infection virus replication,
protein expression, RNA levels, and TER dependence on titer were analyzed by ANOVA. M2-ER localiza-
tion 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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