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MAG mRNA isolation kit (Invitrogen). RNA strand-specific transcrip-
tome sequencing (RNA-seq) libraries were prepared from ~50 ng of the
purified poly(A) mRNA using a ScriptSeq v2 RNA-Seq Library Prepara-
tion kit (Epicentre). The prepared RNA-seq library was sequenced by
using a GAllx sequencer (Hlumina). The obtained strand-specific short
reads were analyzed by CLC Genome Workbench {v. 6.05) with mean
expression normalization against Mus musculus reference genome se-
quences (GRCm38.p1), and genes showing significant differential expres-
sion were detected with a false discovery rate (FDR) of <<0.05 and changes
of =2-fold. The reads per kilobase of exon model per million mapped
reads (RPKM) were estimated for each transcriptome experiment.

Titration of infectious units, To determine the infectious virus titers
activated in vivo, monolayers of MDCK cells in 12-well plates were in-
fected with serially diluted virus samples for 1 h at 4°C, washed twice with
PBS, overlaid with DMEM-1% agarose, and incubated for 24 h at 37°C to
allow the viruses to enter the cells. Trypsin was omitted to avoid HA
cleavage before virus entry. At 24 h postinfection, the cell monolayers
were additionally overlaid with DMEM~1% agarose supplemented with
2.0 pg/ml of trypsin to allow plaque formation. The virus titers obtained
with this method were essentially equivalent to those obtained by immu-
nofluorescence staining techniques (26), in which trypsin was omitted
during the entire process of titration and individual infected cells, instead
of plaques, were detected and counted. To determine the infectious titers
of viruses that had not been activated in vivo but possessed infectious
potential, virus samples were treated with 1.0 pwg/ml of trypsin and sub-
jected to a standard plaque assay.

Infection of mice. KO (TMPRSS2™/7) and WT (TMPRSS2™/*)
C57BL/6 mice (6- to 7-week-old males or females) were challenged with
MA-CA04[HINI1], MA-GZX[H3N2], VNI1194[H5N1], or Anhuil
[H7N9]. For each mouse, 20 pl of virus solution containing different
amounts of IAV was inoculated intranasally. For mock infection, the same
volume of PBS was used. For each experimental group, 4 to 6 mice were
used to monitor body weight. To analyze the in vivo activation and repli-
cation of IAV, WT and TMPRSS2 KO mice were challenged with 4.0 X
10° PFU of MA-CAO04[HINI1] or 6.8 X 10* PFU of MA-GZX[H3N2].
Lung lavage fluids collected at 2, 4, and 6 days postinfection (dpi) and lung
homogenates collected at 2 dpi were either untreated or treated with tryp-
sin to determine the virus titers activated in vivo and in vitro, respectively.
Three mice were used for each experimental group, and samples were
collected separately from individual mice. For histopathological exami-
nations, WT and TMPRSS2 KO mice were infected with 4.0 X 10° PFU
(3.0 X 107 50% lethal doses [LD5,]) of MA-CA04[HIN1], 6.8 X 10° PFU
(1.0 X 10? LD4,) of MA-GZX[H3N2], 1.0 X 10* PFU (1.0 X 10? LDy,) of
VN1194[H5N1], or 4.0 X 10° PFU (1.0 X 10% LDs,) of Anhuil[H7N9];
euthanized; and autopsied at 2 and 6 dpi. Three mice were used for each
experimental group.

Immunoblotting. The lung lavage fluids and lung homogenates were
mixed with lysis buffer to make a final solution containing 150 mM NaCl,
50 mM Tris-HCI (pH 7.5), 4 mM EDTA, 0.1% sodium deoxycholate, 1%
Nonidet P-40, and 0.1% SDS, containing a complete protease inhibitor
mixture (Roche Diagnostics). The polypeptides were then separated by
SDS-PAGE and immunoblotted. A rabbit antiserum raised against H3
(Sino Biological Inc.) was used for detection.

Nucleotide sequence accession number. The RNA-seq reads of the
lung tissues from WT and TMPRSS2 KO mice are available at the DDB]J
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Sequence Read Archive under accession number DRA001103 (47,935,571
and 46,863,938 paired-end reads for WT and TMPRSS2 KO mice, respec-
tively).

RESULTS

mTMPRSS2 proteolytically activates IAV HAs similarly to
hTMPRSS2. To obtain a biological rationale for performing
mouse experiments, we analyzed mTMPRSS2. Three-dimen-
sional structural models of mTMPRSS2 and h'TMPRSS2 showed
strong conservation of amino acid residues near the protease ac-
tive site (data not shown). Based on the strong homology between
hTMPRSS2 and mTMPRSS2, these proteases were strongly sug-
gested to have similar substrate specificities. However, the
TMPRSS2 structures were strictly models, and biological analyses
were performed. The analyses showed that all HAs of LP IAVs of
the H1, H3, and H7 subtypes were cleaved by both mTMPRSS2
and hTMPRSS2 (Fig. 1A), and the cleaved HAs showed cell-cell
fusion (syncytium formation) activity (Fig. 1B). As expected,
cleavage and activation of HA of an HP TAV of the H5 subtype
occurred independently of TMPRSS2 expression (Fig. 1A and B).
Consistent with previous data (27), different molecular sizes of
HA were detected in TMPRSS2-expressing cells, because the ex-
pression of TMPRSS2 modulates the HA glycosylation pattern
(Fig. 1A).

TMPRSS2 is essential for the pathogenicity of HIN1 and
H3N2 IAVs. TMPRSS2 KO mice, which possessed an ablating
deletion including exons 3 to 13 of the TMPRSS2 gene, were gen-
erated in a complete C57BL/6 genetic background (Fig. 2). To
confirm whether TMPRSS2 KO induced unexpected differential
expression of other TTSPs, RNA-seq experiments were per-
formed. The transcriptome analysis indicated that TMPRSS2 KO
did not significantly affect the expressions of other TTSP genes
and potential protease genes (Table 1). As an exception, the level
of St14 appeared to be increased in the TMPRSS2 KO mouse lung
(Table 1), but the raw count was still very low, and the change was
judged to be insignificant based on the FDR analysis. However,
our data did not exclude the possibility that the change was in-
duced by TMPRSS2 gene KO. TMPRSS2 KO mice exhibited nor-
mal reproduction, development, and growth patterns, similarly to
WT C57BL/6 mice, as observed for previously reported TMPRSS2
KO mice with a deletion of exons 10 to 13 in the TMPRSS2 gene
(25).

Various doses of MA viruses of human LP IAV strains MA-
CA04[HIN1] and MA-GZX[H3N2] were inoculated intranasally
into WT and TMPRSS2 KO mice. All WT mice inoculated with
=107 PEU (7.5 LDy,) of MA-CAOQ4[H1N1] died or required eutha-
nasia (Fig. 3A and C). In strong contrast, TMPRSS2 KO mice chal-
lenged with up to 10° PFU (7.5 X 10° LDs,) showed neither clinical
signs nor body weight loss (Fig. 3A and C). TMPRSS2 KO mice were
also highly tolerant of lethal challenge infections with MA-

FIG 5 Role of TMPRSS2 in H5N1 and H7N9 IAV pathogenicity. (A and B) WT and TMPRSS2 KO mice were intranasally inoculated with different doses of
Anhuil [H7N9] (A) or VN1194[H5N1] (B) (n = 4 to 6). The body weights were measured daily. Error bars represent standard deviations. (C and D) Survival
curves of IAV-infected mice. WT and TMPRSS2 KO mice were challenged with different doses of Anhuil[H7N9] (C) or VN1194[H5N1] (D). For each
experimental group, 4 to 7 mice were used. (E and F) WT and TMPRSS2 KO mice were intranasally inoculated with Anhuil [H7N9] (n = 3) or VN1194[H5N1]
(n = 3). Lung homogenates at 4 dpi (D) were either untreated (Trypsin —) or treated with trypsin (Trypsin +) and used for virus titration. Error bars represent
standard deviations. (G to J) Histopathological findings in the lungs of WT and TMPRSS2 KO mice infected with Anhuil [H7N9] (G and I) or VN1194[H5N1]
(H and ]). Data obtained by hematoxylin and eosin staining (magnification, X 10) (G and H) and immunohistochemistry for the IAV nucleocapsid protein
(magnification, X 10) (I and J) are shown. The inflammation scores of individual mice (1 = 3) are shown at the bottom of each panel (G and H): 0, no apparent
changes; 1, minimal changes or bronchiolitis; 2, bronchiolitis and/or slight alveolitis; 3, mild alveolitis with neutrophils, monocytes/macrophages, or lympho-

cytes; 4, moderate alveolitis.
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GZX[H3N2] (Fig. 3B and D). All TMPRSS2 KO mice infected with
10° PFU (1.5 X 10° LD,) of MA-GZX[H3N2] showed moderate
body weight loss but recovered completely (Fig. 3B and D).

Figure 3E to H shows the histopathology of lungs of mice in-
fected with 4.0 X 10° PFU (3.0 X 107 LDs;) of MA-CAO4[HIN1]
or 6.8 X 10° PFU (1.0 X 10% LD+,) of MA-GZX[H3N2]. WT mice
infected with each virus developed bronchiolitis and peribron-
chial inflammation, with a few foci of alveolitis at 2 dpi and mild to
moderate alveolitis at 6 dpi (Fig. 3E and F). Viral antigens were
detected in bronchial epithelial cells and alveolar lining cells in the
lungs of WT mice at 2 dpi and had spread dramatically to the
entire lungs by 6 dpi (Fig. 3G and H). In contrast, the lungs of KO
mice infected with the same viruses exhibited significantly re-
duced levels of inflammation (Fig. 3E and F). Viral antigen-posi-
tive cells did not spread during the observation period (Fig. 3G
and H). Viral antigens were almost completely eliminated from
bronchiolar epithelial cells of KO mice by 6 dpi (Fig. 3G and H).

TMPRSS2 is essential for proteolytic activation of IAVs
in vivo. To explore the cleavage of HA in the lungs, WT and
TMPRSS2 KO mice were infected with 4.0 X 10° PFU (3.0 X 10?
LDs,) of MA-CAO4[HIN1] or 6.8 X 10> PFU (1.0 X 10* LDs) of
MA-GZX[H3N2]. At 6 dpi, lung lavage fluids were collected from
mice infected with MA-GZX[H3N2] and analyzed for HA protein
by SDS-PAGE and immunoblotting. Cleavage of HA was demon-
strated in WT mice, as signals for the HA, and HA, subunits were
clearly detected in these mice (Fig. 4A). In contrast, only the HA,
precursor was detected in TMPRSS2 KO mice, and HA, and HA,
remained undetectable (Fig. 4A). Similarly, lung homogenates of
the infected mice were analyzed. HA was efficiently cleaved into
HA, and HA, in the lung homogenates of WT mice (Fig. 4B).
Meanwhile, the lung homogenates of TMPRSS2 KO mice showed
HA, signals, but HA, and HA, were undetectable (Fig. 4B). These
findings indicated that the HA protein of progeny viruses pres-
ent in the respiratory tract had been cleaved in WT mice, while HA
cleavage was severely impaired in TMPRSS2 KO mice. To verify
whether the infectivity of the progeny viruses from each mouse
lung was activated in vivo, lung lavage fluids at 2, 4, and 6 dpi and
lung homogenates at 2 dpi were treated or untreated with trypsin
in vitro and compared for infectivity in vitro to determine virus
titers. At 2 dpi, the virus titers of MA-CA04[HIN1] and MA-
GZX[H3N2] reached their peak levels in WT mice (Fig. 4C). The
HAs of progeny viruses were shown to be fully activated in WT
mice, since the virus infectivity titers without trypsin treatment
(Fig. 4C and D) were similar to those after activation in vitro (Fig.
4Cand D). The virus titers in the lungs of TMPRSS2 KO mice were
much lower than those in the lungs of WT mice (Fig. 4C and D),
showing restricted virus growth in TMPRSS2 KO mice. Impor-
tantly, the virus titers (Fig. 4C and D) were further increased 10
to 100 times after trypsin treatment in vitro (Fig. 4C and D). These
data demonstrated that the great majority (90 to 99%) of the prog-
eny virus particles failed to be proteolytically activated in
TMPRSS2 KO mice.

TMPRSS2 is essential for LP H7N9 IAV, but dispensable for
HP H5N1 AV, to exhibit pathogenicity. The pathogenicity of a
human isolate of an emerging LP H7N9 subtype virus, Anhuil
[H7N9], was also analyzed. Anhuil [H7N9] was inoculated intra-
nasally into WT and TMPRSS2 KO mice. As shown in Fig. 5A and
C, TMPRSS2 KO mice were highly tolerant of H7N9 virus infec-
tion. All WT mice infected with 10° PFU (5.0 X 10 LDs,) of
Anhuil[H7N9] died or required euthanasia by 8 dpi (Fig. 5A and
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C). In contrast, all TMPRSS2 KO mice infected with the same dose
(10° PFU [5.0 X 10 LDs,]) showed no clinical signs, and those
infected with a 1,000-times-higher dose, 10° PFU (5.0 X 10*
LDs,), showed only temporary and mild body weight loss (Fig.
5A). The virus titers in the KO mouse lungs were much lower than
those in the WT mouse lungs (Fig. 5E). Histopathological exam-
inations of mouse lungs infected with 4.0 X 10° PFU of
Anhuil[H7N9] showed that Anhuil [H7N9] spread poorly in the
lungs of TMPRSS2 KO mice (Fig. 5G and I).

In contrast to the findings for the LP IAVs described above, a
human isolate of an HP H5N1 subtype virus, VN1194[H5N1],
caused severe body weight loss, neurological symptoms, and death
or requirement for euthanasia by 8 or 9 dpi in both WT and
TMPRSS2 KO mice infected with 10* PFU (2.0 X 10° LDs,) of
VN1194[H5N1] (Fig. 5B and D). The survival curves of WT and
TMPRSS2 KO mice infected with 10> PFU (5.0 X 10 LD.,) of
VN1194[H5N1] were also similar to one another (Fig. 5B and D).
The virus titers in the lungs were equivalent between WT and KO
mice (Fig. 5F). Histopathological examinations of mouse lungs
infected with 1.0 X 10* PFU of VN1194[H5N1] demonstrated
that VN1194[H5N1] spread efficiently in a similar manner in the
lungs of WT and TMPRSS2 KO mice (Fig. 5H and J). The overall
results indicated that, unlike LP IAVs, proteolytic activation of
the HP H5N1 virus occurred in mouse lungs independently of
TMPRSS2.

DISCUSSION

In the last decade, we have experienced outbreaks of a swine-
origin LP HIN1 JAV and the severe acute respiratory syndrome
(SARS) coronavirus (28, 29). These outbreaks proved that respi-
ratory viruses can currently spread rapidly and that the available
strategies are insufficiently effective to prevent global transmis-
sion of emerging respiratory viruses (28). At this time, H5N1 and
H7N9 IAVs and the Middle East respiratory syndrome (MERS)
coronavirus are potential threats for humans (29, 30).

The present study has provided concrete evidence that
TMPRSS2 expression is essential for iz vivo replication of emerg-
ing H7N9 and seasonal IAVs and that this protease primarily de-
termines IAV pathogenicity. Based on the strong homology be-
tween hTMPRSS2 and mTMPRSS2, hTMPRSS2 is strongly
suggested to play a similar role in the activation and pathogenicity
of human IAVs in vivo. In human airway bronchial epithelial cells,
TMPRSS2 is expressed by type 1 and type 2 pneumocytes of the
alveolar epithelium and alveolar macrophages (12, 31). In the air-
way, IAV particles are released exclusively from the apical mem-
brane (32). To achieve this, the IAV HA protein is specifically
targeted to the apical plasma membrane (33, 34), and TMPRSS2 is
selectively expressed at the apical membrane of airway epithelial
cells (35). Taking these data into consideration, it is most likely
that LP IAVs use primarily the specific host protease TMPRSS2
for HA activation in the lungs. However, our data do not ex-
clude the possibility that TMPRSS2 may activate a precursor of
another protease(s) that finally induces HA activation. Neverthe-
less, our data showing the critical role of TMPRSS2 expressed in
the respiratory tract in the activation of IAV pathogenicity in vivo
support the concept of host protease-mediated pathogenicity of
IAVs (7-9).

The present findings suggest that TMPRSS2 is a good target for
the development of anti-LP IAV drugs. The membrane-anchoring
and cytoplasmic domains of TTSPs regulate cellular trafficking
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and localization of TTSPs, thereby enabling temporal and spatial
regulation of substrate processing (36-38). Accordingly, by tar-
geting specific substrates such as peptide hormones, growth fac-
tors, differentiation factors, receptors, and adhesion molecules,
TTSPs play a variety of critical roles in developmental stages and
physiological events (36-38). A previous study suggested that
TMPRSS2 regulates Na* currents (39). However, the physiologi-
cal roles of TMPRSS2 remain to be elucidated (40), because
TMPRSS2 KO mice showed a normal phenotype.

During the submission process for the present paper, Hatesuer
et al. (41) reported a similar study demonstrating a critical role
of TMPRSS2 in the pathogenicity of HINI and H3N2 1AVs in
mice. They used a previously reported TMPRSS2 KO mouse strain
with a deletion of exons 10 to 13 in the TMPRSS2 gene (25, 41).
The TMPRSS2 KO mice with a deletion of exons 3 to 13 in the
TMPRSS2 gene established in the present study exhibited pheno-
types very similar to those of their mice, providing a very strong
conclusion that TMPRSS2 expression is essential for [AV patho-
genesis. Interestingly, in agreement with their data (41), our study
demonstrated that replication of HIN1 IAV was more severely
restricted in TMPRSS2 KO mice than that of H3N2 IAV. There-
fore, cleavage of the H1 subtype appears to be more strongly de-
pendent on TMPRSS2 expression than cleavage of the H3 subtype.

Finally, TTSPs have a clear substrate specificity (37). Neverthe-
less, various respiratory viruses, including the SARS coronavirus
(12, 42-44), MERS coronavirus (14), human metapneumovirus
(11), and parainfluenza viruses (13), also use TMPRSS2 for their
activation. These observations imply that a variety of respiratory
viruses may specifically exploit TMPRSS2 for activation. Drugs
that inhibit TMPRSS2 are therefore expected to be effective
against a wide spectrum of respiratory viruses. Meanwhile, differ-
ent types of drugs targeting ubiquitous proteases other than
TMPRSS2 may be required for HP IAVs such as the H5N1 virus

subtype.
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ABSTRACT

In polarized epithelial cells, influenza A virus hemagglutinin (HA) and neuraminidase (NA) are intrinsically associated with
lipid rafts and target the apical plasma membrane for viral assembly and budding. Previous studies have indicated that the trans-
membrane domain (TMD) and cytoplasmic tail (CT) of HA and NA are required for association with lipid rafts, but the raft de-
pendencies of their apical targeting are controversial. Here, we show that coexpression of HA with NA accelerated their apical
targeting through accumulation in lipid rafts. HA was targeted to the apical plasma membrane even when expressed alone, but
the kinetics was much slower than that of HA in infected cells. Coexpression experiments revealed that apical targeting of HA
and NA was accelerated by their coexpression. The apical targeting of HA was also accelerated by coexpression with M1 but not
M2. The mutations in the outer leaflet of the TMD and the deletion of the CT in HA and NA that reduced their association with
lipid rafts abolished the acceleration of their apical transport, indicating that the lipid raft association is essential for efficient
apical trafficking of HA and NA. An in situ proximity ligation assay (PLA) revealed that HA and NA were accumulated and clus-
tered in the cytoplasmic compartments only when both were associated with lipid rafts. Analysis with mutant viruses containing

nonraft HA/NA confirmed these findings. We further analyzed lipid raft markers by in situ PLA and suggest a possible mecha-
nism of the accelerated apical transport of HA and NA via clustering of lipid rafts.

IMPORTANCE

Lipid rafts serve as sites for viral entry, particle assembly, and budding, leading to efficient viral replication. The influenza A vi-
rus utilizes lipid rafts for apical plasma membrane targeting and particle budding. The hemagglutinin (HA) and neuraminidase
(NA) of influenza virus, key players for particle assembly, contain determinants for apical sorting and lipid raft association.
However, it remains to be elucidated how lipid rafts contribute to the apical trafficking and budding. We investigated the rela-
tion of lipid raft association of HA and NA to the efficiency of apical trafficking. We show that coexpression of HA and NA in-
duces their accumulation in lipid rafts and accelerates their apical targeting, and we suggest that the accelerated apical transport
likely occurs by clustering of lipid rafts at the TGN. This finding provides the first evidence that two different raft-associated vi-
ral proteins induce lipid raft clustering, thereby accelerating apical trafficking of the viral proteins.

%nﬂuenza virus is an enveloped, negative-stranded, segmented
' RNA virus belonging to the Orthomyxoviridae family. The virion
consists of three integral membrane proteins, hemagglutinin
(HA), neuraminidase (NA), and ion channel protein M2. A layer
of matrix protein M1 is present underneath the lipid envelope and
encases viral ribonucleoprotein (vVRNP) complexes. The influenza
virus buds from the apical plasma membrane (PM), which is di-
vided by tight junctions in polarized epithelial cells (1). It is con-
sidered that all viral components are targeted to the apical PM,
where particle budding occurs. HA, NA, and M2 are synthesized at
the endoplasmic reticulum (ER) and are transported to the apical
PM through the trans-Golgi network (TGN). The apical sorting
signals were identified in the transmembrane domains (TMDs) of
both HA and NA (2, 3). Many studies indicate that during the
apical trafficking, HA and NA are associated with lipid raft mi-
crodomains, which are enriched in cholesterol and sphingolipids
(3, 4), whereas M2 is excluded from these domains (5, 6). Several
studies also indicate that the TMD and the cytoplasmic tail (CT) of
HA and NA are important for their association with lipid rafts (3,
5, 7). It has been shown that, in the case of HA, palmitoylation at
three conserved cysteines in the TMD-CT region is required for
association with lipid rafts (8). A very recent study suggested that
M2 was a key player in influenza virus particle budding, which is
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independent of the endosomal protein sorting complex required
for transport (ESCRT) (9).

Lipid rafts are thought to function as platforms for selective
concentration of raft-associated proteins to promote protein-pro-
tein interactions for their functions (10). Lipid rafts have also been
shown to play pivotal roles in apical trafficking in polarized cells
(11) and in signal transduction pathways, such as Ras signaling
(12) and phosphatidylinositol 4,5-bisphosphate (PIP2) signaling
(13). It has been suggested that for influenza virus HA and NA, the
association with lipid rafts constitutes a part of the machinery
necessary for apical trafficking in polarized cells (14, 15). Previous
studies have indicated that disruption of lipid rafts by treatment
with methyl-B-cyclodextrin (MBCD) and lovastatin delays the
TGN-to-apical PM trafficking of HA and missorts HA to the ba-
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solateral membrane, whereas vesicular stomatitis virus G protein,
a nonraft-associated basolateral marker, remained unaffected
(16), suggesting that raft association is required for apical trans-
port of proteins. However, a number of studies have indicated that
some mutations in the HA TMD and CT did not impair apical
targeting of HA, irrespective of whether they caused significant
reductions in the raft association (5, 7), suggesting that raft asso-
ciation is not essential for apical transport of HA.

Glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-
APs) are not integral membrane proteins but are associated with
lipid rafts through the GPI moieties. In this group of proteins, the
raft association is not a determinant for apical sorting because
both apical and basolateral GPI-APs are associated with lipid rafts
(17). Interestingly, only apical, but not basolateral, GPI-APs form
oligomer complexes when they are associated with lipid rafts.
When oligomerization of GPI-APs was impaired by mutations,
the GPI-APs were missorted to the basolateral PM domain (17). A
recent model has suggested that the oligomerization of GPI-APs
promotes their stabilization in lipid rafts, leading to their incor-
poration into apical transport vesicles (10).

Influenza virus budding and release require the assembly of
viral components, which occurs either during their trafficking to
the apical PM or at the stage of particle budding (6, 18, 19). During
the trafficking, all viral components, HA, NA, M2, M1, and vRNP,
either individually or in their complex forms, are targeted to the
apical PM and form a higher order of complex (7, 19, 20). Al-
though the apical sorting determinants for individual viral com-
ponents have been relatively well studied (2, 3), the molecular
mechanisms and kinetics involved in their apical targeting have
not been elucidated.

In this study, we focused on the kinetics of apical targeting of
influenza virus envelope proteins in polarized MDCK cells. We
found that HA and NA or M1, but not M2, mutually accelerated
their apical PM targeting. Using TMD-CT mutants of HA and NA,
we show that the association of HA and NA with lipid rafts is
necessary for the acceleration of their apical PM targeting. Our
data indicate that HA and NA come into close proximity (cluster-
ing) in lipid rafts upon coexpression. Our data also show the clus-
tering of lipid rafts upon coexpression of HA and NA, suggesting
a possible mechanism of accelerated apical transport of HA and
NA via the clustering of lipid rafts.

MATERIALS AND METHODS

Viruses and plasmids. The H141Y and E142Q mutations were intro-
duced into the HA gene of the influenza A/Puerto Rico/8/34 (PR8) virus
by inverted PCR. This PR8 derivative is referred to as the wild-type (wt)
strain in the present study. The authentic PR8 strain was used as the
parental virus. The wt and mutant PR8 viruses were generated by a reverse
genetics system with Poll plasmids (pHH21) and protein expression plas-
mids, as described previously (21). Briefly, 293T cells were transfected
with Poll plasmids for synthesis of each viral RNA segment and protein
expression plasmids for the PB1, PB2, PA, nucleoprotein (NP), HA, and
NA. At 6 h posttransfection (hpt), the cell medium was replaced with
Opti-MEM I (Gibco) supplemented with 5 ug/ml acetyl trypsin and 0.3%
bovine serum albumin (BSA), and the cells were incubated for 2 or 3 days.
Recovered viruses were grown in Madin-Darby canine kidney (MDCK)
cells stably expressing HA (MDCK-HA) (the kind gift of N. Takizawa
from the Institute of Microbial Chemistry, Japan).

The HA and NA constructs with deletion of the CT (ACT-HA and
ACT-NA) for recovery of recombinant viruses have essentially been de-
scribed elsewhere (22, 23). For ACT-HA, three consecutive stop codons
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were placed at the end of the TMD coding sequence, and the downstream
nucleotide sequence was left intact, For ACT-NA, the authentic start
codon was mutated, and a new start codon was created at the beginning of
the TMD coding sequence. The constructs were cloned into pHH21. The
HA and NA constructs with alanine substitutions in the CT (residues 557
to 559 of HA [HAS557-559], HA560~563, HA564 =566, residues 2 to 3 of
NA [NA2-3], NA4 -6, and NA2~6) and TMD (HA533-535, HA550-552,
NA7-10, and NA31-35) and those with cysteine-to-serine substitutions at
three palmitoylation sites (HA-SSS) were generated by overlapping PCR
and were cloned into pHH21. The viruses with similar alanine substitu-
tions have been described previously (3, 5, 8).

The open reading frames of the wt-HA, NA, M1, and M2 genes were
cloned into the eukaryotic expression plasmid pCAGGS. The open read-
ing frames of the HA and NA constructs with deletion of the CT and those
with the alanine substitutions were similarly cloned into pCAGGS. The
cDNAs encoding CD59, the 75-kDa neurotrophin receptor (p75), and
their green fluorescent protein (GFP)-tagged versions (GFP-CD59 and
p75-GEP) were also cloned into pCAGGS.

Cell culture, infection, and DNA transfection. MDCK and 293T cells
were maintained in Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented with 10% fetal bovine serum. MDCK cells were seeded into 12-
well plates (1 X 10° cells/well) and were polarized by a 12-h incubation.
The polarized MDCK cells were used throughout this study. The MDCK
cells were infected with the wt virus at a multiplicity of infection (MOI) of
0.1 or 1 for 1 h. Transfection of DNA was carried out using Lipofectamine
LTX (Invitrogen). To synchronize protein expression from plasmids,
DNA-Lipofectamine complexes were sedimented by plate centrifugation
at 250 X g for 5 min. In some experiments, MDCK cells were transfected
with DNA and subsequently superinfected with the authentic PR8 virus.

Virus growth and plaque assay. MDCK cells were inoculated with
virus at an MOT of 0.1 in Opti-MEM I supplemented with 0.3% BSA for 1
h at 37°C. After being washed, the cells were incubated in Opti-MEM 1
supplemented with 5 pg/ml acetyl trypsin and 0.3% BSA. The culture
medium was harvested at various time points and was subjected to plaque
assay on MDCK or MDCK-HA cells.

Cholesterol depletion. For the inhibition of cholesterol synthesis,
293T and MDCK cells were pretreated with 8 M lovastatin (Merck) for
12 h. After transfection, the cells were incubated in the presence of § pM
lovastatin for 12 or 24 h. The cells were further treated with 5 or 10 mM
methyl-B-cyclodextrin (MBCD) (Sigma) in the presence of 8 uM lova-
statin for 1 h.

Indirect immunofluorescence assay. Polarized MDCK cells were
grown on coverslips in 12-well plates and were either infected with virus
or transfected with protein expression plasmids. The cells were fixed with
4% paraformaldehyde (PFA) and permeabilized with 0.5% Triton X-100
(TX-100). Following blocking, the cells were incubated with primary an-
tibodies (Abs) and subsequently with secondary Abs conjugated with Al-
exa Fluor 488, 568, or 647 (Molecular Probes). The following Abs were
used as primary Abs: mouse anti-HA mAb12-1G6 (24), mouse anti-HA
Ab (TaKaRa), rabbit anti-NA Ab (Sino Biological), sheep anti-NA Ab
(R&D Systems), rabbit anti-M1 polyclonal Ab (25), mouse anti-M2 Ab
(Santa Cruz), mouse anti-NP mAb61AS (26), mouse anti-CD59 Ab (Ab-
cam), rabbit anti-TGN46 Ab (Abcam), rabbit anti-ZO-3 Ab (Invitrogen),
and rabbit anti-caveolin-1 Ab (Santa Cruz). For costaining with HA and
M2 or vRNP, anti-HA mAb12-1G6 was prelabeled by using a Zenon Alexa
Fluor 488 mouse IgG1 labeling kit (Invitrogen), and the mouse anti-HA
(TaKaRa), anti-M2, and anti-NP Abs were similarly prelabeled with Alexa
Fluor 568, as described previously (24). Nuclear staining was carried out
with TO-PRO-3 (Molecular Probes) or 4',6'-diamidino-2-phenylindole
(DAPI; Molecular Probes). The cells were observed with a laser scanning
confocal microscope (TCS-SP5II AOBS; Leica). Confocal images were
collected at 0.5-pm intervals along the z axis. Reconstitution of an x-z
plane was processed using Image] software (27). Fifty antigen-positive
cells were observed in each experiment, and patterns of antigen distribu-
tion were analyzed.
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FIG 1 Temporal study of apical PM targeting of HA in infected cells and growth kinetics of virus. Polarized MDCK cells were infected with a PR8 derivative
containing H141Y and E142Q substitutions in HA (referred to as wt in this study). At various time points (indicated), cells were stained with anti-HA
mAb12-1G6, anti-ZO-3, and anti-TGN46 Abs. Localization of HA (green) and ZO-3 (red) (A) or TGN46 (red) (B) are shown in the x-y and x-z planes. Nuclei
were stained with TO-PRO-3 (blue). The dashed lines in x-y images indicate the positions of x-z images. (C) For semiquantification of the HA localization in
infected cells, 50 HA-positive cells were observed at each time point, and the number of cells with each distribution pattern of HA was counted. (D) MDCK cells
were infected with the authentic PR8 (parent) or the PR8—H141Y/E142Q (wt) virus at an MOI of 0.1. At the indicated time points, an aliquot of the culture
medium was harvested, and virus titers were measured by plaque assay on MDCK cells. (E) Polarized MDCK cells were infected with the wt virus. At 5 hpi, the
cells were fixed and costained with prelabeled anti-HA mAb12-1G6 (green) and mouse anti-HA Ab (TaKaRa) (red). Nuclei were stained with TO-PRO-3 (blue).

All images were taken at the same magnification. Scale bar, 10 pm. a, anti.

For quantitative analysis of HA and NA expression, polarized MDCK
cells on coverslips in 12-well plates (1 X 10° cells/well) were singly trans-
fected with an HA expression plasmid or cotransfected with the HA and
an NA expression plasmids. After fixation with 4% PFA, the cells were
incubated with mouse anti-HA Ab (TaKaRa) (for HA on the apical PM).
The cells were refixed with 4% PFA and were permeabilized with 0.5%
TX-100. The cells were incubated with rabbit anti-NA Ab (Sino Biologi-
cal) (for total NA) and subsequently with anti-mouse IgG conjugated with
Alexa Fluor 647 and anti-rabbit IgG conjugated with Alexa Fluor 568. For
total HA, the cells were refixed with 4% PFA and blocked with nonspecific
mouse Ig. The cells were finally incubated with anti-HA mAb12-1G6
prelabeled by using a Zenon Alexa Fluor 488 mouse IgG labeling kit (In-
vitrogen). Nuclear staining was carried out with DAPI (Molecular
Probes). Confocal images were collected at 0.5-pm intervals along the z
axis. In each cell, the sum of intensity values of a z stack was calculated as
a z-projection image by the “sum slices” command of Image]. In each
acquired channel, single cell area and mean fluorescence intensities
(MFTIs; arbitrary units) were measured. The MFIs of the Alexa Fluor 488
and 568 channels were evaluated as total expression levels of HA and NA
in each cell, respectively. The total fluorescence intensity (MFI X area) of
HA divided by that of NA was evaluated as the expression ratio of HA to
NA. The cells (39 to 45 cells) were subjected to analysis of HA distribution
patterns (either apical PM alone or PMs plus cytoplasmic compartments).
Sparse MDCK cells (1 X 10° cells/well) were also used in the experiment
shown in Fig. 3C.

TX-100 solubilization analysis and coimmunoprecipitation. 293T
cells were seeded into 12-well plates (5 X 10° cells/well) or 10-cm-diam-
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eter dishes (5 X 10° cells/dish). The cells were singly transfected with HA
and NA expression plasmids or cotransfected with a combination of HA
and NA, HA and M1, or HA and GFP-CD59 expression plasmids. At 24
hpt, the cells were resuspended with cold TNE buffer (50 mM Tris-HCl
[pH 7.5], 1 mM EDTA, and 150 mM NaCl) containing 1 mM dithiothre-
itol (DTT) and protease inhibitor Complete Mini cocktail (Roche). After
brief sonication, the samples were treated with 1% TX-100 at 4°C or 37°C
for 30 min and then centrifuged at 17,400 X g for 30 min at 4°C to separate
the soluble and insoluble fractions. For TX-100 solubilization analysis,
both the supernatants and pellets were adjusted to be the same volume
with TNE buffer and analyzed by Western blotting. For coimmunopre-
cipitation, the supernatants were mixed with 10 pg of anti-HA mAb12-
1G6 and were incubated at 4°C for 90 min. The supernatants were
subsequently mixed with preblocked protein G-Sepharose beads (GE
Healthcare) and were incubated at 4°C for 60 min. After samples were
washed with TNE buffer containing 0.1% TX-100 three times, immuno-
precipitates were eluted from the beads by boiling with SDS sample buffer
and analyzed by Western blotting with sheep anti-NA Ab (R&D Systems)
and rabbit anti-M1 polyclonal Ab (25). GFP-CD59 was detected with
mouse anti-GFP Ab (Sigma).

In situ PLA. An in situ proximity ligation assay (PLA) was performed
according to the manufacturer’s instructions (Olink Biosciences). Briefly,
polarized MDCK cells were either transfected with combinations of pro-
tein expression plasmids or were infected with virus. At 9hptor 3.50r5h
postinfection (hpi), the cells were fixed with 4% PFA and permeabilized
with 0.5% TX-100. After a blocking step, the cells were incubated with
mouse anti-HA mAb12-1G6, rabbit anti-NA Ab, mouse anti-GFP Ab, or
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FIG 2 Temporal study of apical PM targeting of HA in transfected cells and acceleration of the apical targeting upon superinfection. (A) Polarized MDCK cells
were transfected with a plasmid expressing wt HA. At various time points (indicated), the cells were stained with anti-HA mAb12-1G6 and anti-TGN46 Ab.
Localizations of HA (green) and TGN46 (red) are shown in the x-z plane. (B) Polarized MDCK cells were similarly transfected with a plasmid expressing wt-HA.
At 6 hpt, the cells were infected with the authentic PR8 strain (parent) of influenza virus. At 12 hpt, the cells were stained with prelabeled mAb12-1G6 (green; only
reactive with wt-HA) and anti-NP Ab (red; for detection of superinfection). Nuclei were stained with TO-PRO-3 (blue). Localizations of HA (green) and vRNP
(red) are shown in the x-z plane. All images were taken at the same magnification. Scale bar, 10 pm. (C) For semiquantification of the HA localization, 50
mAb12-1G6-reactive (transfected) HA-positive cells were observed at each time point, and the number of cells with each distribution pattern of HA was counted.

rabbit caveolin-1 Ab (Santa Cruz) for 1 h at room temperature. After
being washed, the cells were incubated with two species-specific second-
ary antibodies conjugated with unique oligonucleotides (anti-rabbit Plus
and anti-mouse Minus) as PLA probes. Phosphorylated connector oligo-
nucleotides were hybridized to the PLA probes. If the PLA probes are
present in close proximity (<40 nm), the phosphorylated oligonucleo-
tides are formed in a circular template by a ligase. This template was
subsequently amplified by rolling-circle amplification with DNA poly-
merase and was detected with fluorescently labeled complementary oligo-
nucleotide probes (Duolink Detection Kit Red). TGN46 was stained with
rabbit anti-TGN46 Ab prelabeled by using a Zenon Alexa Fluor 488 rabbit
IgG labeling kit (Invitrogen). The PLA signals were observed by confocal
microscopy, and the number of signals was automatically counted with
BlobFinder software (28). Data are shown as means with standard devia-
tions from two independent experiments (at least 10 cells). Statistical
significance was determined by Student’s ¢ test. P values of <0.05 were
considered statistically significant.

Treatment with Endo H. Polarized MDCK cells (1 X 10° cells/well)
were transfected with HA and/or NA expression plasmids. At 12 hpt, the
cells were resuspended with cold phosphate-buffered saline and soni-
cated. The protein samples were denatured and subsequently digested
with endoglycosidase H (Endo H; New England BioLabs) for 1 h at 37°C.
The samples were analyzed by Western blotting with rabbit anti-HA Ab
(Sino Biological) and sheep anti-NA Ab (R&D Systems). As control, 20
M brefeldin A was added to the cells at 6 hpt.

RESULTS

Apical PM targeting of HA in singly transfected cells was slower
than that of HA in infected cells. HA is transported to the apical
PM via the secretory pathway in polarized cells (1). We have pre-
viously generated an anti-HA monoclonal antibody (mAbl12-
1G6) that specifically binds to the loop (amino acid sequence
QGKS at positions 142 to 145) of the head domain in H5 HA (24).
We found that mAb12-1G6 failed to detect the authentic PR8 HA
but did detect HA when it contained H141Y and E142Q substitu-
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tions without any reduction in infectivity (Fig. 1D). When prela-
beled mAb12-1G6 and commercial mouse anti-HA Ab (TaKaRa)
were used for costaining, their staining patterns were identical
(Fig. 1E), suggesting that mAb12-1G6 did not detect a specific HA
population. Thus, we used the PR8 derivative containing H141Y
and E142Q mutations as the wild-type (wt) strain in the present
study and investigated apical PM targeting of HA.

To understand the overall kinetics of intracellular trafficking of
HA, we initially carried out a time course study. Polarized MDCK
cells were infected with the wt PR8 virus and were subjected to
immunofluorescent assays at various time points (4, 5, 6, and 9
hpi) with mAb12-1G6 and anti-ZO-3 (for tight junctions) or anti-
TGN46 (for TGN) Ab (Fig. 1A and B). Anti-ZO-3 Ab was used to
differentiate the apical from the basolateral PM. The TGN is the
major sorting organelle in the cytoplasmic trafficking pathways
(29). Serial confocal z sections were collected at 0.5-pm intervals
from the top to the bottom of cells. As shown in the x-z plane (Fig.
1A and B), three patterns of HA distribution (cytoplasmic com-
partments; cytoplasmic compartments and both apical and baso-
lateral PMs; only at the apical PM) were observed. We observed 50
HA-positive cells at each time point and sorted them into the three
categories (Fig. 1C). At 4 hpi, all HA antigens were observed in the
cytoplasmic compartments (100% of HA-positive cells), most
likely at the TGN. At 5 hpi, HA was observed both in the cytoplas-
mic compartments and at the apical/basolateral PMs (76% of HA-
positive cells). At 6 hpi, the majority of HA was still localized to the
cytoplasmic compartments and at the apical/basolateral PMs
(70% of HA-positive cells), but a population of HA had accumu-
lated at the apical PM in some cells (17% of HA-positive cells). HA
accumulation at the apical PM became evident at 9 hpi (83% of
HA-positive cells) (Fig. 1B and C). HA has been suggested to be
transported initially to the basolateral PM and then to the apical
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