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Annexin V Incorporated into Influenza Virus Particles Inhibits
Gamma Interferon Signaling and Promotes Viral Replication
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ABSTRACT

During the budding process, influenza A viruses (IAVs) incorporate multiple host cell membrane proteins. However, for most of
them, their significance in viral morphogenesis and infectivity remains unknown. We demonstrate here that the expression of
annexin V (A5) is upregulated at the cell surface upon IAV infection and that a substantial proportion of the protein is present in
lipid rafts, the site of virus budding. Western blotting and immunogold analysis of highly purified IAV particles showed the
presence of A5 in the virion. Significantly, gamma interferon (IFN-v)-induced Stat phosphorylation and IFN-y-induced 10-kDa
protein (IP-10) production in macrophage-derived THP-1 cells was inhibited by purified IAV particles. Disruption of the IFN-y
signaling pathway was A5 dependent since downregulation of its expression or its blockage reversed the inhibition and resulted
in decreased viral replication in vitro. The functional significance of these results was also observed in vivo. Thus, IAVs can sub-
vert the IFN-y antiviral immune response by incorporating A5 into their envelope during the budding process.

IMPORTANCE
Many enveloped viruses, including influenza A viruses, bud from the plasma membrane of their host cells and incorporate cellu-
lar surface proteins into viral particles. However, for the vast majority of these proteins, only the observation of their incorpora-

tion has been reported. We demonstrate here that the host protein annexin V is specifically incorporated into influenza virus
particles during the budding process. Importantly, we showed that packaged annexin V counteracted the antiviral activity of
gamma interferon in vitro and in vivo. Thus, these results showed that annexin V incorporated in the viral envelope of influenza
viruses allow viral escape from immune surveillance. Understanding the role of host incorporated protein into virions may re-
veal how enveloped RNA viruses hijack the host cell machinery for their own purposes.

Inﬂuenza is an ineradicable contagious disease that constitutes a
major public health problem, occurring as a seasonal epidemic
of variable impact or sporadic pandemic outbreaks (1, 2). The
etiological agents of the disease, the single-stranded RNA influ-
enza viruses, are classified into three types (A, B, and C), of which
influenza A virus (IAV) is clinically the most important. Annually,
IAV causes 3 to 5 million clinical infections and 200,000 to
500,000 fatal cases (3). Thus, these viruses are of great concern to
human health and impose a considerable socioeconomic burden.
Important factors in the pathogenesis of influenza include the
efficient replication of the virus in the respiratory tract and the
host immune response, traits that are dependent on each other
(4-6). While the immune response aims to control the spread of
the virus, IAV has developed strategies for subverting host de-
fenses, thereby facilitating their spread (7-10). Further knowledge
into how AV escapes the host immunosurveillance is critical for
the design of new treatments that are able to control the disease.
Similarly to other enveloped viruses, IAV exits the host cell by
budding from a cellular membrane (11, 12). Thereby, particles
released from infected cells can incorporate many host cellular
proteins during the assembly and budding steps of morphogene-
sis. Earlier study identified 36 host-encoded proteins in purified
TAV particles in addition to viral virion components (13). Among
them, the annexin family of proteins that bind to negatively
charged phospholipids is well represented (13, 14). However, the
functional significance of host protein incorporation has not been
determined yet, except for the role of annexin II, which promotes
viral replication when incorporated into a virus particle (14, 15).
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One protein of interest is annexin V (A5), which has recently been
found to play a role in the regulation of the immune response (16,
17). We address here the specific incorporation of A5 into IAV
particles and its functional relevance in viral replication.

We found that the host protein A5 was incorporated into AV
particles and inhibited gamma interferon (IFN-vy)-induced sig-
naling and antiviral activity both in vitro and in vivo. Collectively,
these results show that incorporation of A5 into IAV virions sup-
ports influenza virus escape from immunosurveillance.

MATERIALS AND METHODS

Viruses and reagents. IAV A/PR/8/34 (HIN1) was a gift from G. F.
Rimmelzwaan (Erasmus University, Rotterdam, Netherlands), and
A/WSN/33 (HIN1) and A/Udorn/72 (H3N2) IAV were a gift from N.
Naffakh (Pasteur Institute, Paris, France). The following reagents were
used in the study: small interfering RNA (siRNA) targeting A5 (Santa
Cruz Biotechnology), recombinant mouse IFN-y (Sigma-Aldrich), re-
combinant human IFN-y and IFN-a (R&D Systems), trypsin (Becton
Dickinson), an enzyme-linked immunosorbent assay (ELISA) kit for
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IFN-vy-induced 10-kDa protein (IP-10) and interleukin-1@ (IL-1f3; R&D
Systems), cholera toxin B subunit (Sigma-Aldrich, France), monoclonal
anti-tubulin (Sigma), polyclonal anti-A5 (Santa Cruz Biotechnology),
monoclonal anti-M2 (Santa Cruz Biotechnology), monoclonal anti-hem-
agglutinin (anti-HA; Santa Cruz Biotechnology), polyclonal anti-ERK
(Cell Signaling Technology, Saint Quentin, France), monoclonal anti-
Statl (Santa Cruz Biotechnology), and polyclonal anti-p-Statl (R&D Sys-
tems) antibodies. Rabbit polyclonal anti-A/PR/8/34 virus cross-reacting
with A/WSN/33 virus proteins (referred to as polyclonal anti-influenza)
was a gift from G. F. Rimmelzwaan (Erasmus University). Phorbol myris-
tate acetate (PMA; Sigma) was used for human monocytic cell line
(THP-1) differentiation.

Cell culture and raft isolation. The human monocytic THP-1, human
alveolar A549, human epithelial kidney 293T, HeLa, and Madin-Darby
canine kidney (MDCK) cell lines used in the present study were obtained
from the American Type Culture Collection. MDCK cells were cultured in
Eagle minimal essential medium (EMEM; Lonza, France) supplemented
with 5% fetal bovine serum (FBS; Lonza), 2 mM L-glutamine, and 100
international units (IU)/ml penicillin-streptomycin (PS). A549 and 293T
cells were grown in Dulbecco modified Eagle medium (DMEM; Lonza)
supplemented with 10% FBS, 2 mM L-glutamine, and 100 IU/ml PS.
THP-1 cells were cultured in RPMI (Lonza) supplemented with 10% FBS,
2 mM L-glutamine, 100 IU/ml PS, 5 ml of pyruvate sodium, 5 ml of amino
acids, and -mercaptoethanol. Raft isolations were performed as previ-
ously described (18).

Virus production, titration, and purification. MDCK cells were
seeded at 13 X 10° cells per 175-cm? tissue culture flask and then incu-
bated at 37°C overnight. The next day, based on previous evaluations, cell
confluence was evaluated at 20 X 10° cells per 175 cm?, and the cells were
infected with TAV at a multiplicity of infection (MOI) of 10~ in EMEM
containing 1 g of trypsin/ml. At 2 days postinfection, the supernatant
was harvested and then clarified using low-speed centrifugation, and the
virus particles were titrated as previously described (19). Briefly, MDCK
cells were infected with IAV for 1 hat 37°C. After viral adsorption, the cells
were overlaid with medium containing 2% agarose and 1 pg of trypsin/
ml, followed by incubation for 3 days at 37°C. Viral plaques were then
visualized using bromophenol blue staining. To purify the virus particles,
the supernatants were clarified and concentrated 100-fold by ultracentrif-
ugation at 60,000 X g for 105 min at 4°C. Concentrated viruses were then
purified by centrifugation for 2 h at 80,000 X g at 4°C in a 20 to 60%
sucrose density gradient. The virus particles were then separated into two
different tubes for pretreatment with 20 pg of either blocking anti-A5
antibody (referred to as “AV-V”) or isotype control antibody (referred to
as “V”)/ml for 1 hat 4°C. Viruses were then washed by ultracentrifugation
at 31,000 X g for 2 h and suspended in medium. Infectious virus titers
were then evaluated in both virus preparations and used for experiments.
AV-V or V particles were then used in the experiments.

Identification and quantification of cell surface proteins by SILAC
(stable isotope labeling by amino acids in cell culture)-based mass spec-
trometric (MS) analysis. A549 cells were grown in stable isotope-labeled
DMEM (SILAC-DMEM, PAA) supplemented with 10% dialyzed FBS (In-
vitrogen), 2 mM L-glutamine, and antibiotics at 37°C with 5% CO,. Cells
were either cultivated in SILAC medium containing light (ROK0: R =
2C, "N K = 2C,,'*N,) or heavy (R10K8: R = *C,, "N K = °C,,
'°N,) arginine and lysine for at least six cell doublings prior to infection. A
total of 4 X 10” heavy-labeled cells (R10K8) were infected with IAV A/PR/
8/34 (HIN1) at an MOI of 5, while the same number of light-labeled cells
(ROKO) served as a mock control. At 16 h postinfection (hpi) cells were
washed with phosphate-buffered saline (PBS) and incubated with 1
mg/ml Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific)/PBS for 40 min
at 4°C, followed by quenching with 10 mM glycine-PBS buffer. After
biotinylation of cell surface proteins, the cell extract of each population
(heavy or light) was prepared in 1 ml of lysis buffer (50 mM Tris-HCI [pH
8], 150 mM NacCl, 1% Nonidet P-40, 2 mM Na;VO,, 1 mM Pefabloc) and
cleared by centrifugation. The protein concentration of each lysate was
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determined by a BCA protein assay (Thermo Fisher Scientific), and the
lysates were mixed at a 1:1 heavy/light ratio, followed by selection of bio-
tinylated proteins on a streptavidin-agarose resin (Thermo Fisher Scien-
tific) at 4°C for 16 h. The beads were washed once with 50 mM Tris-HCl
(pH 7.4)-150 mM NaCl-5 mM EDTA, twice with 50 mM Tris-HCI (pH
7.4)-500 mM NaCl-5 mM EDTA, three times with 20 mM Tris-HCI (pH
7.4)-500 mM NaCl, and once with 10 mM Tris-HCI (pH 7.4). The pre-
cipitated proteins were eluted in 4 X sodium dodecyl sulfate (SDS) sample
buffer-20% B-mercaptoethanol for 30 min at 37°C. Affinity-purified pro-
teins were reduced and alkylated by the addition of 10 mM dithiothreitol
(2 min, 95°C) and 50 mM iodacetamid (30 min, 22°C, in the dark), re-
spectively. Proteins were separated by SDS—12.5% PAGE, and the gel lane
was cut into six slices, which were then subjected to in-gel tryptic digest
using a trypsin profile IGD kit (Sigma). The resulting peptides were sep-
arated using a C, 4 capillary analytical column (10 cm [inner diameter, 75
pwm]; Thermo Fisher Scientific) with alinear gradient over 95 min (solvent
A = 1% FA, 99% H,O and solvent B = 80% ACN, 1% FA) at a constant
flow rate of 300 nl/min using an Easy Nano liquid chromatography II
system coupled to an LTQ Orbitrap discovery XL (Thermo Fisher Scien-
tific). Eluting peptides were ionized by electrospray ionization at 1.4 kV
and a capillary temperature of 200°C. Mass spectra (m/z range, 300 to
2000) were measured with a resolution of M/AM = 30,000 at 71/z400. The
top five precursor peptide ions were fragmented by collision-induced dis-
sociation (normalized collision energy, 35%; activation Q, 0.250, activa-
tion time, 30 ms) with a dynamic exclusion time of 30 s. The data were
acquired using Xcalibur software. Raw data files were evaluated using
Proteome Discoverer (PD) software (version 1.4; Thermo Fisher Scien-
tific). Proteins were identified by searching against the UniProt/Swiss-
Prot Human and Influenza A/PR/8/34 database (89,454 entries) using
SEQUEST algorithm and the following search parameters: carbamidom-
ethylation of cysteine (+57.021) as a fixed modification, oxidation of
histidine, methionine, and tryptophan (+15.995); phosphorylation of
serine, threonine, and tyrosine (+79.966) and appropriate SILAC labels
as variable modifications; tryptic digestion with a maximum of two
missed cleavages; a peptide precursor mass tolerance of 10 ppm; and a
fragment mass tolerance of 0.8 Da. The decoy database search option was
enabled and all peptides were filtered with a maximum false discovery rate
(FDR) of 1%. Protein quantification was performed with at least two
unique and labeled peptides per protein and a mass precision of 4 ppm.
The relative abundance of a protein at cell surface was derived from its
heavy/light (H/L) ratio in the differently labeled cell populations. Quan-
tification values outside the range from 0.01 to 100 were recorded as 0.01
(ratio = 0.01) and 100 (ratio = 100). Proteins were grouped by PD an-
notation software tool and selected according to the gene ontology cellular
component (GOCC) categories “membrane,” “cell surface,” or “extracel-
lular” (20). An H/L ratio of >2 for a given protein was considered to signal
increased surface abundance.

Depletion of A5 from virions by siRNA-mediated knockdown. Spe-
cific siRNA targeting A5 was used to knock down protein expression in
293T cells. These cells were chosen because of their high transfection
efficiency. Nontargeted siRNA was used as a control. According to the
manufacturer’s instructions, 293T cells (60 to 80% confluence, i.e., 2 X
10° cells per 10 cm?) were transfected with siRNA targeting A5 (1 p.g/2 X
10 cells) or control-siRNA, diluted in transfection reagent (confidential
lipidic composition from Santa Cruz). AT 24 h posttransfection, DMEM
containing 20% fetal calf serum, PS (200 IU/ml), and L-glutamine (4 mM)
was added to the cells, followed by incubation at 37°C for additional 48 h.
At this step, Western blot analysis was performed to verify the transfection
efficiency (data not shown). Alternatively, cells were infected with IAV
(MOI = 1), and supernatants containing the virus particles were har-
vested at 16 hpi. The virus titers were evaluated by plaque assay and used
in experiments. Similar ratios of the different viral proteins in both prep-
arations and reduced expression of packaged A5 in the virions released in
the supernatant of A5-specific siRNA-treated cells (referred to as A5
siRNA v) compared to control viruses (referred to as Ctl siRNA v) were

Journal of Virology


http://jvi.asm.org

confirmed by loading 20 pl of the corresponding supernatants on a gel,
followed by Western blot analysis. Of note, the downregulation of A5 by
siRNAs had no effect on the release of infectious particles (data not
shown).

Flow cytometry, immunocytochemistry, and Western blot analysis.
A549 or MDCK cells either were left uninfected or were infected with
A/PR8/34, A/Udorn/72, or A/WSN/33 (MOI of 1 or 10) for 24 h, and the
expression of A5 was assessed by using flow cytometry analysis or cyto-
chemistry, as previously described (8, 21). For the kinetic experiments,
A549 cells were infected with TAV A/WSN/33 (MOI of 10~2) in the pres-
ence of trypsin (0.5 pg/ml), and A5 expression was assessed by flow cy-
tometry at 6, 24, and 48 hpi. For experiments assessing virus attachment to
the cells, differentiated THP-1 cells were incubated with the indicated IAV
(MOI of 1) for 5 min at 37°C or for 30 min at 4°C; the cells were then
washed, and virus binding to the cells was analyzed by flow cytometry
using anti-HA antibody. For internalization experiments, differentiated-
THP1 cells were first incubated with “Ctl siRNA v” or “A5 siRNA v” at 4°C
for 30 min. The cells were then shifted to 37°C for 1 h to allow virus
internalization. Back at 4°C, the cells were then fixed and permeabilized or
not to assess the percentage of internalized versus cell surface bound vi-
ruses by flow cytometry using anti-HA antibody. For intracytoplasmic
staining, the cells were fixed with 0.5% paraformaldehyde for 10 min and
permeabilized 10 min with 0.1% Triton X-100 at 4°C (22). For the West-
ern blot analysis, purified virions or cells were lysed in ice-cold lysis buffer
(1% Triton X-100, 100 mM Tris-HCI [pH 7.4], 1.5 M NaCl, and 5 mM
EDTA in the presence of a complete proteinase inhibitor mixture), and
the proteins were analyzed as previously described (19).

Stat activation experiments. THP-1 cells were incubated with PMA
for 48 h at 37°C (differentiated THP-1 cells). After differentiation into
macrophages, the cells were incubated with or without AV-V or V (strain
A/WSN/33) or A5 siRNA v or Ctl siRNA v for 5 min, 1 h, or 16 h and either
left unstimulated or stimulated with human IFN-« or IFN-vy (1,000 IU)
for 5 min at 37°C. Alternatively, HeLa cells were used in the experiments.
The cells were then lysed for 45 min on ice, and proteins from the lysate
were analyzed by Western blotting. For the dose-response analysis, differ-
entiated THP-1 cells were stimulated for 5 min with the indicated dose of
IFN-v, and the cells were lysed before Western blot analysis.

IP-10 and IL-1p production experiments. Differentiated THP-1 cells
were preincubated with or without AV-V or V (strain A/WSN/33) or A5
siRNA v or Ctl siRNA v at an MOI of 1 for 5 min at 37°C. The cells were
then either left unstimulated or stimulated with 1,000 IU of IFN-« or
IFN-+ for 3 h or 24 h at 37°C. Subsequently, supernatants were harvested,
and IP-10 or IL-1f production was quantified by ELISA.

Immunogold analysis. Immunogold labeling of A5 was performed on
gradient-purified virus particles by the flotation of grids on drops of re-
active media. To prevent nonspecific binding, the grids were coated with
1% bovine serum albumin (BSA) in 50 mM Tris-HCI (pH 7.4) for 10 min
atroom temperature. Thereafter, the grids were incubated for 4 h at 4°Cin
a wet chamber with a polyclonal antibody raised against A5 (dilution
1/50) in 1% BSA-50 mM Tris—HCI (pH 7.4). The grids were successively
washed once in 50 mM Tris—HCl at pH 7.4 and pH 8.2 at room temper-
ature and then incubated in a wet chamber for 45 min at room temperature in
1% BSA-50 mM Tris—HCI (pH 8.2) for 10 min at room temperature. The
grids were labeled with a goat anti-rabbit gold-conjugated 1gG (10 nM;
Tebu Bio) diluted 1:80 in 1% BSA-50 mM Tris—HCI (pH 8.2) and then
successively washed once in 50 mM Tris-HCI (pH 8.2) and 50 mM Tris-
HCI (pH 7.4) at room temperature and once in filtered distilled water. The
grids with the suspension were then labeled with 2% phosphotungstic acid
for 2 min and observed on a transmission electron microscope (1400 JEM;
JEOL, Tokyo, Japan), equipped with a Gatan camera (Orius 600) and
digital micrograph software.

In vitro replication. To test the susceptibility of differentiated THP-1
cells to IAV infection, cells were infected with A/WSN/33 virus (MOI of
1), and infectious virus titers were determined at the indicated time point
postinfection by plaque assay titration. To determine the role of packaged

October 2014 Volume 88 Number 19

Packaging of Annexin V into Influenza Virus Particles

A5 in the antiviral activity mediated by IFN-v, differentiated THP-1 cells
were incubated with either AV-V or V (strain A/WSN/33) or A5 siRNA v
or Ctl siRNA v (MOI of 1) for 5 min at 37°C. The cells were then washed,
and 1 ml of RPMI medium without serum, containing or not 1,000 IU of
rTFN-vy, was added to cells, followed by incubation for 24 h at 37°C. In-
fectious virus titers were then evaluated by plaque assay in the supernatant
of the cells.

Mice. C57BL/6 Mice were infected intranasally with IAV (500 PFU) in
a volume of 25 pl as previously described (23, 24). Once all of the mice
were infected, the animals were still anesthetized, and they were then
administered intranasally with vehicle or mouse recombinant IFN-v (8 X
10* TU/25 wl). Mice were sacrificed at 2 days postinfection to sample the
lungs. Virus titers in lung homogenates were then determined by plaque
assay as described above. Animal experiments were performed according
to recommendations of the National Commission of Animal Experiment
(CNEA) and the National Committee on the Ethic Reflection of Animal
Experiments (CNREEA). Experiments were approved by the Animal Eth-
ics Committee (permit BH2008-13; Lyon University) and carried out un-
der the license accreditation 78-114.

Statistical analysis. The Mann-Whitney test was used for statistical
analysis. The results were considered statistically significant at a P value of
<0.05 (*). All bars in the figures represent the mean values * the standard
deviations (SD) from the indicated number of experiments.

RESULTS

An MS-based approach detects increased annexin V levels on
the surfaces of IAV-infected cells. First, changes in cell surface
protein composition after IAV virus infection were investigated by
using SILAC-based MS analysis. Proteins accessible at the cell sur-
face to amine-reactive thiol-cleavable biotin ester were compared
in mock-treated (light amino acids) and influenza A/PR/8/34 vi-
rus-infected A549 cells (heavy amino acid) at 16 hpi. Cell lysates
were prepared, mixed, and subjected to affinity selection using
streptavidin-agarose. Subsequently, proteins were eluted from the
matrix and identified by MS analysis. Alterations in cell surface
protein expression due to IAV infection correspond to changes in
heavy/light (H/L) ratio (Table 1). As expected, the viral surface
proteins HA, NA, and M2 were detected exclusively in infected
cells. Table 1 also depicts cellular surface and membrane proteins
with the most prominent increases in response to virus infection,
including A5, as well as four other proteins (annexin 2, ezrin,
annexin 1, and alpha-enolase) that were previously also detected
as the cell surface increased or in purified influenza virions (13—
15, 25).

Annexin V upregulation at the cell surface upon IAV infec-
tion is independent on the strain and the cell type. In our further
analysis we focused on the role of A5. As shown in Fig. 1A, fluo-
rescence-activated cell sorting analysis confirmed increased cell
surface expression of A5 after the infection of epithelial A549 cells
with A/PR/8/34 (HINI1), A/Udorn/72 (H3N2), or A/WSN/33
(HIN1) viruses. Upregulation of A5 was independent of the cell
type, since similar results were also observed after IAV infection of
MDCK cells (Fig. 1B). The viral protein M2 was included as a
positive control and was only detected after virus infection. Rela-
tive to the M2 protein, cells infected with A/WSN/33 virus showed
the strongest A5 upregulation in terms of median fluorescence
intensity for both cell types, suggesting that A5 upregulation at the
cell surface differs between IAV strains. To confirm these results,
A549 cells were infected with IAV, and A5 expression was visual-
ized using immunofluorescence confocal microscopy (Fig. 2A). In
the IAV-infected cells, A5 expression was mainly observed at the
plasma membrane, while in uninfected cells A5 was mainly pres-
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TABLE 1 Upregulated cell surface proteins upon IAV infection compared to noninfected cells identified by LC-MS/MS*

Protein Coverage  H/L H/L H/L variability
(accession no.) Description Score (%) ratio count (%)
P60903 Protein S100-A10 (S100-A10) 31.21 36.08 5.319 6 4.9
QI9BQES5 Apolipoprotein L2 (APOL2) 8.89 13.06 4.747 3 17.5
P07355 Annexin A2 (ANXA2) 534.01 69.62 4.352 84 12.2
P08758 Annexin A5 (ANXAS5) 10.30 11.25 4.072 3 24.9
Q9HCCO Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial (MCCC2) 17.35 18.29 2.940 8 12.6
E7EQR4Y Ezrin (EZR) 5.77 6.14 2.872 3 33.6
095994 Anterior gradient protein 2 homolog (AGR2) 9.26 24.57 2.743 4 11.1
000220 Tumor necrosis factor receptor superfamily member 10A (TNFRSF10A)  50.86 19.02 2.716 10 7.3
P30510° HLA class I histocompatibility antigen, Cw-14 alpha chain (HLA-C) 26298  39.88 2.595 9 5.0
P04083 Annexin A1 (ANXAI) 65.75 46.82 2.444 17 12.6
060218 Aldo-keto reductase family 1 member B10 (AKR1B10) 91.28 60.76 2.406 21 9.8
P06733 Alpha-enolase (ENO1) 29.77 21.89 2.310 6 10.0
P06821 Matrix protein 2 {influenza A virus[(A/Puerto Rico/8/34(HIN1)]}) 176.41 39.18 100.000 7 0.0
P03452 Hemagglutinin {influenza A virus [A/Puerto Rico/8/34(HIN1)]} 87.22 46.83 100.000 31 0.0
P03468 Neuraminidase {influenza A virus [A/Puerto Rico/8/34(HIN1)]} 38.28 19.38 100.000 13 0.0

“ A549 cells were infected with A/PR/8/34 virus at an MOI of 5 and, at 16 h postinoculation, upregulated cell surface proteins were identified by liquid chromatography-tandem MS
(LC-MS/MS). Heavy/light (H/L) ratios of cellular proteins are organized from the potential strongest change in cell surface abundance to minor changes upon IAV infection. The
accession numbers, descriptions, and total scores for the cellular and three viral proteins are shown. The total score is the sum of the scores of the individual peptides that identified
the protein. “Coverage” indicates the percentage of the protein sequence covered by the identified peptides. The H/L count indicates the number of peptide ratios that were actually
used to calculate a particular protein ratio, whereas H/L variability indicates the variability of these peptide ratios from the particular H/L protein ratio.

b Uniprot accession number.

ent in the cytoplasm. As controls, the infected but not uninfected  calization was affected by the infection. A549 cells were left unin-
cells displayed detectable HA proteins. Also, nuclei were stained  fected or infected with influenza A/WSN/33 virus, and total A5
with DAPI, and the merged images are shown (Fig. 2A). We then  expression was assessed by flow cytometry analysis on permeabil-
further investigated whether total A5 expression or simply its lo-  ized cells (Fig. 2B, left panel). The results indicated that total A5
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FIG 1 The host cellular protein A5 is upregulated at the cell surface after IAV infection. A549 (A) or MDCK (B) cells were either left uninfected or infected with
A/PR/8/34, A/Udorn/72, or A/WSN/33 viruses (MOI of 10). At 24 hpi, flow cytometry analysis was performed with an anti-A5 antibody (closed histograms) or an isotype
control (open histograms). The viral protein M2 was used as a positive control for viral infection. The results are representative of two independent experiments.
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FIG 2 The host cellular protein A5 is translocated to the cell surface. (A) A549 cells were either left uninfected or infected with IAV A/WSN/33 virus (MOI of 1).
At 24 hpi, cellular A5 or viral HA proteins were visualized by immunofluorescence microscopy, using anti-A5 and anti-HA specific antibodies, respectively. The
nuclei were stained with DAPI (4',6'-diamidino-2-phenylindole), and the merged images are shown (original magnification, X 189). The results are represen-
tative of two independent experiments. Please note the presence of A5 labeling in the cytoplasm in uninfected cells, which is largely absent in the infected ones
(arrows) but rather detected at the plasma membrane (stars). (B) A549 cells were either left uninfected or infected with A/WSN/33 virus (MOI of 10). At 24 hpi,
flow cytometry analysis was performed using an anti-A5 antibody (closed histograms) or an isotype control (open histograms). Labeling of A5 was performed
either on unpermeabilized cells, showing cell surface A5 proteins, or on permeabilized cells, showing total A5 proteins (left panel). Quantification of the mean
fluorescence intensity of A5 expression = the SD from five independent experiments is shown on the right panel. *, P < 0.05 (NI versus WSN).

protein levels were similar in infected compared to uninfected
cells. In marked contrast, cytometry analysis performed on unper-
meabilized cells, which only revealed cell surface protein, con-
firmed a specific increase of A5 at the cell surface upon IAV infec-
tion. These results are highlighted in the right panel of Fig. 2B by
the quantification of the mean fluorescence intensity (MFI) of A5
labeling. Altogether, these results indicated that IAV infection in-
duced A5 translocation to the cell surface, without affecting total
cellular A5 levels.

Cell surface expression of annexin V is dependent on viral
replication. Although we observed that upon IAV infection all
strains increased A5 expression at the cell surface, the levels of A5
translocation differed between IAV strains. Thus, possibly, cell
surface A5 translocation was dependent on the rate of IAV repli-
cation, which could differ between IAV strains. To test this hy-
pothesis, we investigated whether A5 localization at the cell mem-
brane would increase in a replication-dependent manner. A549
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cells were thus infected with IAV A/WSN/33 at alow MOI (10 2)
in the presence of trypsin. Cell surface expression of A5 was then
assessed by flow cytometry experiments at 6, 24, and 48 hpi (Fig.
3A). The results showed that, in marked contrast to noninfected
cells (NI), upon infection (INF) A5 was translocated at the cell
surface in a time course-dependent manner, showing that trans-
location of A5 to the cell surface increases with multiple rounds of
replication. In these experiments, M2 expression was assessed as a
positive control for IAV infection. Thus, translocation of A5 to the
cell surface is dependent on viral replication.

A substantial proportion of annexin V is present in lipid
rafts. Due to the functional importance of lipid rafts in IAV infec-
tion and budding, we then investigated the association between
A5 and these domains. Clustered rafts were thus floated by sucrose
density gradient centrifugation, which by definition isolates deter-
gent-resistant membrane (DRM or lipid raft) domains, and gra-
dient fractions were analyzed by Western blotting (Fig. 3B).
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FIG 3 Kinetic of cell surface expression of A5 after AV infection and its expression in DRM fractions. (A) Time course experiment of cell surface expression of

A5 upon infection of A549 cells with A/WSN/33 virus (MOI of 10~

% in the presence of trypsin). Expression of the viral M2 protein was used as a positive control

of viral infection. (B) A549 cells were either left uninfected or infected with A/WSN/33 virus (MOI of 10) for 16 h. Cells were then lysed, and the DRM domains
were isolated by sucrose gradient ultracentrifugation. After centrifugation, 1-ml fractions were collected from the top of the tube and characterized by Western
blot analysis (fractions 1 to 10). Blots were probed with anti-ERK antibody (ERK), cholera toxin B subunit (GM1), and anti-HA (HA,-HA,), anti-M2 (M2), and
anti-A5 (A5) antibodies. Fractions 3 to 5 correspond to the DRMs, whereas the soluble fractions correspond to fractions 7 to 10. The results are representative

of two independent experiments.

ERK1/2 was present in the detergent-soluble fractions (Fig. 3B,
lanes 7 to 10), while the ganglioside GM1, a resident raft compo-
nent, detected by cholera toxin B subunit, was present in the DRM
fractions (Fig. 3B, lanes 3 and 4). Only infected cells displayed
detectable viral HA and M2 proteins. HA protein (HA, or HA,)
was found almost exclusively in association with the DRM, while
M2 protein was predominantly associated with the soluble mem-
brane fraction. More importantly, A5 was indifferently found in
the soluble membrane fraction and with the DRM in uninfected
cells or infected cells. Therefore, a substantial proportion of A5 is
present in lipid rafts, although influenza virus infection did not
alter its localization.

Annexin V is incorporated into virus particles. IAVs bud
from lipid rafts, and a substantial proportion of A5 is located in
these domains. Thus, we investigated whether A5 could be pack-
aged into virions when released from the infected cell. To investi-
gate this point, IAV A/PR/8/34, A/Udorn/72, and A/WSN/33 were
purified from culture supernatants of infected MDCK cells, and
the resulting purified virions were probed by Western blotting
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with anti-A5, anti-M2, and anti-ERK antibodies (Fig. 4A). MDCK
cells were used because of their high susceptibility to infection
with various IAV strains, allowing us to obtain a sufficient amount
of virus particles in the supernatant for subsequent purification.
The results showed the presence of A5 in all purified virions, in
addition to the viral protein M2. In contrast, the cytoplasmic pro-
tein extracellular signal-regulated kinase (ERK) was not detected
in the virions but was present in the lysates of uninfected or A/PR/
8/34 virus-infected MDCK cells, excluding a nonspecific incorpo-
ration of cellular proteins into virus particles. It is of note that
higher quantities of purified A/PR/8/34 and A/Udorn/72 particles
were loaded onto the gel to detect A5 within these virions. Most
likely, the level of A5 incorporation into virus particles is strain
dependent. To confirm that A5 was not a copurified contaminant
of cellular origin, electron microscopic immunogold labeling was
performed on purified virions with anti-A5 and secondary gold
antibodies, followed by negative staining. Immunogold staining
confirmed that A5 was indeed associated with the A/PR/8/34,
A/Udorn/72, and A/WSN/33 TAV strains (Fig. 4B). Altogether,
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FIG 4 Cellular A5 protein is incorporated into IAV particles. (A) A/PR/8/34, A/Udorn/72, and A/WSN/33 viruses, produced on MDCK cells, were purified by
sucrose ultracentrifugation and analyzed by Western blotting with anti-A5, anti-M2, and anti-ERK antibodies. Aliquots of total proteins from MDCK cells either
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immunogold labeling was performed on purified virions using A5-specific antibodies or isotype control. Scale bar, 50 nm. The results presented in both panels

are representative of three independent experiments.

these data demonstrated that the cellular protein A5 is incorpo-
rated into AV particles.

Packaged A5 inhibits IFN-vy receptor signaling. A5 associates
with the IFN-vy receptor and downregulates its signaling (16). We
therefore investigated whether A5 incorporated into [AV particles
(A/WSN/33 strain) could modulate the [EN-y response in differ-
entiated THP-1 macrophages, which express the IFN-+y receptor
at the cell surface (data not shown). Although productive infec-
tion of IAV by macrophages is a matter of debate (26-28), we
found that differentiated THP-1 macrophages were highly suscep-
tible to IAV infection (Fig. 5A). First, stimulation of these cells
with recombinant IFN-vy activated the Jak/Stat pathway in a dose-
dependent manner, as demonstrated by increased Statl phos-
phorylation by Western blot analysis (Fig. 5B). The maximal effect
was observed at around 1,000 TU of IFN-vy, which was the concen-
tration used in subsequent experiments. When differentiated
THP-1 cells were preincubated with purified A/WSN/33 virions
(V), Statl phosphorylation triggered by IFN-y was strongly inhib-
ited (Fig. 5C). Thus, purified virions inhibited IFN-y-induced
Statl phosphorylation. This effect was not observed when A5 on
purified virions was masked with a specific neutralizing antibody
(AV-V), showing that inhibition of stat phosphorylation was A5
dependent. In the absence of IFN-v, purified virions had no effect
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on Stat phosphorylation. Thus, we concluded that A5 incorpo-
rated into virus particles inhibits IFN-y-induced signaling.

Signal transduction via the Jak/Stat pathway initiated by IFN-y recep-
tors leads to the release of C-X-C motif chemokine 10 (CXCL10), also
known as IP-10 (29). Therefore, to confirm that A5 blocked IFN-y
receptor signaling, we next investigated whether packaged A5 could
also interfere with IFN-y-induced IP-10 production. As expected,
IFN-v triggered IP-10 production in differentiated THP-1 cells (Fig.
5D). Cells preincubated with purified A/WSN/33 virus particles in-
hibited this response. However, such an inhibition was not observed
in the presence of purified A/WSN/33 viruses, in which packaged A5
was masked with a specific antibody. In the absence of IFN-vy, IP-10
release was barely detectable. Importantly, flow cytometry experi-
ments showed comparable attachment of the cells by the two viruses,
V versus AV-V, as revealed by similar HA staining in both groups
(Fig. SE, left panel). Quantification of MFI labeling of HA is shown on
the right panel (Fig. 5E). Also, both virus preparations displayed iden-
tical infectivity (Fig. 5F). Thus, we concluded that A5 incorporated
into virus particles inhibits IFN-y-induced stat activation and IP-10
release.

These findings were further confirmed by an approach using
siRNA, allowing us to obtain viruses with reduced A5 levels (re-
ferred to as A5 siRNA v) compared to control viruses (referred to
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FIG 5 Packaged A5 inhibits IFN-y receptor signaling. (A) Macrophage-differentiated THP-1 cells were infected with A/WSN/33 virus (MOI of 1), and virus
titers were determined in the supernatants of the cells at the indicated time points postinoculation. (B) Macrophage-differentiated THP-1 cells were treated with
different doses of human rIFN-v for 5 min at 37°C. The cells were lysed, and Stat phosphorylation was analyzed by Western blotting with an anti-phospho Stat
antibody (p-Stat). Tubulin was used as a control for loading. (C and D) Differentiated THP-1 cells were incubated for 5 min with purified A/WSN/33 particles
(MOI of 1), which were either pretreated (AV-V) or not pretreated (V) with an anti-A5 antibody. The cells were then either left unstimulated or stimulated with
IFN-y (1,000 IU). (C) After 5 min, the cells were lysed, and Stat phosphorylation was analyzed by Western blotting. (D) Alternatively, IP-10 release was evaluated
in the supernatant at 3 h poststimulation by classical ELISA. ¥, P < 0.05 (between “—” versus “V” and “V” versus “AV-V”). The results in panels A to D are
representative of at least two independent experiments. (E) Differentiated THP-1 cells were incubated for 5 min with purified A/WSN/33 particles (MOI of 1),
which were either pretreated (AV-V) or not pretreated (V) with an anti-A5 antibody. The cells were then analyzed for virus binding by flow cytometry with an
anti-HA antibody (left panel). The MFI for HA staining was obtained from three replicates (right panel). (F) Infectious titers of V and AV-V preparations.

as Ctl siRNA v) (Fig. 6A). Both virus preparations displayed iden-
tical infectivity (Fig. 6B) and similar ratios of the different virus
proteins, as shown by Western blot analysis with a polyclonal anti-
influenza virus antibody (Fig. 6C). When differentiated THP-1
cells were preincubated for 5 min with Ctl siRNA v, Stat phos-
phorylation triggered by IFN-y was again inhibited. In marked
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contrast, no effect was observed in the presence of A5 siRNA v
(Fig. 6D). Similar results were obtained in HeLa cells, suggesting
that the inhibitory effect of virion-associated A5 was independent
of the cell type (Fig. 6E). Packaged A5 also interfered with IFN-+y-
induced IP-10 production at 3 h poststimulation, but this effect
was lost after 24 h (Fig. 6F). In contrast, no effect of packaged A5
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FIG 6 Packaged A5 inhibits IFN-vy receptor signaling. (A) Western blot analysis of virions produced from 293T cells transfected with nontargeted siRNA (Ctl
siRNA v) or specific siRNA targeting A5 (A5 siRNA v), using an anti-A5 antibody. Anti-HA antibody was used as a positive control for virus detection. (B)
Infectious titers of Ctl siRNA vand A5 siRNA v preparations. (C) Western blot analysis of control siRNA vand A5 siRNA v, using a polyclonal anti-influenza virus
antibody. (D to F) Differentiated THP-1 cells (D) or HeLa cells (E) were incubated for 5 min with Ctl siRNA v or A5 siRNA v (MOI of 1). Cells were then either

left unstimulated or stimulated with IFN-y (, IU). After 5 min, the cells were lysed, and Stat phosphorylation was analyzed by Western blotting. (F) Alternatively,
—7” versus “Ctl siRNA v” and “Ctl siRNA v”

IP-10 release was evaluated in the supernatant at 3 or 24 h poststimulation by classical ELISA. *, P < 0.05 (between “

versus “A5 siRNA v”). The results are representative of at least two independent experiments.

was observed upon IL-1f release (Fig. 6F). Comparable attach-
ment of the cells by the two viruses, A5 siRNA v versus Ctl siRNA
v, was confirmed by flow cytometry experiments (Fig. 7A) after
binding assays for 5 min at 37°C or 1 h at 4°C. Indeed, quantifica-
tion of the MFI showed similar A5 labeling (Fig. 7B). Also, after
internalization assays for 30 min at 37°C, cell surface-bound vi-
ruses decreased, and both viruses showed similar internalization
within the cells (Fig. 7C, left panel). Quantification of the MFI of
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cell surface versus the total (cell surface and internalized) viruses is
shown in Fig. 7D. More importantly, inhibition mediated by
packaged A5 on IFN-vy receptor signaling was specific, and such an
effect was not detected in the presence of IFN-a (Fig. 7E and F).
Altogether, these observations strengthen the previous findings
showing that A5 incorporated into virus particles specifically
blocks intracellular signaling mediated by IFN-vy.

Virus replication in vitro. IFN-y mediates a cellular antiviral
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obtained from three triplicates. (C) Alternatively, cells were incubated with the virus for 30 min at 4°C and with a shift to 37°C to allow virus internalization.
Labeling of HA was performed either on unpermeabilized cells, showing cell surface-bound viruses (left panel), or on permeabilized cells, showing total viruses,
including the cell surface and internalized ones (right panel). (D) The MFI of HA staining was obtained from three triplicates. (E and F) Differentiated THP-1
cells were incubated for 5 min with Ctl siRNA v or A5 siRNA v (MOI of 1). The cells were then either left unstimulated or stimulated with IFN-« (1,000 IU) or
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in the supernatant at 3 h poststimulation by classical ELISA. ¥, P < 0.05 (between “—” versus “Ctl siRNA v” and “Ctl siRNA v” versus “A5 siRNA v”). The results

are representative of two independent experiments (B and C).

state that prevents further viral spread (30). Since packaged A5  with a specific antibody on A/WSN/33 virus particles inhibited
inhibits IFN-y receptor signaling, we then investigated whether it  viral replication in differentiated THP-1 cells. Also, A5 siRNA v
could also block the antiviral activity of IFN-y and promote viral  replicated less efficiently than Ctl siRNA v in the presence of
replication. To address this point, viral growth was evaluated in = IFN-v. Altogether, these results showed that A5 incorporated into
the supernatant of differentiated THP-1 cells infected with IAV ~ IAV particles triggers an intracellular process leading to increased
particles (Fig. 8). In the presence of IFN-v treatment, masking A5  virus production in the presence of IFN-v.
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FIG 8 Packaged A5 inhibits the antiviral activity mediated by IFN-vy in vitro. PMA-differentiated THP-1 macrophages were infected with purified A/WSN/33
particles, in which A5 was previously masked (AV-V) or not masked (V) with anti-A5 antibody (A), or the supernatant of A/WSN/33-infected 293T cells, in
which expression of A5 was downregulated by siRNA (A5 siRNAv) or not downregulated (Ctl siRNAv) (B). All viruses were used at an MOI of 1. The cells were
either left in the presence or in the absence of rIFN-y. Infectious virus titers were then evaluated in the supernatant of the cells at 24 hpi. The results represent
mean virus titers * the SD from three independent experiments. *, P < 0.05 (between “V” versus “AV-V” and “Ctl siRNA v” versus “A5 siRNA v”). The results

are representative of three independent experiments.

Virus replication in vivo. Next, we investigated whether pack-
aged A5 could also promote viral replication by subverting the
IEN-vy response in vivo. First, infectious virus titers were deter-
mined in lungs collected from infected mice treated with different
concentrations of rIFN-vy. On day 2 postinoculation with IAV, the
mean lung virus titers in mice treated with IFN-y was lower than
that of untreated mice, and this effect was dose dependent. A sig-
nificant inhibition at 8 X 10* IU of rIFN-y per mouse was ob-
served (Fig. 9A). Thus, in vivo, the administration of rIFN-vy in-
hibits virus production in mouse lungs. Next, mice were infected
with a high dose of purified IAV particles that were preincubated
with or without anti-A5 neutralizing antibodies. At 2 days postin-
fection, the lung virus titers were evaluated. When purified virions
(V) were used for infection, IFN-vy treatment inhibited the mean
lung virus titers obtained compared to untreated mice. However,
this inhibition was much greater when purified virions in which
A5 was blocked were used to infect the mice (Fig. 9B). No differ-
ence was observed in lung virus titers obtained from mice infected
with V or AV-V in the absence of rIFN-vy treatment. Thus, we
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concluded that A5 incorporated into IAV particles increases lung
viral replication in the presence of IFN-vy in vivo.

DISCUSSION

Previous works have shown that virus infection can alter the con-
tingent of proteins exposed at the surface of the host cell (31). It is
interesting that 5 of the 12 proteins with the strongest increase in
surface abundance in influenza virus-infected cells have been pre-
viously detected in purified IAV virions. Therefore, it is tempting
to speculate that their augmented display at the cell surface is not
merely an incidental event but may be rather stimulated by the
infection to support virus propagation. In the present study, we
have demonstrated that incorporation of the host cellular protein
A5 into IAV particles provided the virus with a means to inhibit
IFN-v signaling and increase its replication in vitro and in vivo.
The in vitro data showed increased A5 cell surface expression after
TAV infection. Cellular programmed cell death is activated by IAV
and, during such event, phosphatidylserine becomes exposed to
the cell surface (32). A5 has a strong affinity for phosphatidylser-
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FIG 9 Packaged A5 inhibits the antiviral activity mediated by IFN-vy in vivo. (A) Mice were infected with purified A/PR/8/34 virus (500 PFU) and treated with
the indicated quantities of mouse rIFN-vy by intranasal administration. At 2 days postinfection, virus titers were evaluated in the lungs by classical plaque assay.
(B) Mice (n = 5 per group) were treated with 8 X 10* IU of rIFN-y and infected with purified A/PR/8/34 viruses, in which A5 was previously blocked with anti-A5
antibody (AV-V) or not blocked (V). At 2 days postinfection, lung virus titers were evaluated by plaque assay. *, P < 0.05 (between “V” and “AV-V”). The results
are representative of two independent experiments.
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ine (33), making it a useful probe for the detection of apoptotic
cells (34). Thus, most likely, cellular A5 is translocated from the
cytoplasm to the cell surface through phosphatidylserine binding
and flip-flop transmembrane translocation of lipids (35). Interest-
ingly, a substantial proportion of A5 was located in cholesterol-
rich membrane domains, referred to as lipid rafts. HA was en-
riched in these domains, whereas M2 and the host ERK molecule
were rather excluded, which is in line with other reports (36). It
has been demonstrated that these domains are the platforms for
TAV assembly and budding (36, 37). Since the viral envelope of
IAV is derived from the host cell plasma membrane, it is likely that
enveloped viruses incorporate proteins enriched in lipid rafts
from the host cell. Accordingly, we were able to detect A5 in highly
purified IAV preparations by Western blot analysis, as well as by
immunogold labeling, indicating that cellular contaminants are
probably not responsible for the detection of A5. Consistently,
along with annexin 2, A5 has also been detected by matrix-assisted
laser desorption ionization—time of flight analysis of purified IAV
particles previously (data not shown; 14). These results are in ac-
cordance with results obtained by others and show that A5 is one
of the 36 host proteins incorporated into influenza virus particles
(13). Interestingly, A5 is also associated with other enveloped vi-
ruses, such as human cytomegaloviruses (38), human immuno-
deficiency viruses (39), herpes simplex viruses (40), vaccinia vi-
ruses (41), and porcine reproductive and respiratory syndrome
viruses (42). Thus, the acquisition of A5 from the host cell mem-
brane during the budding process is not specific to IAV. However,
to our knowledge, the present study is the first to show a func-
tional role for packaged A5 in the context of viral infection. In-
deed, our results showed that A5-associated with IAV inhibited
IFN-+ receptor signaling and allowed for an increase in viral rep-
lication, in vitro, using differentiated THP-1 macrophages and
HelLa cells. These results were not observed in epithelial A549 cells,
which surprisingly did not express the IFN-vy receptor at the cell
surface (data not shown). Interestingly, however, we were able to
confirm the role of packaged A5 on virus replication in vivo after
48 h of IFN-y administration in mice, a period during which its
biological activity remains stable (43).

In our study, the role of packaged A5 was detected when the
virus was preincubated for 5 min but not 1 or 16 h before IFN-vy
treatment (data not shown). Preincubation for 5 min most likely
corresponds to virus binding to the cells, whereas after 1 h the
virus may be internalized and after 16 h the virus may have under-
gone replication. Thus, virus binding to the cells, but not endocy-
tosis or replication, was required for inhibition of IFN-vy receptor
signaling. These results are consistent with a previous report
which showed that A5 associates with the IFN-y receptor and
negatively regulates IFN-y signaling (16).

IFN-vy plays an important role in recovery from IAV infection
by helping to clear the virus (44—46). Thus, the incorporation of
A5 into IAV particles provides the virus a way to escape from host
immune IFN-vy responses and therefore is an opportunity for the
virus to become more infectious. In line with this hypothesis, it
has been shown that IAV abrogates the IFN-y response to evade its
antiviral activity (47). Thus, as previously suggested, strategies
attempting to restore IFN-y function may be of interest for ther-
apeutic effects against IAV pathogenesis in humans (46).

We found that downregulation of A5 expression in 293T cells
or in A549 epithelial cells had no effect on viral replication (data
not shown), showing that A5 has no role in the viral replication
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cycle, at least in our conditions. These results differ from a previ-
ous study, which suggested that A5 could serve as a second recep-
tor for viral entry (48). The precise physiological role of A5 re-
mains to be determined. However, it has been proposed that A5
inhibits blood coagulation by competing for phosphatidylserine
binding sites with prothrombin (49-51). Recently, we found that
the thrombin protease-activated receptor 1 (PAR1) and hemosta-
sis deregulation play a pivotal role in the inflammation and cyto-
kine storm induced during severe virus infections (5, 23, 24, 52).
Thus, the modulating function of A5 during IAV could go beyond
IFN-v. Possibly, by modulating hemostasis, A5 expression may
also play arole in the inflammation and cytokine storm that occur
during severe cases of influenza.

Altogether, this report suggests that specific incorporation of
A5 into virus particles is a strategy adopted by IAV for subverting
host defenses, thereby facilitating viral spread. The differential
capacity of IAV to upregulate A5 at the surfaces of infected cells
and to incorporate A5 during the budding process may be an
additional factor for differences in the virulence of IAV.
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