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Dissecting the Role of COPI Complexes in Influenza Virus Infection
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As an obligate pathogen, influenza virus requires host cell factors and compartments to mediate productive infection and to pro-
duce infectious progeny virus. Recently, several small interfering RNA (siRNA) knockdown screens revealed influenza virus host
dependency proteins, all of which identified at least two subunits of the coat protein I (COPI) complex. COPI proteins oligomer-
ize to form coated vesicles that transport contents between the Golgi apparatus and the endoplasmic reticulum, and they have
also been reported to mediate endosomal trafficking. However, it remains unclear which steps in the influenza virus infection
cycle rely on the COPI complex. Upon systematic dissection of the influenza virus infection cycle, from entry to progeny virion
production, we found that prolonged exposure to COPI complex disruption through siRNA depletion resulted in significant
defects in virus internalization and trafficking to late endosomes. Acute inhibition of COPI complex recruitment to the Golgi
apparatus with pharmacological compounds failed to recapitulate the same entry defects as observed with the COPI-depleted
cells but did result in specific decreases in viral membrane protein expression and assembly, leading to defects in progeny virion
production. Taken together, our findings suggest that COPI complexes likely function indirectly in influenza virus entry but play
direct roles in viral membrane protein expression and assembly.

Inﬂuenza virus is a negative-sense strand RNA enveloped virus
that contains eight segmented genomes which encode 13 viral
proteins. The influenza virus virion envelope is derived from the
infected cell’s plasma membrane and contains three integral viral
membrane proteins: the M2 proton channel, hemagglutinin
(HA), and neuraminidase (NA). Encapsulated within the viral
envelope is a coat of matrix protein 1 (M1), which forms contacts
with each of the viral ribonucleoprotein (VRNP) complexes. Each
of the VRNPs consists of a strand of viral RNA bound to viral
nucleoprotein (NP). In addition, each vRNP is bound to an RNA-
dependent RNA polymerase complex containing three proteins:
PA, PB1, and PB2 (1).

Influenza A virus is the causative agent of seasonal flu and
historically has led to pandemic infections, such as the 1918 Span-
ish influenza outbreak, which killed an estimated 50 million peo-
ple worldwide (1). At a cellular level, influenza virus infection
starts with virion attachment to cell surface sialylated glycopro-
teins or glycolipids (2). The virus particle then triggers endocyto-
sis through clathrin-dependent and clathrin-independent path-
ways (3-6). Productive entry requires the virus to traffic to
low-pH endosomes (pH ~ 5.0), at which point HA mediates fu-
sion between the viral envelope and the lipid bilayer of the endo-
some (1, 4, 7-9). Upon pH-mediated fusion, the vRNPs are re-
leased into the cytoplasm and subsequently transported into the
nucleus to initiate viral replication and viral protein translation
(10). Infected cells produce progeny virions by assembling viral
proteins and vVRNP complexes at the plasma membrane. Viral NA
cleaves cell surface sialic acids to allow assembled virions to bud
and release from the infected cell’s membrane and thereby initiate
another infection cycle in neighboring uninfected cells (1).

Being an obligate pathogen encoding only 13 viral proteins,
influenza virus hijacks host proteins, cellular compartments/or-
ganelles in order to harbor infection and produce progeny virus.
Four genome-wide knockdown screens, one in Drosophila cells
and three in human cells (11-14), recently identified host proteins
important for influenza virus infection. One group of host depen-
dency proteins identified in all influenza screens included sub-
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units of the coat protein I (COPI) complex (11-14). There are
nine different COPI complex subunits: o, 1, B2, 8, €, y1, v2, {1,
and (2. Each COPI complex contains a single copy of the o, 1,
B2, 8, and € subunits in addition to one of the following isoform
combinations: y1/{1, y1/(2, or y2/{1 (15-17). Together, COPI
complexes form a vesicle coat that traffics contents between Golgi
stacks and cargoes between the Golgi apparatus and the endoplas-
mic reticulum (ER) (15, 17, 18). In addition, several studies re-
ported a role for COPI complexes in the endocytic pathway, since
perturbation of these complexes leads to defects in endosomal
sorting, multivesicular body (MVB) formation, and/or mem-
brane trafficking (19-24).

Previous studies indicated that COPI might play a role in in-
fluenza virus entry. Kénig and colleagues reported that 5-COPI
(ARCNT1) knockdown inhibits vVRNP nuclear import (14). Given
the roles of COPI proteins in the endocytic pathway, Konig and
colleagues hypothesized that the block in vRNP nuclear import
might be due to defects in endosomal trafficking. Viral entry is a
multistep process, however, and it remains unclear which step (if
any) is ARCN1 dependent.

Recently, Cureton and colleagues reported that disruption of
COPI complexes differentially affects vesicular stomatitis virus
(VSV) entry versus viral gene expression (25). The authors used a
temperature-sensitive CHO cell line (IdIF), which degrades
€-COPI at 40°C (23), to show that e-COPI depletion inhibits virus
binding and internalization as well as transferrin (Tfn) uptake.
However, these results were recapitulated only after prolonged
treatment with brefeldin A (BrefA), an inhibitor that prevents
GDP-to-GTP exchange of ADP ribosylation factor 1 (ARF1), an
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essential step for membrane recruitment of COPI to the Golgi
apparatus (26). Acute (short-term) treatment with BrefA did not
lead to the same effect on viral entry as observed with the IdIF cells
incubated at 40°C, but it did cause a specific decrease in VSV gene
expression.

The results from Cureton and colleagues suggest that indirect
effects caused by long-term inactivation of COPI lead to general
defects in the clathrin-mediated endocytosis pathway (25). VSV
exclusively uses clathrin-mediated endocytosis for infection (27—
31). Influenza virus, on the other hand, can productively infect
cells in the absence of clathrin-mediated endocytosis. Indeed, sev-
eral reports have shown that depletion of key components of the
clathrin complex fails to block influenza virus entry and infection
because alternative productive endocytic pathways, such as mac-
ropinocytosis, can be hijacked by influenza virus (3, 5, 6, 32).
Moreover, influenza virus requires lower-pH compartments for
viral fusion than for VSV (4, 29, 33). Therefore, how COPI pro-
teins are involved in each of the steps of influenza virus entry and
infection remains unclear.

Here, we dissected the different steps of the influenza virus
infection cycle (entry, replication, trafficking, and assembly) in
order to identify the steps that COPI proteins affect. We found
that the first major entry block in COPI knockdown cells occurs at
virus internalization. In addition, COPI-depleted cells exhibited
defects in early endosome-to-intermediate/late endosome traf-
ficking for virus particles that did manage to enter the cells. The
entry block was not limited to influenza virus only but was also
observed for other cargoes (Tfn, epidermal growth factor [EGF],
and dextran) that are internalized through either clathrin-medi-
ated endocytosis or macropinocytosis. Given the large defect in
viral entry upon small interfering RNA (siRNA) silencing of
COPI, we used pharmacological inhibitors, namely, BrefA and
golgicide A (GCA), to acutely disrupt COPI complexes. With the
inhibitor treatment, we found that COPI complexes were not di-
rectly required for influenza virus entry. However, disruption of
functional COPI complexes directly inhibited viral membrane
protein expression, assembly of viral components at the plasma
membrane, and production of infectious progeny virus.

MATERIALS AND METHODS

Antibodies for immunofluorescence assays or Western blotting. We
used the following primary antibodies for this study: rabbit anti-coatomer
subunit & antibody (1:1,000 dilution) (catalog no. ab96725; Abcam),
mouse anti-influenza A virus nucleoprotein antibody (AA5SH) (1:1,000)
(ab20343; Abcam), mouse antinucleoprotein (1:100) (sc-57882; Santa
Cruz Biotechnology), rabbit anti-B-COPI (1:1,000) (generously donated
by James Rothman), rabbit anti-COPZ1 (1:1,000) (SAB4500896; Sigma-
Aldrich), rabbit anti-y1-COP1 (1:10,000) (generously donated by Felix
Wieland), rabbit anti-COPE (1:1,000) (ab88824; Abcam), mouse anti-3-
actin antibody (loading control) (1:1,000) (ab8227; Abcam), rabbit-anti-
phospho-signal transducer and activator of transcription 1 (STATI)
Tyr701 (1:1,000) (9167; Cell Signaling Technology), mouse anti-Cy5/Al-
exa Fluor 647 (1:1,000) (C1117; Sigma-Aldrich), mouse anti-early endo-
some antigen 1 (EEA1) (1:500) (610457; BD Transduction Laboratories),
mouse anti-lysobisphosphatidic acid (LBPA) antibody (50 g, 1:500) (Z-
PLBPA; Echelon), mouse anti-influenza A virus M2 protein antibody
(14C2) (1:1,000) (ab5416; Abcam), rabbit antineuraminidase (1:5,000)
(kind gift from Gillian Air), and mouse anti-PB1 (1:100) (sc-17601; Santa
Cruz Biotechnology). We used the following secondary antibodies for this
study: Alexa Fluor 647 donkey anti-mouse IgG (1:1,000 dilution) (catalog
no. A31571; Molecular Probes), Alexa Fluor 555 donkey anti-mouse IgG
(1:1,000) (A31570; Molecular Probes), Alexa Fluor 488 donkey anti-
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mouse IgG (1:1,000) (A-21202; Molecular Probes), Alexa Fluor 568 don-
key anti-rabbit IgG (1:1,000) (A-100042; Molecular Probes), enhanced
chemiluminescence (ECL) donkey anti-rabbit IgG, horseradish peroxi-
dase (HRP) linked (1:5,000) (NA934; GE Healthcare), and ECL sheep
anti-mouse IgG (1:5,000) (NXA931; GE Healthcare).

Cell culture. A549 lung carcinoma cells (ATCC) were cultured in Dul-
becco’s modified Eagle medium (DMEM) (Invitrogen) supplemented
with 10% fetal bovine serum (Serum International), 1 mM nonessential
amino acids (ATCC), and antibiotics (25 U/ml penicillin and 25 g/ml
streptomycin) (ATCC) and were maintained in a humidified environ-
ment with 5% CO, at 37°C. For siRNA knockdown experiments, A549
cells were electroporated with 100 pmol of specified COPI siGENOME
SMARTYpool siRNA (Dharmacon) or AllStars negative-control siRNA
(Qiagen) using a Lonza Amaxa Nucleofector with kit T (catalog no.
VVCA-1002; Lonza) and program X-001. Experiments were performed
with the siRNA-treated A549 cells 48 h after electroporation. For plasmid
expression, A549 cells were electroporated with 2 pg of either COPE-
green fluorescent protein (GFP) (OriGene) or Rab7-GFP (a generous gift
from Qing Zhong) (34) plasmid using kit T and Nucleofector program
X-001. Experiments using these plasmids were performed within 24 h
after electroporation with the plasmids.

A Live/Dead viability/cytotoxicity kit (catalog no. L-3224; Invitrogen)
was used according to vendor instructions to measure cell viability, death,
and growth. Stimulation of the interferon (IFN) response in A549 cells
was achieved with 10,000 U/ml IFN-« (catalog no. 11101-1; PBL Biomed-
ical Laboratories) for 3 h prior to collecting cell lysate.

Spinning disk confocal imaging. Spinning disk confocal z-stacks were
obtained with a custom-built confocal microscope which has been de-
scribed in detail (35). Briefly, multicolor fluorescent fixed-cell imaging
was achieved using an Yokogawa spinning disk confocal scan head at-
tached to an Olympus IX-71 microscope (Olympus, Center Valley, PA)
with an Olympus 60X oil immersion objective (numerical aperture,
1.35). A 561-nm crystal laser, 647-nm krypton ion laser, and/or 457/488/
514-nm argon laser was used to image the samples with an Andor 885
electron-multiplying charge-coupled-device camera.

Cargo uptake assays and data analysis. siRNA-treated A549 cells
were rinsed extensively with phosphate-buffered saline (PBS) and cold
bound with Alexa Fluor 568-transferrin (AF568-Tfn) (catalog no.
T23365; Invitrogen) and Alexa Fluor 647-epidermal growth factor
(AF647-EGF) (E35351; Invitrogen) for 30 min at 4°C. Unbound AF568-
Tfn and AF647-EGF were removed with extensive cold PBS washes, and
cells were incubated in warm DMEM with antibiotics at 37°C for different
times. For fluid-phase uptake, serum-starved A549 cells were incubated
with 5 mg/ml tetramethylrhodamine (TMR)-dextran (D-1868; Invitro-
gen) in warm DMEM with antibiotics at 37°C for different times.

At the indicated time points, surface-bound cargo was removed with
acid buffer (PBS adjusted to pH 2.5 with acetic acid) for 2 min, and cells
were fixed with 3.2% paraformaldehyde (PFA) (Electron Microscopy Sci-
ences) and imaged with a spinning disk confocal microscope. Confocal
z-stacks were obtained for each field of view, which contained about 9 or
10 cells per image. For the analysis of Tfn, EGF, or dextran internalization,
a MatLab script based on k-clustering analysis was used to establish
thresholds for the images to differentiate the background pixels from the
signal pixels. Briefly, an optimized threshold value was determined for
each maximal z-projection image with an iterative thresholding algorithm
which found the maximal difference between the mean background pixels
and the mean signal pixels. The mean signal intensities of 15 to 20 maxi-
mal z-projection images per time point were calculated and averaged.

To test the known effect of amiloride on macropinocytosis, A549 cells
were treated for 60 min with different concentrations of 5-(N-ethyl-N-
isopropyl)amiloride (EIPA) (50 wM; catalog no. A3085; Sigma-Aldrich)
in DMEM without penicillin-streptomycin (P/S) or fetal bovine serum
(FBS). The cells were then incubated with 0.2 mg/ml AF647-dextran for
30 min at 37°C prior to low-pH PBS washing, followed by PFA fixation.
Additionally, inhibition of dynamin-dependent endocytosis was tested by
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treatment for 30 min with different doses of Dynasore (D7693; Sigma-
Aldrich) in DMEM without P/S or FBS prior to cold binding of 1 p.g/ml
AF647-Tfn or 1:1,000 AF647-EGF for 30 min. Unbound cargo was re-
placed with a warmed inhibitor containing DMEM without FBS or P/S,
and cells were incubated at 37°C for 10 min prior to low-pH PBS washing,
followed by PFA fixation. For dextran, Tfn, and EGF uptake experiments,
imaging of the samples and analyses were performed as described above.

Nonspecific amine-reactive labeling of virus. Fifty microliters of 1
mg/ml purified influenza A virus X31, A/Aichi/68 (H3N2) (Charles River
Laboratories), was mixed with 47 pl of 0.1 M freshly prepared carbonate
buffer (pH ~8 to 9) and 6 g Alexa Fluor 647 carboxylic acid, succinimi-
dyl ester (catalog no. A-20106; Invitrogen), dissolved in dimethyl sulfox-
ide (DMSO). The mixture was gently mixed in the dark for 60 min. A
Nap5 size exclusion column (GE Healthcare) was used to separate free
dyes from labeled virus using HEPES 145 elution buffer (50 mM HEPES
[pH 7.4], 145 mM NaCl). The excess AF647-labeled X31 was aliquoted,
snap-frozen, and stored at —80°C (8). No significant difference in infec-
tivity was observed between labeled and unlabeled X31 (data not shown).

X31 membrane labeling. One hundred microliters of 1 mg/ml puri-
fied X31 was mixed with 3 pl of 25 mM 1,1'-dioctadecyl-3,3,3",3' -tetram-
ethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD solid)
(catalog no. D-7757; Invitrogen), dissolved in DMSO. The mixture was
gently vortexed in the dark for 2 h. A Nap5 size exclusion column was used
to separate free dyes from labeled virus using HEPES 145 elution buffer.
The excess DiD-labeled X31 was aliquoted, snap-frozen, and stored at
—80°C. Prior to the use of DiD-labeled X31 for the experiments, the virus
was filtered through a 0.2-pm filter (32). We confirmed with plaque as-
says that the DiD-labeled X31 remained infectious.

Bulk viral fusion assay. For the pharmacological compound-treated
cells, all steps in the fusion assay before trypsinization, except the PBS
washes, included the compounds. siRNA- or pharmacological com-
pound-treated A549 cells seeded in Lab-Tek 8-well glass dishes were
rinsed extensively with PBS and cold bound with 2 X 10* PFU/ml DiD-
X31 for 45 min on ice. Unbound virus was removed with extensive PBS
washes, and cells were incubated with DMEM for different times at 37°C.
Afterwards, the cells were washed once with PBS and trypsinized. The
trypsin was neutralized with PBS supplemented with 10% FBS and 30 mM
sodium azide, and the cells were collected and placed on ice to prevent any
further fusion. Cells were fixed with 2% PFA for 20 min, washed once with
PBS, and analyzed immediately with a flow cytometer (BD Biosciences
Fortessa). The data were interpreted using Flow]o software.

Virus binding or elderberry lectin binding assays. After 48-h siRNA
knockdown, A549 cells were washed extensively with PBS and cold bound
with different concentrations of AF647-X31 in DMEM for 45 min. Un-
bound virus was removed through PBS washes, and the cells were imme-
diately trypsinized. The trypsin was neutralized with PBS supplemented
with 10% FBS and 30 mM sodium azide. Cells were collected, fixed with
2% PFA for 20 min, washed once with PBS, and analyzed immediately
with a flow cytometer.

For the elderberry lectin binding assays, siRNA-treated cells were
trypsinized and fixed with 2% PFA. The cells were then treated with or
without different doses of sialidase A (Prozyme) in PBS (pH ~5) for 1 hat
37°C. The pH was raised to ~7 to stop the sialidase A reaction, and cells
were stained for 1 h with a 1:1,000 dilution of fluorescein isothiocyanate
(FITC)-conjugated Sambucus nigra (elderberry) bark lectin (SNA-FITC)
(Vector Laboratories). After three PBS washes, the samples were immedi-
ately analyzed by flow cytometry.

Immunofluorescence for flow cytometry. siRNA- or pharmacologi-
cal compound-treated A549 cells were infected with influenza virus at
37°C for 9 or 12 h. Infected cells were trypsinized, fixed with 2% PFA in
PBS for 20 min at room temperature, and washed once to remove the
fixation buffer. The cells were permeablized in buffer P (PBS containing
10% FBS and 0.075% saponin) for 5 min. The samples were incubated
with mouse anti-influenza virus NP or anti-influenza virus M2 (1:1,000
dilution in buffer P) for 60 min, washed three times with buffer P, incu-
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bated with Alexa Fluor 647 donkey anti-mouse IgG (1:1,000 dilution in
buffer P) for 30 min, washed three times with buffer P, washed once with
PBS, and analyzed by flow cytometry.

Immunofluorescence with endosomal markers. To delineate the cell
membrane, fixed A549 cells were first stained with SNA-FITC without
permeabilization. For colocalization studies with influenza virus and
EEAL, fixed A549 cells were blocked and permeabilized with 3% bovine
serum albumin (Jackson Laboratories) and 0.1% Triton X-100 (blocking
buffer) for 30 min at room temperature. The cells were incubated with
mouse anti-EEA1 in blocking buffer for 1 h at room temperature, rinsed
with PBS, stained with Alexa Fluor 555 donkey anti-mouse IgG in block-
ing buffer for 30 min, and washed with PBS.

For colocalization studies with influenza virus and LBPA, fixed A549
cells were blocked and permeabilized with 3% bovine serum albumin
(Jackson Laboratories) and 0.075% (wt/vol) saponin (blocking buffer) for
30 min at room temperature. All subsequent washes and antibody incu-
bations were performed with the blocking buffer, unless stated otherwise.
The sample was incubated with mouse anti-LBPA for 1 h at room tem-
perature, washed, stained with Alexa Fluor 555 donkey anti-mouse I1gG
for 30 min, washed, and rinsed with PBS.

All samples were imaged with a customized spinning disk confocal
microscope, which is described briefly above and described in more detail
elsewhere (35). Image] software was used to visualize the fluorescence
confocal z-stacks, and the fraction of internalized virus particles that co-
localized with the respective endosomal marker was determined.

Pharmacological compounds. The following pharmacological com-
pounds were used in this study: dimethyl sulfoxide (DMSO) (1:1,000)
(catalog no. D2650; Sigma-Aldrich), brefeldin A (10 pg/ml) (B7651; Sig-
ma-Aldrich), and golgicide A (10 uM) (345862; EMD). Both the brefeldin
A and golgicide A were dissolved in DMSO, and incubations were per-
formed in DMEM supplemented with 10% fetal bovine serum, 1 mM
nonessential amino acids, and antibiotics. The final amount of DMSO did
not exceed 0.1% (vol/vol). Specific incubation times for each of the ex-
periments are described in the figures and legends.

Plaque assays. We collected the supernatant from influenza-infected
cells at 18 or 24 h postinfection (hpi). Serial dilutions of the virus-con-
taining supernatant were used to inoculate an ~80% confluent mono-
layer of Texas-MDCK cells (a generous gift from Robert Lamb) or Vero
cells (ATCC) grown in 6-well dishes for ~1.5 to 2 h at 37°C. The cells were
washed with PBS, coated with 3 ml of 30% Noble agar (Affymetrix) in
DMEM containing antibiotics and 2 wg/ml acetylated trypsin (Sigma-
Aldrich), and then incubated at 37°C.

Two different detection methods were used to determine the viral
titers. For immunodetection of infected cell colonies (fluorescent foci),
the Noble agar disks were removed at ~36 hpi, and the cells were fixed
with 100% methanol for 8 to 10 min at —20°C. The cells were rinsed with
PBS, blocked and permeabilized with 3% bovine serum albumin and
0.1% Triton X-100 in PBS for 30 min, immunostained against NP in
blocking buffer for 60 min, washed three times with PBS, incubated with
Alexa Fluor 488 donkey anti-mouse IgG in blocking buffer for 30 min, and
washed three times with PBS. The fluorescent foci were visualized and
quantified using a Typhoon fluorescence scanner (GE Healthcare).

The second detection method used to determine the viral titers was
counting the numbers of plaques observed 2.5 days postinfection. To
detect plaques, the agar disks were removed, and the cells were immedi-
ately fixed and stained with a solution containing 1:1,000 (vol/wt) crystal
violet with 30% ethanol in water. The number of plaques for each condi-
tion was counted. The viral titer was determined as (number of foci or
plaques)/(dilution X inoculation volume [in ml]). Samples were tested in
quadruplicate.

Western blotting. Cell lysates were diluted in Laemmli sample buffer
(catalog no. 161-0737; Bio-Rad) containing dithiothreitol to achieve the
same amounts of protein for all samples. The samples were loaded and run
on a 4% to 15% Tris-HCI polyacrylamide gel (Bio-Rad). The separated
proteins from the gel were transferred onto Hybond polyvinylidene diflu-
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FIG 1 COPI depletion blocks viral entry at a step(s) prior to viral fusion. (A) Western blot probing 8-COP1 expression in nontargeting (NT) or ARCN1
siRNA-treated cells after a 48-h knockdown. (B) Plaque assay results measuring the viral titers of released virions from X31- or WSN-infected siRNA-treated cells
at 24 h postinfection (hpi). The mean viral titers and standard deviations from duplicate experiments are shown. (C) Normalized fractions of NP-expressing cells
in X31- or WSN-infected siRNA-treated cells at 8.5 hpi. (D) Quantification of DiD fluorescence dequenching using flow cytometry. Nontargeting siRNA-treated
and ARCN1 knockdown cells were cold bound with DiD-labeled X31 (DiD-X31) and allowed to internalize virus for different times at 37°C. The fold increase
in the fluorescence signal from DiD was monitored at each time point to measure the amount of viral fusion. (E) Quantification of AF647-X31 binding in
siRNA-treated cells using flow cytometry. (F) Binding of FITC-conjugated elderberry lectin (SNA-FITC)—a protein that binds to a(2,6)-linked sialic acids on
glycoproteins and glycolipids—to nontargeting and ARCN1 siRNA-treated cells with and without treatment with 0.01 U sialidase A. The data for each
independent experiment were normalized to the non-sialidase-treated nontargeting siRNA-treated control cell value. Each condition was tested in duplicate in

two independent experiments.

oride membranes (GE Healthcare), blocked with 5% nonfat milk in Tris-
buffered saline (TBS)-Tween, incubated with the specified primary anti-
bodies (reported in the figure legends) overnight at 4°C, washed with
TBS-Tween, incubated with HRP-conjugated secondary antibodies for 60
min at room temperature, washed with TBS-Tween, detected with Lumi-
gen TMA-6 (TMA-100; Lumigen), and exposed/developed onto high-
sensitivity Kodak film.

RESULTS

COPI depletion inhibits influenza virus infection via an entry
step at or prior to viral fusion. To confirm previously published
results showing that COPI proteins are required for influenza vi-
rus infection, we used siRNA to deplete one of the essential sub-
units of the COPI complex, §-COPI (ARCN1). We were able to
achieve efficient ARCN1 depletion after 48 h, as shown with West-
ern blotting (Fig. 1A). To test the effect of siRNA treatment on
influenza infection, supernatants from influenza virus A/Aichi/
1968 (H3N2) (X31)- or influenza virus A/WSN/1933 (HIN1)
(WSN)-infected A549 cells were collected, and the viral titers were
measured with plaque assays. Relative to the viral titers of the
nontargeting siRNA control, those of the supernatants from
ARCNT1 knockdown cells were decreased by 78% * 3% for X31
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and 90% = 1% for WSN infection (Fig. 1B). Furthermore,
ARCNI1 knockdown cells exhibited a defect in virus infection
prior to viral progeny production. At 8.5 hpi with X31 or WSN, we
quantified the fraction of NP-positive cells with flow cytometry.
Relative to the control cells, the ARCN1 knockdown cells had
93% % 0.01% and 82% = 2% fewer NP-expressing cells with X31
and WSN infection, respectively (Fig. 1C). Among the cells that
expressed NP, the NP expression levels were similar for the control
and ARCN1 knockdown cells (data not shown).

In addition, we checked for potential siRNA-mediated oft-
target effects, i.e., cytotoxicity and interferon induction. Com-
pared with control cells, the ARCN1 knockdown cells exhibited
an ~25% decrease in cell viability, a minor increase in cytotox-
icity, and a correspondingly slight decrease in cell growth after
24 and 48 h of siRNA treatment (http://zhuang.harvard.edu
/Publications/Sun_et_al_supplemental_figures.pdf). Further-
more, siRNA treatment did not stimulate interferon induction
(37; see also http://zhuang.harvard.edu/Publications/Sun_et
_al_supplemental_figures.pdf). Given that the COPI complex
is required for influenza virus infection and that the cells were
largely healthy, we conducted experiments to identify which
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steps of the influenza virus infection cycle COPI proteins me-
diate.

We first probed the effect of COPI depletion on viral fusion
using a fluorescence dequenching assay. To detect viral fusion, we
incorporated a saturating amount of a lipophilic dye, DiD (36),
into enveloped viruses, such that the detected fluorescence signal
from the virus particles became partially quenched due to inter-
molecular dye interactions. For DiD-labeled viruses, pH-medi-
ated fusion results in a dramatic increase in the fluorescence signal
(dequenching) stemming from the diffusion of DiD molecules
from the viral envelope into the endosomal membrane (8, 38). To
measure the amount of viral fusion on a population level, we in-
cubated siRNA-treated cells with DiD-labeled X31 on ice, allowed
the virus to infect the cells at 37°C for different times, and quan-
tified the DiD fluorescence intensity using a flow cytometer. As
shown in Fig. 1D, we observed an enhancement in fluorescence
intensity with increasing incubation times at 37°C for the non-
targeting siRNA-treated control cells. By the 60-min time
point, the control cells exhibited a 5.70- * 0.02-fold increase in
the DiD signal. In stark contrast, the signal enhancement in
ARCN1 knockdown cells was only 24% = 0.03%. In addition,
we tested COPE, COPG1, and COPZ1 knockdown cells with
the bulk DiD fusion assay to determine whether depletion of
other COPI subunits resulted in similar viral fusion defects.
Indeed, knockdown of those COPI subunits also yielded signif-
icant defects in viral fusion (http://zhuang.harvard.edu
/Publications/Sun_et_al_supplemental_figures.pdf), although
the effect due to COPE depletion appeared to be weaker. Col-
lectively, these results show that COPI subunit knockdown
blocks a viral entry step(s) at or before viral fusion.

We next tested the amounts of Alexa Fluor 647-conjugated
X31 (AF647-X31) virus bound to control and ARCN1 knockdown
cells by using flow cytometry. The largest difference in binding
was observed with the lowest virus dose tested, at which ARCN1
knockdown cells bound 20% = 3% less virus than the nontarget-
ing siRNA-treated control cells (Fig. 1E). We also quantified the
level of «(2,6)-linked sialic acids presented on the surface of the
siRNA-treated cells by measuring the amount of FITC-conjugated
elderberry lectin (SNA-FITC) bound to nonpermeabilized fixed
cells. This assay was validated with A549 cells treated with differ-
ent sialidase A units, followed by SNA-FITC staining; exposure to
higher levels of sialidase A resulted in a dose-dependent decrease
in SNA-FITC binding (http://zhuang.harvard.edu/Publications
/Sun_et_al_supplemental_figures.pdf). Applying this assay to the
nontargeting and ARCN1 siRNA-treated cells, we found that the
latter bound 17% = 1% less elderberry lectin than the control cells
(Fig. 1F). Because X31 and SNA can still bind to ARCN1-depleted
cells, it is unlikely that siRNA-mediated COPI complex disruption
leads to a general defect in sialylation or presentation of glycopro-
teins or glycolipids at the cell surface. Taken together, the data in
Fig. 1 show that COPI depletion with siRNA knockdown inhibits
viral infection and replication through an entry block after virus
binding but prior to or at viral fusion.

siRNA knockdown of COPI abrogates the internalization of
influenza virus, as well as other clathrin-mediated endocytosis
or macropinocytosis cargos. The small defects in virus binding
could not explain the dramatic decrease in viral fusion in the
COPI-depleted cells. Therefore, we subsequently tested the effect
of COPI depletion on influenza virus internalization by quantify-
ing the fraction of internalized AF647-X31 in the siRNA-treated

March 2013 Volume 87 Number 5

Role of COPI Complexes in Influenza Virus Infection

cells at 30 min postinfection (mpi). The cells were fixed and la-
beled with SNA-FITC to delineate the plasma membrane. In ad-
dition, to confidently identify the virus particles close to the
plasma membrane as being internalized or noninternalized, we
performed nonpermeabilizing immunofluorescence staining to
stain surface-bound noninternalized virus with an antibody spe-
cific for AF647 (Fig. 2A). The ARCN1 knockdown cells exhibited
a significant (P < 0.0001) defect in virus uptake compared to that
of the control cells. Specifically, the mean internalization fractions
in the nontargeting siRNA-treated control cells and ARCN1
knockdown cells were 0.58 and 0.19, respectively (Fig. 2B). In
addition, we report a ratio that represents the sum of internalized
particles divided by the total number of virus particles among all
cells. The ratios for the control and ARCN1 knockdown cells were
0.58 and 0.22, respectively (Fig. 2B, top left corners).

Given the substantial defect in influenza virus internalization
in the ARCN1 knockdown cells, we tested whether other cargoes
of endocytic pathways previously described as productive influ-
enza virus entry pathways, i.e., clathrin-mediated endocytosis and
macropinocytosis, were also inhibited. Tfn, EGF, and dextran
were used as representative markers of clathrin-mediated endocy-
tosis and macropinocytosis. The cargoes were allowed to be inter-
nalized for different amounts of time at 37°C, and surface-bound
cargoes were stripped from the cells using a low-pH buffer (pH
2.5) prior to fixation and imaging. We validated our analysis
method by quantifying the amount of cargo internalized upon
treatment with well-established inhibitors of macropinocytosis
and dynamin-dependent endocytosis. To verify our algorithm for
macropinocytosis, we treated A549 cells with different concentra-
tions of EIPA prior to allowing for fluid phase uptake; for dy-
namin-dependent endocytosis, we treated A549 cells with differ-
ent doses of Dynasore prior to Tfn or EGF uptake (39, 40). For all
three cargoes tested, we observed dose-dependent decreases in
measured cargo uptake with increasing concentrations of inhibi-
tor treatment (http://zhuang.harvard.edu/Publications/Sun_et
_al_supplemental_figures.pdf). We applied the assay to the
siRNA-treated cells and found that the uptake of not only dextran
but also Tfn and EGF was significantly impaired (Fig. 2C to E).
The largest observed defects in internalization were at the earlier
time points tested, i.e., 15 min for dextran and 10 min for Tfn and
EGF. EGF uptake was relatively less perturbed than Tfn uptake,
because it has been shown that EGF might be internalized through
a clathrin-independent pathway at high concentrations (36,
41, 42).

Collectively, our results show that COPI depletion blocks
influenza virus internalization, which in part contributes to the
defect in viral fusion shown in Fig. 1D. However, representa-
tive cargoes for two different productive entry pathways for
influenza virus— clathrin-mediated endocytosis and macropi-
nocytosis (3—6)—also exhibited defects in internalization in
ARCNI1-depleted cells.

ARCN1 knockdown cells exhibit impaired endosomal traf-
ficking upon virus internalization. We next tested whether
ARCN1 knockdown leads to any postinternalization defects.
Upon internalization, influenza virus enters Rab5" endosomes
near the cell periphery and then is sorted into Rab7* endosomes
toward the perinuclear region, in which late endosomes/lyso-
somes are dense (43). Upon exposure to a pH of ~5.0, the influ-
enza virus envelope fuses with the endosomal membrane, releas-
ing the vVRNP into the cytoplasm for nuclear import (44, 45).

jviasm.org 2677


http://zhuang.harvard.edu/Publications/Sun_et_al_supplemental_figures.pdf
http://zhuang.harvard.edu/Publications/Sun_et_al_supplemental_figures.pdf
http://zhuang.harvard.edu/Publications/Sun_et_al_supplemental_figures.pdf
http://zhuang.harvard.edu/Publications/Sun_et_al_supplemental_figures.pdf
http://zhuang.harvard.edu/Publications/Sun_et_al_supplemental_figures.pdf
http://zhuang.harvard.edu/Publications/Sun_et_al_supplemental_figures.pdf
http://jvi.asm.org

Sun et al.

p <0.0001
1515 i 280
1.00=7 2612 11270
3 ] :
o |
£ 0.80+ ° !
£ ] -® ! =
g |
£ 060+ g ! I
8 | o ° | o
= ' xx*
< 0404 i ' ——
s 4 ! &
S ! E
S 0.204 J— S
I ! fx
w E |
' 2K
d 0 NT — AI:%M
MxAF647 + DxM AF555, AF647-X31, SNA-FITC: 30 minutes post infection
C) Dextran D) Transferrin E) EGF
2.0e8 --NT
—. 80007 — 3
3 —e-NT 2 —-NT 310000 = ARCN1
€ -=ARCN1 § “#-ARCN1 E
3
> e k
g 6000 g 1.5e8 E 8000
s X3 s
2 2 5 /0002
8 4000+ 2 1.0e8 @
e 2 ks
5 E £ 40004
@ @ o
o o o
§ 20001 g 5.0e7 N
H 8 @ 20004
[ < e
i I /A SER :
w ™ I I
0 0 r T 4 0
5 15 30 60 0 10 30 60 0 10 30 60

Time at 37°C (minutes)

Time at 37°C (minutes)

Time at 37°C (minutes)

FIG 2 ARCN1 knockdown cells exhibit defective internalization of influenza virus and other cargoes. (A) Representative confocal xy, yz, and xz cross-sectional
images of AF647-X31-infected siRNA-treated cells (red) at 30 min postinfection (mpi). The plasma membrane was labeled using SNA-FITC (white). Nonper-
meabilizing immunofluorescence staining with an antibody specific for AF647 (green) was performed to differentiate plasma membrane-proximal particles as
being noninternalized (yellow) or internalized (red). Scale bars, 10 wm. (B) Fraction of virus internalized, of the total number of virus particles per cell. The
internalized virus fraction was counted for more than 30 cells per siRNA treatment condition, and values are graphed in the form of a dot plot. Statistical analysis
was performed using a one-sided Student ¢ test. Furthermore, for each siRNA treatment, a ratio is presented in the top left corner (the numerator denotes the total
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To test whether ARCN1 knockdown cells exhibit any defects in
trafficking to intermediate/late endosomes, we cold bound
AF647-X31 to siRNA-treated cells and incubated the samples at
37°C for 90 min. The cells were then fixed and immunostained for
the intermediate/late endosome marker lysobisphosphatidic acid
(LBPA) (46; see also http://zhuang.harvard.edu/Publications/Sun
_et_al_supplemental_figures.pdf). We found a significant (P <
0.0001) decrease in AF647-X31 colocalization with LBPA™ vesi-
cles, with a mean colocalization fraction for individual cells 0of 0.42
for the nontargeting control cells versus 0.10 for the ARCN1
knockdown cells. In addition, we report the ratios of the sum of
colocalized particles to the total number of internalized particles
among all analyzed cells. The ratios for the nontargeting and
ARCNT1 siRNA-treated cells were 0.62 and 0.11, respectively (Fig.
3A and B, upper left corners). Regardless of the type of measure-
ment, these findings strongly suggest that virus particles exhibit a
defect in trafficking to intermediate/late endosomes in ARCN1
siRNA-treated cells.

Given the large observed defect in trafficking to LBPA™ vesi-
cles, we tested whether the ARCN1 knockdown cells were accu-
mulating the AF647-X31 in early endosomes. Indeed, at 90 mpi,
the ARCN1 knockdown cells exhibited significant (P < 0.0001)
increases in the mean colocalization fractions, which were 0.24 for
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the ARCN1 knockdown cells and 0.07 for the nontargeting con-
trol cells (Fig. 3C and D). The values for the sum of colocalized
particles divided by the total number of internalized particles for
all nontargeting and ARCN1 siRNA-treated cells were 0.1 and
0.36, respectively.

Previous studies reported that COPI proteins might be important
for endosomal trafficking (19, 22). However, it remains unclear
whether COPI vesicles directly mediate sorting of influenza virus be-
tween different types of endosomes. To test whether AF647-X31 traf-
fics within COPI vesicles, we transiently expressed GFP-tagged
€-COPI (COPE-GFP) in A549 cells. Of the GFP-COPI subunit con-
structs tested, e-COP-GFP minimized disruption of the Golgi archi-
tecture. After several rounds of live cell-imaging experiments with
A549 cells expressing COPE-GFP and infected with AF647-X31, we
found only one example of COPE-GFP colocalized with AF647-X31
out of many virus particles tracked (http://zhuangharvard.edu
/Publications/Sun_et_al_supplemental_figures.pdf). Although this
does not completely negate the possibility that COPI proteins play a
specific role in endosomal trafficking between MVBs and late endo-
somes, our data suggest that the effect of COPI in transporting the
influenza virus from early to late endosomes is likely indirect.

Rapid disruption of COPI vesicles with pharmacological in-
hibitors does not block viral entry. The results described thus far
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treatment. Statistical analysis was performed using a one-sided Student ¢ test.

help explain why several of the COPI subunits emerged as impor-
tant host proteins in influenza virus infection in the siRNA ge-
nome-wide knockdown screens (11, 13, 14). However, efficient
siRNA depletion can take a few days, potentially leading to the
accumulation of siRNA-mediated indirect effects due to long-
term depletion of critical host proteins. In order to test whether we
could recapitulate the observations in the siRNA-treated cells and
to determine whether there is a direct role for COPI during the
influenza virus infection cycle, we conducted experiments using
pharmacological inhibitors that rapidly disrupt COPI vesicle for-
mation.

The conversion of inactive cytosolic ADP ribosylation factor 1
(ARF1)-GDP to the activated ARF1-GTP form triggers its attach-
ment to the Golgi membrane and subsequent recruitment of
COPI complexes (15-17). Two pharmacological inhibitors—
BrefA and GCA—prevent the exchange of ARF1-GDP and ARF1-
GTP via different mechanisms. BrefA binds to the protein-protein
interface of ARF1 and several different BrefA-sensitive guanine
nucleotide exchange factors (GEFs) to prevent the exchange of
GDP and GTP (26, 47). Therefore, treatment with BrefA inhibits
not only COPI membrane recruitment but also other ARF1-GTP-
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dependent vesicular trafficking processes, such as activator pro-
tein 1-dependent trans-Golgi network trafficking to endosomal
compartments (15, 16). A more specific inhibitor of COPI com-
plex vesicle formation is GCA, which binds to Golgi apparatus-
specific brefeldin A resistance guanine nucleotide exchange factor
1 (GBF1), a COPI-specific ARF GEF (48).

We confirmed that the DMSO-treated control cells exhibited
compact COPI perinuclear staining reminiscent of the Golgi appara-
tus. In stark contrast, the BrefA- or GCA-treated cells exhibited dis-
persed B-COPI staining, indicative of an inability to recruit the COPI
complex to the Golgi apparatus (48; see also http://zhuang harvard
.edu/Publications/Sun_et_al_supplemental_figures.pdf). To test
whether the drug treatment also inhibits viral fusion, as observed for
siRNA COPI knockdown, we performed a viral fusion assay as de-
scribed for Fig. 1D. Viral fusion was measured in A549 cells pretreated
and incubated with 10 pg/ml BrefA, 10 uM GCA, or 0.1% (vol/vol)
DMSO (as a control for the total amount of DMSO added to the
BrefA- or GCA-treated cells) during the entire experiment. In con-
trast to the results shown in Fig. 1D, we found that the inhibition of
COPI complex vesicle formation does not affect viral fusion (Fig. 4A).

Because internalization and transport to late endosomes con-
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FIG 4 Pharmacological disruption of COPI complexes does not block virus entry. (A) Representative flow cytometry-based quantification of DiD dequenching
from three independent experiments. The DiD signal was measured at different time points after DiD-X31 infection in A549 cells treated with 0.1% (vol/vol)
DMSO, 10 pg/ml BrefA, or 10 puM GCA. Standard deviations represent duplicate samples for each time point. (B) Quantification of the fraction of internalized
AF647-X31 particles at 30 mpi upon treatment with inhibitors or DMSO, using the same immunofluorescence-based internalization assay in Fig. 2A. At least 17
different cells were quantified for virus internalization. Statistical analysis was performed using one-way analysis of variance (ANOVA). (C) Quantification of the
fraction of AF647-X31 particles colocalized with Rab7-GFP" endosomes at 90 mpi in A549 cells treated with 0.1% (vol/vol) DMSO, 10 wg/ml BrefA, or 10 uM
GCA. At least 16 different cells were quantified. In the top left corner of each panel, we report the ratio that represents the sum of all AF647-X31 particles
colocalized with Rab7 versus the total number of internalized virus particles for all cells quantified. Statistical analysis was performed using one-way ANOVA. (D)
Flow cytometry-based quantification of the percentage of NP™ cells and the NP expression levels of the NP cells for A549 cells treated with 0.1% (vol/vol)
DMSO, 10 pg/ml BrefA, or 10 wuM GCA during the entire infection with X31 (MOI, ~1). (E) Flow cytometry-based quantification of the percentage of NP~ cells
and the NP expression levels of the NP cells for A549 cells infected with X31 (MOI, ~1.5) and exposed to 0.1% (vol/vol) DMSO, 10 pg/ml BrefA, or 10 uM GCA
only during entry. (F) Flow cytometry-based quantification of the percentage of NP™ cells and the NP expression levels of the NP™ cells for A549 cells infected
with X31 (MOI, ~1.5) and exposed to 0.1% (vol/vol) DMSO, 10 pg/ml BrefA, or 10 uM GCA only after 90 mpi. In D to F, the bar chart data represent the
averages from two independent experiments (consisting of three replicate samples for each inhibitor or DMSO treatment), with the corresponding standard
errors of the mean (SEM).

stituted the two major blocks in viral entry for ARCN1 knock-
down cells, we tested whether BrefA and GCA treatment could
recapitulate those same defects. Using the same immunofluores-
cence-based internalization assay as described for Fig. 2A and B,
we found that the mean internalization fractions were 0.58, 0.56,
and 0.57 for DMSO-, BrefA-, and GCA-treated cells, respectively
(Fig. 4B). Furthermore, we tested whether inhibitor treatment
affects trafficking to intermediate/late endosomes by measuring
the fraction of internalized AF647-X31 within Rab7-GFP* endo-
somes. The mean colocalization fractions for the virus and Rab7 in
the DMSO-, BrefA-, and GCA-treated cells were 0.74, 0.67, and
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0.61, respectively (Fig. 4C). Our AF647-X31 internalization and
Rab7-GFP colocalization results were consistent with the viral fu-
sion results; only minor differences were observed upon BrefA
and GCA treatment, indicating that it is unlikely that rapid dis-
ruption of COPI vesicles results in an entry defect.

Next, to test whether BrefA or GCA treatment affects influenza
infection, we pretreated A549 cells with 0.1% DMSO (as a con-
trol), 10 pg/ml BrefA, or 10 wuM GCA for 60 min, allowed X31 to
infect the cells at a multiplicity of infection (MOI) of ~1 for 9 h,
and measured NP expression with a flow cytometer. In stark con-
trast to the results shown in Fig. 1C, we found that the disruption
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of COPI complexes resulted in a moderate decrease in infection;
relative to the DMSO control treatment, BrefA or GCA treatment
reduced the percentage of NP-expressing cells by 21.3% * 7.9%
or 40.6% = 1.3%, respectively. In addition, we found a moderate
decrease in the NP expression level for NP cells relative to that
for the DMSO control, i.e., 31.1% * 1.2% and 35.3% = 3.6% in
the BrefA- and GCA-treated cells, respectively (Fig. 4D). How-
ever, it remains unclear whether these defects resulted from an
entry or postentry exposure to BrefA or GCA.

To assess whether exposure to BrefA or GCA during entry af-
fects productive influenza virus infection, we pretreated cells with
the inhibitors for 60 min, followed by X31 infection in the pres-
ence of the compounds for 90 min. Afterward, the compounds
were removed, and the infection was continued for an additional
7.5 h before processing for flow cytometry. We found that treat-
ment with BrefA or GCA during entry alone did not affect the
percentage of NP™ cells or the NP expression levels (Fig. 4E).
However, when BrefA and GCA were added and maintained only
after 90 mpi (Fig. 4F), a moderate decrease in NP expression was
observed again (Fig. 4F), indicating that the effects of BrefA or
GCA treatment on viral gene expression originate from postentry
steps. Collectively, these results indicate that functional COPI ves-
icle recruitment to cellular membranes is not required for influ-
enza virus internalization, endosomal trafficking, or viral fusion
but has a moderate effect on viral NP expression.

Rapid disruption of COPI complex function decreases viral
membrane protein expression and progeny virus production.
To test whether COPI complex disruption inhibits viral mem-
brane protein expression, we infected A549 cells with X31 (MOI,
~1.5). At 90 mpi, we added 0.1% DMSO (as a control), 10 pg/ml
BrefA, or 10 uM GCA to the virus-infected cells. After 9 hpi, we
collected the cells, fixed them, immunostained them for M2, and
analyzed the samples with a flow cytometer. Immunostaining of
the X31-infected cells for M2 in the presence of detergents allowed
detection of total M2 expression. Compared with the results of
postentry effects of BrefA and GCA on NP expression (Fig. 4F),
M2 was more substantially perturbed upon treatment with BrefA
or GCA than was the DMSO control (Fig. 5A).

To determine whether the disruption of COPI vesicle forma-
tion was essential to M2 trafficking to the plasma membrane, we
performed the experiment as described above but immunostained
cells for M2 under nonpermeabilizing conditions. M2 cell surface
expression was decreased even more for the BrefA-treated cells
than the total M2 level, indicating the presence of a trafficking
defect. Surprisingly, we observed only a minor defect in M2 traf-
ficking in GCA-treated cells (Fig. 5A). Additionally, we confirmed
our results through sequential immunofluorescence assays for M2
without and with permeabilization. By 9 hpi, M2 readily trafficked
to the plasma membrane in the DMSO-treated control cells. In
stark contrast, no M2 was detected on the plasma membrane of
BrefA-treated cells, while some M2 was trafficked to the cell sur-
face and some was trapped within some intracellular vesicles in
GCA-treated cells (http://zhuang.harvard.edu/Publications/Sun
_et_al_supplemental_figures.pdf). We confirmed with 3-COPI
staining that COPI vesicle formation and concentration within
the Golgi apparatus were still perturbed in both BrefA- and GCA-
treated cells.

To test whether BrefA or GCA treatment also impaired the
expression or plasma membrane targeting of another influ-
enza virus membrane protein, we stained for surface and total NA
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(http://zhuang.harvard.edu/Publications/Sun_et_al_supplemental
_figures.pdf). BrefA, and to a lesser extent GCA, impaired NA pro-
tein expression. Furthermore, consistent with the M2 transport
experiments, BrefA treatment also inhibited NA trafficking to the
plasma membrane. However, in contrast to the minor trafficking
effects on M2, GCA treatment strongly inhibited NA transport to
the cell surface (Fig. 5B). The discrepancy between M2 and NA
plasma membrane trafficking in GCA-treated cells suggests that
the two membrane proteins exhibit different transport require-
ments.

It remains unclear whether BrefA and GCA treatment leads to
additional perturbations in the assembly of viral components at
the plasma membrane. Influenza virus assembly is initiated by HA
and NA recruitment to cholesterol-enriched plasma membrane
domains. M1 is believed to interact with the cytoplasmic tails of
HA and NA, and M1 interactions with vRNPs facilitate the incor-
poration of the viral genome into the budding virions (49). The
vRNPs can be detected with PB1-specific antibodies. The PB1
patches are sites enriched with assembling virus particles, or bud-
ding zones. To determine whether functional COPI vesicle forma-
tion is essential for virus assembly, we immunostained X31-in-
fected cells treated with DMSO, BrefA, or GCA for M2 (to detect
infected cells) and PB1 (http://zhuang.harvard.edu/Publications
/Sun_et_al_supplemental_figures.pdf). We found that 38% of the
infected DMSO-treated cells contained budding zones enriched
with PB1 at 18 hpi. In stark contrast, only 1% and 2% of BrefA-
and GCA-treated cells, respectively, infected with X-31 had bud-
ding zones (Fig. 5C). The inability to traffic NA (and, to some
extent, M2) to the plasma membrane in either the BrefA- or GCA-
treated cells might help to explain the large defect in assembly and
the failure to concentrate progeny virions at budding zones within
infected cells.

To assess whether the defects in assembly were important for
progeny virus production, we performed the experiment depicted
in Fig. 5D. The supernatant of the virus-infected cells was col-
lected at 18 hpi, and the viral titers were measured with standard
plaque assays. We found that the presence of either BrefA or GCA
reduced viral titers by about 2 orders of magnitude relative to
those of the DMSO control (Fig. 5D). In summary, the results
obtained from using the pharmacological inhibitors strongly sug-
gest that the inactivation of COPI vesicle formation does not result
in an entry defect but does specifically inhibit viral membrane
protein expression, plasma membrane transport, assembly, and
infectious progeny virion production.

DISCUSSION

As an obligate pathogen encoding 13 viral proteins, influenza vi-
rus requires host factors and compartments to mediate productive
infection. Recently, genome-wide knockdown screens identified
host dependency proteins important for influenza virus infection.
Despite relatively little overlap in identified host dependency pro-
teins among the screens, all of the screens identified subunits of
the COPI complex as critical host proteins mediating productive
virus infection. COPI proteins form complexes which oligomerize
to coat vesicles. These coated vesicles mediate retrograde traffick-
ing between the Golgi apparatus and the ER, as well as between the
Golgi stacks. Previous studies also identified a role for COPI pro-
teins in endosomal trafficking. Given that COPI proteins mediate
trafficking between different cellular compartments in both the
synthesis and endosomal trafficking pathways, it remained un-
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FIG 5 Functional COPI complex recruitment to the cis-Golgi is required for viral membrane protein expression and assembly of progeny virions. (A) Flow
cytometry-based quantification of the percentage of M2-positive cells and the M2 expression levels in the M2-positive cells for A549 cells infected with X31 (MO],
~1.5) and exposed to 0.1% (vol/vol) DMSO, 10 wg/ml BrefA, or 10 uM GCA only after 90 mpi. Immunofluorescence staining was performed either in the
presence of saponin, to detect total M2 expression, or in the absence of detergent, to detect surface M2. The bar chart data represent the averages from two
independent experiments (consisting of three replicate samples for each inhibitor or DMSO treatment) with the corresponding SEM. (B) Quantification of the
relative surface or total NA expression based on the acquired confocal images. Error bars indicate standard deviations for at least 18 images per treatment
condition. (C) Quantification of the fraction of infected cells treated with 0.1% (vol/vol) DMSO, 10 g/ml BrefA, or 10 wM GCA that contain budding zones at
the cell periphery. The fraction in the top left corner of each panel represents the number of cells with a budding zone (numerator) relative to the total number
of virus-infected cells (denominator) for all cells counted. (D) Viral titers of supernatants collected from X31-infected A549 cells treated with 0.1% (vol/vol)
DMSO, 10 pg/ml BrefA, or 10 uM GCA at 18 hpi, as measured with plaque assays (see Materials and Methods). The bar chart includes the standard deviation
from samples tested in quadruplicate.

clear which steps in the influenza virus infection cycle COPI pro-  cytotoxicity, (ii) off-target effects (e.g., interferon induction or
teins regulate. siRNA sequence overlap with other mRNA sequences), (iii) direct

Identification of host dependency proteins through siRNA de-  effects of siRNA-mediated depletion of the gene of interest, or (iv)
pletion can result from four general outcomes: (i) siRNA-induced  indirect effects mediated by long-term depletion of the target of
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interest. We confirmed that, within our experimental time frame,
siRNA-mediated cytotoxicity did not play a dominant role in our
studies. No differences in cell viabilities were observed, with mi-
nor changes in cytotoxicities and thus cell growth rates. Based on
the control experiments, we believe that the defects in influenza
virus infection upon ARCN1 depletion result in either direct or
indirect effects specific to siRNA-mediated silencing. In order to
determine whether COPI depletion results in direct or indirect
effects, we used both siRNA silencing and rapid COPI vesicle dis-
ruption via BrefA or GCA treatment to analyze how these two
methods of perturbation affect different steps in the influenza
virus infection cycle, i.e., binding, internalization, transport into
late endosomes, fusion, viral protein expression, trafficking, as-
sembly, and progeny virion production.

Konig and colleagues identified ARCNI, an essential subunit
of the COPI complex, as a critical host protein for influenza virus
infection (14). Upon further analysis, the authors also provided
evidence that ARCNI1 depletion affects influenza virus entry. Be-
cause of the data suggesting a role for ARCN1 in mediating influ-
enza virus entry and because ARCN1 is known to be an essential
component of the COPI vesicle complex, we decided to focus our
studies on understanding the role of ARCNI1 in influenza virus
infection as a representative subunit of the COPI complex. After
conducting a systematic dissection of the different entry steps, we
found that ARCN1-depleted cells exhibit a significant defect in
viral fusion. The abrogation of viral fusion in ARCN1-depleted
cells likely explains why Konig and colleagues observed a signifi-
cant defect in vVRNP accumulation in the nucleus compared to that
in the nontargeting control cells. Consistent with the viral fusion
data, we found that ARCN1 knockdown cells exhibited an ~66%
decrease in internalization, an ~76% decrease in colocalization of
the virus with the late endosome marker LBPA, and an ~90%
decrease in virus infection relative to the those of the nontargeting
siRNA-treated control cells. Taken together, our results show that
COPI depletion leads to defects in virus internalization, transport
to late endosomes, and viral fusion; viral fusion is likely a conse-
quence of the first two effects.

Cureton and colleagues showed that COPI depletion also leads
to defects in VSV entry (25), although there are differences be-
tween the two viruses in which particular steps are perturbed.
Cureton and colleagues found that COPI depletion results in a
decrease in viral fusion due to an ~40% decrease in VSV binding
and a decreased rate of VSV internalization. However, the VSV
particles that manage to be internalized in COPI-depleted cells
can still traffic to early endosomes and undergo vRNP release,
indicating that the endosome trafficking of VSV is not perturbed.
In contrast, our findings show that COPI depletion did not per-
turb influenza virus binding but did inhibit virus internalization
and transport to late endosomes.

Treatment of cells with two pharmacological compounds,
BrefA and GCA, that rapidly prevent the recruitment of COPI
complexes to the Golgi apparatus resulted in strikingly different
results from the siRNA experiments. Specifically, we did not ob-
serve any significant difference in influenza virus fusion or colo-
calization with a late endosome marker when cells were treated
with DMSO, BrefA, or GCA. Substantiating the results from BrefA
and GCA treatment, no extensive colocalization was observed be-
tween GFP-tagged €-COPI, another essential component of the
COPI complex, and AF647-labeled influenza virus in live cells
during entry. Combining the siRNA, pharmacological inhibitor,
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and live cell imaging results, we conclude that functional COPI
complex vesicle formation is not directly required for influenza
virus entry, although ARCN1 depletion leads to indirect effects
that result in defects in influenza virus internalization, trafficking
to late endosomes, and, consequently, viral fusion.

Functional COPI complex formation and COPI vesicles medi-
ate trafficking between the Golgi apparatus and the ER, as well as
between different Golgi stacks. The Golgi apparatus-derived ves-
icles then traffic contents from the Golgi apparatus to other loca-
tions within the cell, including late endosomes, lysosomes, and the
plasma membrane (16, 17). Defects in Golgi vesicular trafficking
over an extended period of time, such as during siRNA depletion,
could result in improper trafficking of membrane proteins or lip-
ids. Changes in protein or lipid compositions (50) at the plasma
membrane and endosomes may provide an explanation for the
observed defects in viral internalization, trafficking, and fusion.
The potential changes in protein and lipid compositions are, how-
ever, not reflected in the amount of «(2,6)-linked sialic acids (the
attachment factor for influenza virus) presented on the surfaces of
cells, consistent with the observation that viral binding is not sub-
stantially affected by ARCN1 knockdown.

The severely compromised uptake of general clathrin-medi-
ated endocytosis and macropinocytosis cargoes in the ARCN1
knockdown cells suggests that protein and/or lipid compositions
at the cell surface may be altered during the course of siRNA de-
pletion. ARCN1 knockdown cells internalized ~60% less virus by
30 mpi than the nontargeting control. Other cargoes of clathrin-
mediated endocytosis (Tfn and EGF) and macropinocytosis (dex-
tran) also exhibited significant internalization defects in ARCN1
knockdown cells relative to the nontargeting siRNA-treated cells.
Consistent with our findings, Cureton and colleagues found that
the uptake of VSV and Tfn was perturbed only after prolonged
exposure to COPI disruption inhibitors (25).

Another phenomenon that might be related to the defect in
trafficking of influenza virus to late endosomes is the anomalous
LBPA™ late endosome staining pattern observed in Fig. 3A. In
contrast to the dense perinuclear LBPA™ late endosome staining
observed with the nontargeting control cells, we observed a repro-
ducible dispersion of late endosomes—with no apparent aberrant
changes to the early endosome organization—in ARCN1 knock-
down cells. This observation is consistent with previous reports
showing that COPI subunit depletion alters the late endosome
trafficking pattern (51). It has also been found that the inhibition
of endosomal trafficking through blockade of the uptake pathways
leads to the losses of lysosomal acidification and perinuclear local-
ization (52). We also noted that the shape of the ARCN1 knock-
down cells sometimes appeared different from that of the nontar-
geting control cells, although the underlying mechanism for the
change in cell morphology remains unclear. It is possible that the
changes in the spatial distribution of late endosomes and the cell
morphology are also related to the inhibition of viral entry.

Together, these results show that prolonged exposure to siRNA
depletion of an essential COPI subunit results in an indirect effect
of compromised cargo endocytosis. In contrast, the inhibition of
COPI complex recruitment to the Golgi apparatus through acute
pharmacological treatment directly affects viral protein expres-
sion and infectious progeny virus production. Disruption of
COPI complexes by BrefA and GCA had only moderate effects on
NP expression. However, BrefA and GCA treatment inhibited M2
and NA expression, suggesting that COPI complex formation is
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specifically required for at least some membrane protein expres-
sion. The inhibition might be due to retention of proteins within
the ER from defective trafficking between the ER and the Golgi
apparatus. Alternatively, treatment might cause rerouting of Golgi
apparatus contents to alternative endosomal populations rather
than intended target sites, such as the plasma membrane (53).

We also observed that BrefA- and GCA-treated cells exhibited
defects in progeny virion assembly and production. Previous
studies found that NA, but not M2, associates with lipid rafts (49).
For GCA-treated cells, transport of M2 to the plasma membrane
was modestly affected, while both the plasma membrane targeting
of NA and progeny virus assembly were strongly impaired. These
results suggest that the large assembly defect in GCA-treated cells
might stem from inhibition of the trafficking of lipid raft-associ-
ated membrane proteins (which are critical for initiating virus
budding and subsequent assembly steps) to the plasma mem-
brane.

In summary, through dissection of the influenza virus infec-
tion cycle with both siRNA silencing and pharmacological com-
pound perturbation, we have identified which steps of influenza
virus infection are directly or indirectly dependent on functional
COPI complex formation. Long-term siRNA COPI depletion in
cells leads to indirect effects on viral entry through defective cargo
uptake and vesicular trafficking to late endosomes, while acute
treatment with COPI complex inhibitors impairs viral membrane
protein expression and assembly, suggesting a direct role of COPI
complexes in these later steps of infection. It was found recently
that COPI proteins mediate many additional effects beyond the
well-studied trafficking roles in the synthesis and secretory path-
ways, including lipid droplet formation and lipid metabolism, au-
tophagosome formation, and endocytosis of EGF and Tfn (50, 51,
54, 55), which might be related to the observed indirect effects of
COPI depletion on viral entry. Future studies on how COPI
siRNA treatment affects protein or lipid expression, modification,
and transport to different cellular compartments should be help-
ful for understanding how COPI proteins regulate such diverse
cellular processes, as well as how these effects can lead to the ob-
served defects of viral infection in COPI-depleted cells.
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