Cellular & Molecular Immunology (2010) 7, 263-270
© 2010 CSl and USTC. All rights reserved 1672-7681/10 $32.00

www.nature.com/cmi

RESEARCH ARTICLE

Cellular response to influenza virus infection: a potential
role for autophagy in CXCL10 and interferon-alpha
induction

Anna Hing-Yee Law', Davy Chun-Wai Lee', Kwok-Yung Yuen®, Malik Peiris® and Allan Sik-Yin Lau'

Historically, influenza pandemics have arisen from avian influenza viruses. Avian influenza viruses HSN1 and HON2 are potential
pandemic candidates. Infection of humans with the highly pathogenic avian influenza H5N1 virus is associated with a mortality in
excess of 60%, which has been attributed to dysregulation of the cytokine system. Human macrophages and epithelial cells infected
with some genotypes of H5N1 and HON2 viruses express markedly elevated cytokine and chemokine levels when compared with
seasonal influenza A subtype H1N1 virus. The mechanisms underlying this cytokine and chemokine hyperinduction are not fully
elucidated. In the present study, we demonstrate that autophagy, a tightly regulated homeostatic process for self-digestion of unwanted
cellular subcomponents, plays a role in cytokine induction. Autophagy is induced to a greater extent by HON2/G1, in association with
cytokine hyperinduction, compared with HIN1 and the novel pandemic swine-origin influenza A/H1N1 viruses. Using
3-methyladenine to inhibit autophagy and small interfering RNA to silence the autophagy gene, Atg5, we further show that autophagic
responses play a role in influenza virus-induced CXCL10 and interferon-a expression in primary human blood macrophages. Our results

provide new insights into the pathogenic mechanisms of avian influenza viruses.
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INTRODUCTION

Avian influenza viruses pose both pandemic and zoonotic threats to
humans. Human H5N1 disease is associated with mortality in excess
of 60%,' and is a cause for global public health concerns. In addition,
avian influenza H9N2 viruses have become highly prevalent in poultry
in many countries and have caused repeated cases of human infec-
tions.>” Studies exploring the mechanism of transmission have shown
that many of these HON2 isolates have the capacity to bind to both
sialic acid (SA) o 2-3 and SA o 2-6 receptors found on avian and
human cells, respectively. These leucine-226-containing HON2 viruses
with human cell tropism grew efficiently in human airway epithelial
cells* and were efficiently transmitted in ferrets.” Additionally, rep-
lication in ferrets and transmission via direct contact were significantly
enhanced in an HIN2 avian-human reassortant virus, although no
aerosol transmission was detected.” Taken together, the high preval-
ence, wide geographic range, rapid evolution and frequent reassort-
ment of HON2 viruses in poultry,® in combination with the increasing
number of avian influenza infections in humans, highlight their pan-
demic and zoonotic potential.

Due to their potential threat as pandemic pathogens, details of avian
virus replication, pathogenesis and host response are subjects of
intense investigation. Previous reports, including ours,”® demon-
strated differences in the pattern of cell death in avian H5N1 and

human influenza virus-infected cells. In response to insults, cell death
processes include necrosis, apoptosis and autophagy. Apoptotic death
is an organized process to minimize inflammatory changes, whereas
autophagy is a self-controlled program for eliminating damaged orga-
nelles. Autophagy was originally characterized as a tightly regulated
cellular homeostatic process, which involves the sequestration of parts
of the cytosol and intracellular organelles within double-membraned
autophagic vacuoles and their subsequent delivery to lysosomes for
degradation. In addition to cell survival, autophagy plays an essential
role in innate and adaptive immunity to fight against microbial infec-
tions.” For example, autophagy enhances degradation of HSV-1 viral
proteins,'® as well as recognition of single-stranded RNA viruses and
secretion of interferon-o. (IFN) in plasmacytoid dendritic cells."
Autophagy is also important in lysosomal proteolysis of foreign anti-
gens and their presentation by major histocompatibility complex class
I molecules to CD4 " cells. Autophagosomes have been shown to fuse
continuously with multivesicular major histocompatibility complex
class 1I-loading compartments.'> The role of autophagy in cellular
antiviral responses is not well defined. However, various viruses,
including poliovirus, rotavirus and parvovirus, can induce autophagy
to enhance their own replication.'?

Fatal outcomes of H5N1 virus infections are associated with high
viral load and hypercytokinemia.'* Elevated levels of CXCL10, CXCL9
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and CCL2 were found in patients with H5N1 infections when com-
pared to those with human seasonal influenza H3N2 and HIN1 virus
infections. In other in vitro studies of primary human macrophages,
the highly pathogenic H5N1 (A/Hong Kong/483/1997) and HON2/G1
(A/Quail/Hong Kong/G1/97) viruses induced significantly higher
levels of cytokines and chemokines, including tumor necrosis fac-
tor-a, type I IFN, CCL2, CCL3, CCL5 and CXCL10, when compared
with the HIN1 virus.">'® These two avian viruses share common
internal viral genes.'” A recent report showed that the novel swine-
origin influenza A/HIN1 virus (S-OIV), which caused the recent pan-
demic, induced cytokine and chemokine levels comparable with the
seasonal HIN1 virus in primary human blood macrophages.'®
Because autophagy plays a role in influenza virus-induced cell death,"
it may also contribute to cytokine dysregulation. Here, we show that
while influenza viruses HIN1 (both seasonal and pandemic) and
HO9N2/G1 induce autophagy in human blood macrophages, HON2
viruses are far more potent inducers of autophagy. In addition, we
demonstrate that S-OIV is a weaker inducer of autophagy than the
seasonal HIN1 virus. We also examine the role of autophagy in
CXCL10 and IFN-a production upon influenza virus infection.

MATERIALS AND METHODS

Reagents and antibodies

Specific antibodies against LC3B, Atg5 and phosphorylated and
unphosphorylated forms of p70S6 kinase (p70S6K) were purchased
from Cell Signaling Technology (Beverly, MA, USA), while antibodies
specific to p62 and actin were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). We purchased 3-methyladenine (3-
MA) from Sigma (St Louis, MO, USA). Small interfering RNA
(siRNA) oligos specific to Atg5 (siAtg5) and non-targeting siRNA
oligos (siCtrl) were purchased from Dharmacon (Lafayette, CO, USA).

Cells and viruses

Human blood macrophages from healthy donors (Hong Kong Red
Cross Blood Transfusion Service) were prepared as previously
described.”*®*! In brief, blood mononuclear cells were separated by
Ficoll-Paque centrifugation and purified by the adherence method.
Monocytes were seeded in 24-well (0.5X10° cells/well) or 6-well
(2X10° cells/well) tissue culture plates for studies of RNA and protein,
respectively. Monocytes were differentiated in RPMI 1640 (Invitrogen,
Carlsbad, CA, USA) supplemented with 5% heat-inactivated autolo-
gous plasma. Differentiated macrophages were obtained after culturing
for 14 days. Influenza viruses including A/Quail/Hong Kong/G1/97
(H9N2/G1), A/Hong Kong/54/98 (HINI1) and the pandemic swine-
origin influenza virus A/HongKong/415742/09 (S-OIV) were grown in
Madin-Darby canine kidney cells and were purified by pre-adsorption
to and elution from turkey red blood cells. Virus infectivity was deter-
mined by titration on Madin—Darby canine kidney cells.”*

Virus infections

Macrophages were infected with the viruses at a multiplicity of infec-
tion of 2 for 30 min at 37 °C. The supernatant containing the virus
inoculum was then removed, and the cells were incubated in macro-
phage serum-free medium (Invitrogen) supplemented with 0.6 pg/ml
penicillin and 60 pg/ml streptomycin. The mock-treated control was
incubated with the buffer under parallel conditions.

Protein extraction and western blot analysis
Whole-cell lysates were prepared with total lysis buffer (50 mM Tris-
HCI, pH 7.4, 150 mM NaCl, 50 mM NaF, 10 mM B-glycerophosphate,
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0.1 mM EDTA, 10% glycerol, 1% Triton X-100) containing a protease
inhibitor cocktail. For western blot analysis, 30 pig of protein was heat
denatured in sample buffer (125 mM Tris, pH 6.8, 4% sodium dodecyl
sulfate, 20% glycerol, 5% B-mercaptoethanol, 0.01% bromophenol
blue), separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and transferred onto a nitrocellulose membrane
for assaying protein levels with ECL™ Western Blotting Detection
Reagents (GE Healthcare, Piscataway, NJ, USA) solution.

Immunocytochemical staining

For the detection of autophagosome formation, cells were fixed with
4% paraformaldehyde and permeabilized with 0.25% Triton X-100 for
5 min. The cells were stained with antibodies specific to LC3B and
rhodamine-conjugated antirabbit secondary antibodies. Nuclei were
counterstained with 4,6-diamidine-2-phenylindole dihydrochloride,
and the immunocytochemical staining was examined under fluor-
escence microscopes.

siRNA transfections

Expression of Atg5 in human blood macrophages was knocked down
by siAtg5. siCtrl were used as controls. Macrophages were transfected
with either the siAtg5 or siCtrl at the indicated concentrations using
jetPEI transfection reagent (PolyPlus Transfection, Illkirch, France).
At 48 h after transfection, cells were infected with the viruses, and cells
were harvested at indicated time points for further analyses.

Quantitative reverse transcription-PCR analyses

Total RNA was extracted with TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. The cDNA was synthesized from
total RNA with oligo(dT) primers and Superscript Il reverse transcrip-
tase (Invitrogen). The levels of mRNA encoding CXCL10 and IFN-al,
-2 and -8 were assayed with TaqgMan gene expression assays
(Applied Biosystems, Foster City, CA, USA).

Quantitative analyses of CXCL10 and IFN-a by enzyme-linked
immunosorbent assays (ELISA)

Supernatant samples of macrophage cultures were collected at the
indicated time points after infection and irradiated with UV light
before the levels of CXCL10 and IFN-o were measured with specific
ELISA Kits (R&D Systems, Minneapolis, MN, USA).

RESULTS

Differential induction of autophagy by HIN2/G1, HIN1 and S-OIV
influenza viruses

Conversion of LC3B I to I1, a hallmark of autophagy,*? was analyzed by
western blot. Primary blood macrophages were infected with influenza
viruses, including H9N2/G1, HIN1 and S-OIV, at a multiplicity of
infection of 2. At 19 h post-infection (h.p.i.), whole-cell lysates were
prepared and analyzed by western blot using antibodies specific to
LC3B. Actin was used as a loading control. LC3B I was converted to
LC3BII at a higher efficiency in cells infected with HON2/G1 virus than
with HIN1 virus (Figure la). The intensity ratio of LC3B II to I was
determined by measuring the band intensity using Bio-Rad Quantity
One imaging software. When compared to mock-treated cells, the
ratio of LC3B II to I was increased fivefold upon HINI infection
and, much more drastically, 90-fold with HIN2/G1. However, when
comparing the LC3B II to I ratio in HIN1 versus S-OIV virus-infected
cells at 17 h.p.i., the ratio was smaller in the case of S-OIV (Figure 1b),
indicating that S-OIV induced less autophagy than HINI.
Autophagosomes were also examined by immunocytochemistry at
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Figure 1 Autophagy wasinduced by HIN1, HON2/G1 and S-OIV influenza viruses. Human blood macrophages were mock-infected or infected with HIN1, HON2/G1
or S-OIV. (a, b) Whole-cell lysates were harvested and LC3B expression was examined by western blot analysis. Actin was used as a loading control. (c)
Autophagosomes were examined by staining the mock-, HINI1- or HON2/G1-infected cells with antibodies specific to LC3B. DAPI was used to stain nuclei.
Arrows indicate LC3B positive vesicles. Magnification: X400. (d) p62 expression levels were examined at 19 h.p.i. by western blot analysis. (e) At 2 h.p.i., phosphory-
lation levels of p70S6K (Thr389) were examined by western blot analysis. Total p70S6K was used as a loading control. Densities of the protein bands were determined
with Bio-Rad Quantity One imaging software. The values in parentheses represent LC3B Il to LC3B | ratios (a, b). The p62 (d) and phospho-p70S6K (Thr389) (e)
intensity values were normalized to the corresponding actin or total p70S6K values. The values in parentheses are the relative normalized intensities compared to those
of the mock-treated cells. The results shown are representative figures from three independent experiments. DAPI, 4,6-diamidine-2-phenylindole dihydrochloride;
h.p.i., hour post-infection; p70S6K, p70S6 kinase; S-O1V, swine-origin influenza A/HIN1 virus; Thr389, threonine 389.
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Figure 2 Knockdown of Atgb protein by siRNA oligos. Human blood macro-
phages were transfected with siAtgb or siCtrl at 100 and 200 nM. At 48 hour
post-transfection, whole-cell lysates were harvested and Atgb expression was
measured by western blot with antibodies specific to Atgh. Actin was used as a
loading control. Densities of the protein bands were determined with Bio-Rad
Quantity One imaging software. The Atgb intensity values were normalized to the
corresponding actin levels. The values in parentheses are the relative normalized
intensities compared to those of the siCtrl-transfected cells. The results shown
are representative figures from three independent experiments. siAtgb, small
interfering RNA oligos specific to Atgb; siCtrl, non-targeting control oligos;
siRNA, small interfering RNA.

19 h.p.i. Consistent with the western blots, LC3B-positive vesicles with
a punctate-staining pattern were found in cells infected with HON2/G1
or HIN1 (Figure 1c). Moreover, more prominent staining was found
in cells infected with HON2/G1 when compared with those infected
with HINT.

Additionally, we examined other markers of autophagy, including
the level of p62 protein, a polyubiquitin-binding protein and the
activity of p70S6K, a marker of mammalian target of rapamycin
(mTOR), following influenza virus infections.*>** The p62 protein
can bind directly to LC3 proteins that enhance the degradation of
ubiquitinated proteins in the lysosome through the autophagic pro-
cesses.”* Because the p62 protein itself can also be degraded by autop-
hagy, its expression level indicates the autophagic status of the
cells.”>?® Our results show that p62 expression decreased by approxi-
mately 45% in macrophages with HIN1 infection when compared
with mock-treated macrophages (Figure 1d). Strikingly, p62 protein
expression was decreased by about 84% in HON2/G1-infected cells.

Autophagy is negatively regulated by mTOR.* Inhibition of mTOR
leads to induction of autophagy. Because p70S6K is a direct target of
mTOR, we examined the phosphorylation of p70S6K at threonine 389

Mock

to determine the activity of the rapamycin-sensitive mTOR complex
1.8 Our results show that phosphorylation of p70S6K at threonine 389
in H9N2/Gl-infected macrophages decreased at 2 h.p.i. when com-
pared with mock-treated cells (Figure le). In contrast, there was no
significant change in HINI-infected cells. Taken together, these
results demonstrate that the HIN2/G1 virus induced more autophagic
responses than HINI1.

Reduced H9N2/G1- and HIN1-induced autophagy after
knockdown of Atg5

To delineate the mechanisms of autophagic induction following
HIN1 and H9N2/GI infections, the autophagic pathways were
blocked by knocking down Atg5 expression through siRNA-mediated
gene silencing. Atg5 is involved in one of the two ubiquitin-like con-
jugation systems mediating vesicle elongation during the autophago-
some formation process.”” Here, primary macrophages were
transfected with siAtg5 or siCtrl at concentrations of 100 or 200 nM.
Knockdown efficiency was examined by western blot with antibodies
specific to Atg5 at 48 h.p.i. As shown in Figure 2, Atg5 expression was
decreased in a dose-dependent manner following administration of
siAtg5. For example, the Atg5 level was decreased by more than 70%
with siAtg5 at 200 nM when compared with cells transfected with
siCtrl.

Following siRNA treatment, Atg5 knockdown macrophages were
infected with HIN1 or HON2/G1 viruses. In cells transfected with
siCtrl, increases of LC3B II levels were consistent with the non-trans-
fected cells with HIN1 or HON2/G1 infections (comparing Figures la
and 3). However, in cells with reduced levels of Atg5, neither HIN1
nor HIN2/G1 viruses significantly increased LC3B II levels when com-
pared with the mock-treated cells (Figure 3, lanes 2, 4 and 6).
Therefore, our results show that influenza virus-induced autophagy
is an Atg5-dependent process.

Hyperinductions of CXCL10 and IFN-a by HON2/G1 virus

In response to influenza virus infection, host cells secrete cytokines,
chemokines and IFNs as antiviral mediators. HON2/G1 virus has been
shown to induce a cytokine profile similar to that of the highly patho-
genic H5N1 virus, and both of these viruses are known to induce
significantly higher cytokine levels than HINT viruses.'> We further
investigated whether autophagy is involved in the hyperinduction of
CXCL10 and IFN-o by HON2/G1. At 3 h.p.i. with HON2/G1 or HIN1,
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Figure 3 Involvement of Atghin HIN1 and HON2/G1 virus-induced autophagy. siAtgb- or siCtrl-transfected macrophages were mock-infected or infected with HIN1
or HON2/G1. Atgband LC3B Il levels were examined by western blot. Actin was used as a loading control. Densities of the protein bands were determined with Bio-Rad
Quantity One imaging software. The values in parentheses are the relative intensities of Atgh or LC3B Il levels compared to those of actin. The results shown are
representative figures from three independent experiments. siAtgb, small interfering RNA oligos specific to Atgb; siCtrl, non-targeting control oligos; siRNA, small

interfering RNA.
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mRNA levels of CXCL10 were quantitatively analyzed by TagMan
gene expression assays. HIN2/G1 induced significantly higher levels
of CXCL10 mRNA when compared with HINI1 (Figure 4a).
Furthermore, the levels of CXCL10 in the culture supernatants of
virus-infected cells at 8 h.p.i. were measured by CXCL10-specific
ELISA (R&D Systems). Consistent with the mRNA results, HON2/
G1 induced much higher levels of CXCL10 protein in the culture
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Figure 4 HO9N2/G1 induced higher CXCL10 and IFN-a levels than HIN1.
Macrophages were either mock-infected or infected with HIN1 or HON2/G1.
(@) At 3 h.p.i., CXCL10 levels were examined by TagMan gene expression assay;
n=6. (b) CXCL10 levels in culture supernatants harvested 8 h.p.i. were mea-
sured by ELISA; n=4. (c) IFN-a levels in culture supernatants harvested 8 h.p.i.
were measured by ELISA; n=6. *P<0.05. BD, below detection limit; h.p.i., hour
post-infection; IFN, interferon.
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supernatants when compared with HIN1 (Figure 4b). Similar to
CXCL10, the levels of IFN-o in the cell culture supernatants were
increased with HON2/G1 infection (Figure 4c).

Involvement of autophagy in CXCL10 and IFN-a production upon
influenza virus infection

Autophagy is required for the transport of cytosolic viral replication
intermediates into the lysosome for recognition by Toll-like receptor
(TLR) 7, which in turn leads to IFN secretion.'! Therefore, we next
investigated whether autophagy plays a role in chemokine induction
by influenza virus infection. To block the autohpagic pathway we
treated cells with 3-MA, a well-known autophagy inhibitor. Cells were
treated with 3-MA at 10 mM for 30 min before virus infections, and
the levels of CXCL10 mRNA were examined 3 h.p.i. We found that,
in the presence of 3-MA, CXCL10 mRNA expression was decreased
by more than 80% by both HIN1 and HON2/G1 infection (Figure 5a
and b).

We next examined induction of CXCL10 in HIN1- or HIN2/G1-
infected macrophages after transfection with siAtg5 or siCtrl. In
siAtg5-trasnfected cell at 3 h.p.i., CXCL10 mRNA levels were
decreased by 72 and 67% in HINI1- or HIN2/Gl-infected cells,
respectively, when compared with those transfected with siCtrl
(Figure 5¢ and d). The mRNA levels of IFN-a1, -a2 and -o8 were
measured in HON2/Gl-infected cells by TagMan gene expression
assay. Similarly, in cells transfected with siAtg5, the IFN-al, -02 and
-08 mRNA levels were significantly decreased, by around 70%. In
addition to CXCL10 and IFN-o, previous reports showed that
HYN2/G1 induces a number of cytokines and chemokines.'®
Therefore, we investigated the role of autophagy in the induction of
IFN-3, CCL2, CCL3, CCL5 and tumor necrosis factor-o mRNA by
quantitative reverse transcription-PCR. We found that inhibition of
the autophagic pathway with siAtg5 significantly suppressed the
H9N2/G1-induced expression of IFN-B, CCL3 and tumor necrosis
factor-oe but not CCL2 and CCL5 (data not shown). However, the
strongest suppressions were found in CXCL10 and IFN-a levels.

We also measured CXCL10 and IFN-o protein levels in culture
supernatants of Atg5 knockdown cells. At 8 h.p.i. with HON2/Gl1,
the level of CXCL10 in cell culture supernatants was decreased by
about 50% (Figure 6a), concomitant with reduced Atg5 expression.
Similarly, IFN-o. expression was decreased by approximately 50% in
cells transfected with siAtg5 (Figure 6b).

In summary, our results show that autophagy plays a role in HIN1-
and HIN2/G1-induced CXCL10 and IFN-o production in human
macrophages. The differential induction of autophagy by HIN1 and
H9N2/G1 may contribute, in part, to the differences in the CXCL10
and IFN-o production by these two viruses in human macrophages.

DISCUSSION
Influenza viruses of avian origin continue to pose pandemic threats to
human health. The ability of these viruses to cross the species barrier
from poultry to humans increases their potential to cause the next
pandemic. In addition to the highly pathogenic H5N1 influenza
viruses, HIN2 viruses have been circulating in poultry and were spor-
adically introduced into humans through close contact.>> Although
the HIN2 viruses cause mild symptoms when compared with the
H5N1 counterparts, their rapid evolution® and ability to infect
humans raise great concerns.

In response to influenza virus infections, epithelial cells and leuko-
cytes produce proinflammatory, chemotactic and immunoregulatory
cytokines. Chemokines belong to a family of chemotactic cytokines
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Figure 5 Inhibition of autophagy suppressed influenza-induced CXCL10 and IFN-a expression. Macrophages were pre-treated with 3-MA (10 mM) before infection
with HIN1 (a) or HON2/G1 (b). CXCL10 mRNA expression at 3 h.p.i. was examined by TagMan gene expression assay; n=3. Macrophages were transfected with
siAtgb or siCtrl at 200 nM. At 48 hour post-transfection, cells were infected with HIN1 (c) or HON2/G1 (d). The relative CXCL10 mRNA levels were examined at 3 h.p.i.
by TagMan gene expression assay; n=3. Relative mRNA levels of IFN-a1, -a2 and -a8 in siRNA-transfected cells with HON2/G1 infections were examined by TagMan
gene expression assay (e); n=3. Data represent the percentages of CXCL10 or IFN-a expression from 3-MA-treated or siAtg5-transfected cells relative to the mock-
treated or siCtrl-transfected cells, respectively. *P<0.05, #P<0.01. h.p.i., hour post-infection; IFN, interferon; siAtg5, small interfering RNA oligos specific to Atg5;
siCtrl, non-targeting control oligos; siRNA, small interfering RNA; 3-MA, 3-methyladenine.
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Figure 6 Atgb knockdown suppressed HON2/G1-induced CXCL10 and IFN-o
protein expression. Macrophages were transfected with siAtgh or siCtrlat 200 nM.
At 48 hour post-transfection, cells were infected with HON2/G1. Quantities of
CXCL10 (a) (n=4) and IFN-a (b) (n=5) in the culture supernatants at 8 h.p.i.
were measured by ELISA. The data represent the percentage of CXCL10and IFN-
o expression from siAtgb-transfected cells relative to siCtrl-transfected cells.
#P<0.05, #*P<0.01. h.p.i., hour post-infection; IFN, interferon; siAtg5, small
interfering RNA oligos specific to Atg5; siCtrl, non-targeting control oligos.

that direct the movement of circulating leukocytes to sites of inflam-
mation, thereby contributing to disease pathogenesis.*® Previous
studies have shown that H5N1 infections induce cytokine and
chemokine dysregulation leading to systemic tissue injury. Elevated
serum levels of chemokines were found in patients with H5N1 infec-
tions, ! especially in those with fatal outcomes. " In vitro studies also
showed that H5N1 virus induced significantly higher levels of chemo-
kines in human macrophages than HIN1 virus.'>'® The HON2/G1
virus used in this report, A/Quail/Hong Kong/G1/97, which shares
six internal genes with A/Hong Kong/483/1997 (H5N1),'” was found
to induce cytokine and chemokine levels in monocyte-derived macro-
phages similar to H5NI1. In contrast, the novel pandemic S-OIV
induced cytokine and chemokine levels similar to the seasonal
HIN1 virus in primary human blood macrophages.'® Consistent with
previous studies, CXCL10 and IFN-a levels were increased upon infec-
tion with HON2/G1 (Figure 4) but not with S-OIV (data not shown).
This correlates with our results showing that HON2/G1 induced a
higher level of autophagy when compared to HIN1 and S-OIV.
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We further demonstrated that autophagy is involved in induction of
CXCL10 and IFN-o with a well-known autophagy inhibitor, 3-MA, and
siRNA-mediated gene silencing of Atg5, which is a critical component
in autophagosome formation. After inhibiting the autophagic pathway
by knocking down Atg5, HON2/G1-induced CXCL10 and IEN-o pro-
tein levels were decreased by 50% (Figure 6). However, the detailed
mechanisms underlying how HIN2/G1 induces CXCL10 and IFN-o
through autophagy need to be further investigated. One possibility is
recognition of viral components through TLR3. TLR3 recognizes
double-stranded RNA produced by many viruses during replication
and triggers downstream pathways leading to the production of IFN
and cytokines.”> For example, TLR3 is important for induction of
CXCL10 during respiratory syncytial virus infection,” while interac-
tions between TLR3 and its ligand can induce autophagy.*

Similarly, autophagy is involved in virus recognition and IFN
induction'" via presentation of cytosolic viral replication intermedi-
ates into the lysosome for TLR7 recognition. After virus recognition by
TLR?7, the IFN production cascade is initiated.”® TLR7 was localized in
the same intracellular compartments as TLR3.*® H9N2/G1-induced
CXCL10 and IFN-o production may be dependent on autophagy for
recognition of viral components by TLR3. In addition, CXCL10
induction upon virus infection can be triggered by alternative path-
ways, including IFN-regulatory factor-3.%” We have previously shown
that, when compared to HINI virus, the H5N1 viruses are more
potent activators of IFN-regulatory factor-3,® which may explain
why knockdown of Atg5 expression in our system could not comple-
tely abrogate induction of CXCL10 and IFN-o. by HON2/G1. However,
we provide evidence that autophagy contributes, at least in part, to the
hyperinduction of CXCL10 and IFN-a during HON2/G1 infection.

Autophagy and its associated cellular responses are cell type-
dependent. In a recent report, it was shown that influenza virus rep-
lication is enhanced by autophagy in human lung carcinoma (A549)
and canine kidney (Madin—Darby canine kidney) cell lines.'® In the
present study, however, blocking autophagy by knocking down Atg5
had no effect on HIN2/G1 virus replication in primary human blood
macrophages (data not shown). These results indicate that HON2/G1
replication is not affected by autophagy in blood macrophages. This
discrepancy between human macrophages and lung cancer cells may
be due to cell type-specific differences in the autophagic response.
Additionally, transformed cell lines may have altered autophagic pro-
cesses, causing primary cells and transformed cell lines to respond
differently to virus infections or other stimuli. A cell type-specific role
of autophagy in virus replication has also been demonstrated in cor-
onavirus infections. Autophagy enhances the replication of corona-
virus mouse hepatitis virus in embryonic stem cells, and the
replication was decreased by more than 99% in Atg5 knockout cells.*
On the other hand, another study demonstrated that Atg5 knockdown
had no effect on mouse hepatitis virus replication in primary bone
marrow-derived macrophages and primary low-passage mouse
embryonic fibroblasts.*” These paradoxical results highlight the
importance of tissue origins and cell types in autophagic responses.

To conclude, our present report provides evidence for the involve-
ment of autophagy in influenza virus-induced CXCL10 and IFN-o
expression and demonstrates the differential induction of CXCL10
and IFN-o by HIN2 and HIN1. Our results provide new insights into
the mechanisms underlying the pathogenesis of avian influenza virus
infections.
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