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00051.2018.—Host-viral interaction occurring throughout the infec-
tion process between the influenza A virus (IAV) and bronchial cells
determines the success of infection. Our previous studies showed that
the apoptotic pathway triggered by the host cells was repressed by
IAV facilitating prolonged survival of infected cells. A detailed
understanding on the role of IAV in altering the cell death pathway
during early-stage infection of human bronchial epithelial cells
(HBEpCs) is still unclear. We investigated the gene expression pro-
files of IAV-infected vs. mock-infected cells at the early stage of
infection with a PCR array for death receptor (DR) pathway. At early
stages infection (2 h) with IAV significantly upregulated DR pathway
genes in HBEpCs, whereas 6 h exposure to IAV resulted in down-
regulation of the same genes. IAV replication in HBEpCs decreased
the levels of DR pathway genes including TNF-receptor superfamily
1, Fas-associated death domain, caspase-8, and caspase-3 by 6 h,
resulting in increased survival of cells. The apoptotic cell population
decreased in 6 h compared with the 2 h exposure to IAV. The PCR
array data were imported into Ingenuity Pathway Analysis software,
resulting in confirmation of the model showing significant modulation
of the DR pathway. Our data indicate that a significant transcriptional
regulation of apoptotic, necrotic, and DR genes occur at early and late
hours of infection that are vital in modulating the survival of host cells
and replication of IAV. These data may have provided a likely
roadmap for translational approaches targeting the DR pathway to
enhance apoptosis and inhibit replication of the virus.

caspase-8; Death receptor, FADD, influenza virus, lung epithelial
cells

INTRODUCTION

Influenza A viruses (IAV) belong to the Orthomyxoviridae
family of human respiratory pathogens that cause periodic
pandemics (18, 32). In the United States, the annual direct
costs of influenza are estimated at $4.6 billion along with up to
111 million lost workdays (5, 6). Vaccination is still considered
as the best method of prevention of this disease but has
limitations as the virus periodically undergoes antigenic shift

Address for reprint requests and other correspondence: S. Othumpangat,
Allergy and Clinical Immunology Branch, 1095 Willowdale Rd., MS 4020,
National Institute for Occupational Safety and Health, Morgantown, WV
26505 (e-mail: seo8@cdc.gov).

770

and drift, rendering the vaccine less effective (1). Understand-
ing the molecular mechanism of IAV infection and damage to
the epithelial cells of the respiratory tract could lead to novel
methods of prevention. Several studies suggest that apoptosis
is one mechanism epithelial cells use to halt viral replication
(18), but the mechanism or pathways targeted in early stages of
TIAV infection has not been studied in detail. To expand our
understanding on the survival of virus in host cells, the apo-
ptotic, necrotic, and death receptor (DR) pathways were inves-
tigated.

Apoptosis is a fundamental biochemical process of selective
and controlled elimination of infected or damaged cells as a
defense mechanism against invading pathogens (28, 37). Ap-
optosis also plays an important role in the pathogenesis of
many infectious diseases (11, 21, 29). Earlier studies reported
the occurrence of apoptotic-triggering events in virus-infected
cells (30, 38). IAV also induces apoptotic cell death in infected
epithelial and lymphocyte cells (33, 34). IAV replication in
lung cells showed cytopathic effect followed by cell death
(31). Programmed cell death occurs in cells through either
intrinsic or extrinsic apoptotic pathways. The intrinsic path-
way is triggered by changes in mitochondrial integrity and
involves the release of cytochrome c into the cytosol and the
activation of caspase-9 (10). The extrinsic pathway is initi-
ated through the death receptors FasR and tumor necrosis
factor receptor (TNFR) and involves the activation of
caspase-8 (9). Two important pathways activate caspase
cascades for apoptosis, the DR pathway, and the mitochon-
drial signaling pathway (13).

The TNFR superfamily plays a central role in the physio-
logical regulation of programmed cell death and is implicated
in the pathogenesis of various diseases of the immune system
(2). Tumor necrosis factor-a (TNF-a), a pleiotropic cytokine,
functions by binding to the receptors designated as TNFR1 and
TNFR2 (38). Among the DRs, the type 1 transmembrane
protein receptors have a conserved cytoplasmic motif found
on all of the three receptors (FasR, TNFR1, and TNFR2),
and on TNF-related apoptosis-inducing ligand receptor 1
and 2 (TRAILR1 and TRAILR2; also known as DR4 and
DRS, respectively) that binds with Fas-associated death
domain (FADD) activating caspase-8. DR4 and DR5 require
death-associated protein 3 (DAP3) for recruitment of FADD
(22). FADD thus plays a pivotal role in DR-mediated
apoptosis. Activated caspase-8 transmits the apoptotic sig-
nal either by directly cleaving and activating downstream
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caspases or by cleaving the BH3-Bcl2-interacting protein
that releases cytochrome ¢ from mitochondria initiating the
activation of caspase-9 (18).

TNFRI signaling differs from FasR or TRAILR1/TRAILR2-
induced apoptosis. Fas receptor contains a death domain di-
rectly interacting with FADD (7), whereas TNFRI requires
TNFR type 1-associated death domain protein (TRADD) to
recruit FADD. Two sequential signaling complexes are in-
volved in TNFR1-induced apoptosis. Plasma membrane bound
complex (complex-I) consists of TNFR1, TRADD, receptor-
interacting protein (RIP), TNFR-associated factor 2 (TRAF2),
which functions to activate NF-kappa B (NF-kB). In a second
step, TRADD and RIP associate with FADD and caspase-8,
forming a cytoplasmic complex-II. When NF-«kB is activated
by complex-I, complex-II associates with caspase-8 and acti-
vates inhibitor protein FLIP, leading to the survival of the host
cell.

IAV relies on host genes for its replication and survival (17)
and modulates the signaling pathways of the host cells to
promote viral replication (20, 21, 36). IAV infection induces
the upregulation of several proapoptotic factors, while inhibi-
tion of TRAIL and FAS results in increased viral copy numbers
(35). To understand the DR cascade in detail, we first investi-
gated the DR pathway gene profiles of IAV infected human
bronchial epithelial cells (HBEpCs) to mock-infected cells. We
demonstrate that induction of the DR pathway is one mecha-
nism by which host cells eliminate IAV-infected cells. To
characterize the functional consequences of gene expression
changes associated with infection by IAV, we performed
pathway analysis of our gene expression data using Ingenuity
Pathways Analysis (IPA). IPA results showed that initial in-
fection with IAV induced the DR pathway in infected HBEpCs
at 2 h postinfection and activates FADD-mediated caspases
through the mitochondrial pathway. By 6 h postinfection, IAV
overcomes the downregulation of DR pathway genes and
reduces the number of apoptotic cells while increasing viral
copy numbers in epithelial cells.

METHODS

Cell culture. Primary HBEpCs were purchased from Promo Cells
(Hamburg, Germany) and cultured as instructed by the manufacturer
in bronchial epithelial cell growth media. Madin-Darby canine kidney
(MDCK) cells were used to propagate IAV, as described in earlier
studies (24). MDCK cells were cultivated in MEM medium supple-
mented with 10% FBS and 100 IU/ml penicillin and 100 pg/ml
streptomycin sulfate. Influenza strain A/WSN/33 was a kind gift from
Prof. Robert Lamb (Northwestern University) and A/Aichi/2/68
(H3N2-ATCC 1680) was procured from ATCC and maintained as
described earlier (25).

Viral infections. All infections of HBEpC were done in six-well
plates at a dose of 1.0 multiplicity of infection (MOI) unless otherwise
specified. Six-well plates were seeded with 5 X 103 cells per well and
grown to 80% confluence. Prior to infection, the cells were washed
with PBS, and the virus was diluted in modified Hans balanced saline
solution and added to each well. After 45 min of incubation at 37°C
and 5% CO.,, the unbound viruses were washed off with 2 ml PBS.
For H3N2, fresh F12 media containing 0.5 pg/ml of TPCK-trypsin
(Sigma-Aldrich, St. Louis, MO) was added, and for HIN1 (WSN),
F12 medium without TPCK was added to the cells and incubated at
37°C and 5% CO,. Cells were then harvested at various time intervals
and used for RNA and protein studies.
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SuperArray analysis. Predesigned PCR array plates purchased from
SuperArray Technology (catalogue no. PAHS-141Z; SABiosciences,
Frederick, MD) and were utilized to compare the relative levels of
mRNA from apoptosis-related genes expressed in HBEpCs infected
with IAV for 2 h and 6 h at MOI of 1.0. The array plate contained 84
primer pairs that amplified genes involved in human necrosis pathway
including the DR pathway genes. The infected and the mock-infected
cells were analyzed in three independent experiments with RT?> SYBR
green ROX gPCR master mix. The RT-PCR reaction was analyzed on
an ABI 7500 instrument (Applied Biosystems, Foster City, CA). The
mean value for each gene was determined and used to calculate the
fold changes in expression (infected vs. mock-infected control) using
QIAGEN’s online array analysis software.

RNA isolation. RNA was isolated from HBEpCs using the RNeasy
plus kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions, and 1.0 wg RNA was used to generate cDNA with the
High capacity ABI-RT PCR kit (Applied Biosystems). RT-PCR
reactions were done using the TagMan FAST PCR reagent (Applied
Biosystems) and the ABI 7500 FAST real-time cycler (Applied
Biosystems). TagMan primers for FADD, TNFRSFI1, Caspase-3,
Caspase-8, and glyceraldehyde phosphate dehydrogenase (GAPDH)
were purchased from Thermo Fisher Scientific (Thermo Fisher Sci-
entific, Waltham, MA). Influenza matrix gene expression was quan-
tified with a standard curve and reported as copy numbers of IAV.
Gene expression was normalized to GAPDH and reported as fold
change. The change in gene expression was calculated thus: fold
change = 2”(ddCt), ddCt is the dCt (HIN1-infected) — dCt (mock-
infected), where dCt = Ct (detected gene) — Ct (GAPDH) and Ct is
the threshold number.

Western blot analysis. At specific time points after influenza virus
infection and as indicated in the figure legends, infected cells were
lysed in radioimmunoprecipitation assay (RIPA) buffer (Thermo-
Fisher Scientific) containing a complete protease inhibitor cocktail.
Isolated protein was used for Western blot analysis using a 10%
SDS-polyacrylamide gels (SDS-PAGE, Pre-cast gels, Bio-Rad) and
PVDF membrane. Membranes were probed with anti-rabbit poly-
clonal antibodies to FADD, DR3, DRS (dilution 1:200; Cell Signal-
ing, Danvers, MA), and anti-mouse monoclonal anti-GAPDH (dilu-
tion 1:10,000; Abcam, Cambridge, MA). Near-infrared fluorescence
detection was performed on the Odyssey Imaging System (LI-COR
Biosciences), and the fluorescent signal intensities of the individual
bands were determined.

Imaging with confocal microscopy. HBEpCs were grown on cham-
ber slides (Chamber slide, Lab-TeklII; Thermo Fisher Scientific, Roch-
ester, NY) and infected with HIN1 or H3N2 for 2-6 h. Confocal
staining of the cells was done as described earlier (25). Cells were
treated with rabbit anti-human FADD or DR3 antibody (Cell Signal-
ing) and anti-mouse TRADD (Millipore, Billerica, MA) followed by
a secondary Alexa-488 conjugated anti-rabbit antibody and Alexa-546
conjugated anti-mouse antibody (Invitrogen).

Flow cytometric analysis for apoptotic cells. HBEpCs (1 X 10°)
were infected with HIN1 and H3N2 at MOI of 1 for 2—6 h. Cells were
harvested, resuspended in 100 pl of annexin 1X binding buffer, and
stained for 15 min at room temperature with 5 pl of annexin V-FITC
(BD Biosciences) and 5 pl of propidium iodide (BD Biosciences) to
detect apoptosis and necrosis, respectively. After the addition of 300
wl of 1X binding buffer to each sample, flow cytometry analysis was
performed with FACS LSRII (BD Biosciences). Data were collected
with CellQuest software (BD Biosciences).

IPA. The mRNA fold changes from the PCR array data obtained
from the Qiagen online data analysis software were imported directly
into the IPA software (Qiagen, Redwood City, CA) for core analysis
and pathway generation. IPA-generated networks show differentially
regulated genes that may be related according to previously validated
studies between genes or proteins, described in the literature. The data
from 2 and 6 h exposure of both (HIN1 and H3N2) strains of IAV
were used to generate potential interactions among the pathway genes
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in the DR pathway. The Core Analysis function included in IPA
interprets the data in the context of biological processes, pathways,
and networks (16). Both up- and downregulated genes were defined as
value parameters for the analysis. IPA-generated networks are ordered
by a score meaning significance. Canonical pathways were grouped
into metabolic pathways and signaling pathways.

Statistical analysis. One-way analysis of variance (ANOVA) was
used to analyze the PCR data, and post hoc pairwise multiple com-
parisons between means were performed as per the Holm-Sidak
method with Sigma Stat version 11.0 for Windows (Systat Software,
Chicago, IL). A P value of <0.05 was considered statistically signif-
icant.

RESULTS

PCR array for necrosis and apoptosis. Previous studies from
our laboratory have indicated that early stage infection (1-3 h)
leads to the induction of apoptotic protein caspase-9 (25).
These data also suggest that the initial cellular defense would
try to eliminate infected cells by driving them into the apopto-
tic state. Takizawa et al. (31) have suggested that influenza
infection causes apoptotic death of cultured cells at an early
stage of infection by the induction of the FAS gene. Moreover,
examining the initial stages of infection addresses the primary
response of host cells against the invading viruses. To further
understand the apoptotic pathway involved in early and late
stages of AV infection, we first assessed the effect of IAV
infection at 2 and 6 h on necrosis and apoptosis genes in
HBEpCs with PCR array analysis. HBEpCs were infected with
either HIN1 or H3N2 at an MOI of 1.0 for 2 and 6 h, and 84
key genes involved in programmed necrosis, death receptor
signaling, ROS production, and mitochondrial activity were
evaluated with Human Necrosis RT? Profiler PCR Super Array
(Table 1). Genes that are central to apoptosis (Table 1C) and
necrosis (Table 1B) showed a significant difference in gene
expression at both 2 and 6 h postinfection. By 2 h, most of the
DR signaling pathway genes (Table 1A4), including FADD (1.5-
to 1.7-fold), FAS (1.63- to 1.88-fold), DR3 (3.1- to 4.6-fold),
and TRADD (1.54- to 1.69-fold) showed significant increases
in expression compared with mock-infected cells. FADD, con-
sidered as the common mediator of apoptosis by death domain
receptors (DR3, and DR4) increased 1.7- and 1.5-fold at 2 h
postinfection with HIN1 and H3N2, respectively. By 6 h,
FADD (2.1- and 2-fold), Fas (1.2- and 1-fold), and TRADD
(1.0- and 1.2-fold) was downregulated in HBEpCs infected
with HIN1 and H3N2, respectively.

DR pathway. Data obtained from the PCR array were further
clarified by quantifying the fold changes in DR pathway genes
with RT-PCR in a time course study (1-6 h). HBEpCs exposed
to HINT at an MOI of 1.0 and the gene expression levels of
TNFRSF1, FADD, caspase-8, and caspase-3 from RT-PCR are
shown in Fig. 1. At 1 h postinfection, TNFRSF1 and FADD
expression increased 1.7- and 2.4-fold, respectively, and re-
mained elevated at 2 h postinfection and then gradually de-
creased to levels nearly twofold lower than that of uninfected
cells by 6 h. Expression of Caspase-8 increased 1.6-fold 1 h
postinfection and then gradually decreased to 0.45-fold lower
than that of uninfected cells by 6 h. Caspase-3 showed a small
(1.2-fold) increase in expression at 1 h postinfection and also
gradually decreased to 0.6-fold lower than that of uninfected
cells by 6 h postinfection. Our findings suggest that the IAV-
infected cells tend to transition from an apoptotic state to an
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antiapoptotic state beginning from 2 to 6 h exposure to IAV.
This statement is supported by the data presented in Fig. 4,
which suggest that this is very likely in the majority of the cells
and not necessarily with all the cells exposed to IAV.

To determine whether the transcriptional changes in RNA
levels of these genes were accompanied by translational
changes, protein expression was examined by Western blot
analysis. HBEpCs were infected with either HIN1 or H3N2 at
an MOI of 1.0 for 6 h, and protein expression was assessed 2
and 6 h postinfection. FADD expression was significantly
increased 1.8- and 1.9-fold at 2 h postinfection with both
strains, but by 6 h, expression in HINl-infected cells was
reduced to lower (0.8-fold) than that of the uninfected cells
(mock) and similarly reduced (0.2-fold) in H3N2-infected cells
(Fig. 2, A and C). Other major proteins of the DR pathway,
DR3 and DR5 were also 1.8- to 2.6-fold elevated at 2 h
postinfection but returned to levels lower (0.4- to 0.7-fold)
(Fig. 2, B and C) than uninfected cells by 6 h with both strains
of IAV. Taken together, these results further suggest that DR
pathway proteins may play a significant role in viral survival at
2-6 h of infection.

The increased expression of FADD and DR3 in infected
cells shown by Western blot was also confirmed by confocal
microscopy along with expression of TRADD. Expression of
all three proteins was dependent on the exposure time to HINT.
FADD and TRADD expression increased at 2 h postinfection
and returned to those levels in uninfected cells or lower by 6 h
(Fig. 3A) Similarly, DR3 expression increased at 2 h and
declined to that in uninfected cells by 6 h (Fig. 3B). Similar
results were obtained with H3N2 (data not shown).

We also analyzed annexin V staining (apoptosis) and PI
uptake (necrosis) to compare the apoptotic and necrotic state of
IAV-infected cells. Figure 4A shows that the early-stage infec-
tion (2 h exposure) of bronchial epithelial cells resulted in a
decrease in the viable cells and increase in apoptotic and
necrotic cells with both HIN1 and H3N2 strains of [AV.
Consequently, the increase in exposure time (6 h) increased the
total viable cells and decreased the number of apoptotic and
necrotic cell population. The decrease in these two cell popu-
lations at 6 h of exposure to IAV could be due to the change in
DR pathway signaling.

Meanwhile, we also measured whether the viral population
increased with increase in exposure time, to ascertain that virus
are alive and active, irrespective of the modulation of DR
pathway. The viral copy numbers are expressed as IAV matrix
gene copy numbers in HBEpCs infected with either HINI or
H3N2 (Fig. 4B). We did not see any significant morphological
changes in cell phenotype, from 2 to 6 h exposure to IAV,
although few cells showed increase in cell size. In addition, a
2—-6 h exposure to IAV resulting in a 10-fold increase in viral
copy numbers suggests that the viruses are active and multi-
plying in HBEpCs.

Pathway analysis. The data obtained from the PCR array
(Table 1) were subjected to IPA, which subsequently revealed
multiple pathways that appear to be the targets of IAV infec-
tion. The resulting changes to expression of DR pathway
proteins 2 h postinfection of HIN1 in HBEpCs are shown (Fig.
5). The DR pathway shows the interaction between FAS and
FADD that results in the induction of the caspase pathway for
apoptosis through mitochondrial release of cytochrome c. The
increased levels of FAS induced the expression of FADD,
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Table 1. PCR array data showing the differential expression
of necrotic and apoptotic, including Death Receptor pathway
genes on exposure to influenza virus for 2 and 6 h

HINI H3N2
Gene Symbol 2h 6 h 2h 6h
A. Death receptor signaling genes
BID 1.6705 —1.1268 1.2614 —1.0866
BIRC3 —8.4445 —7.2751 —11.4404 —11.091
CASP8AP2 —1.3401 1.0153 —1.0121 1.1755
CYLD 2.2992 2.7979 1.989 3.0698
EDA2R —3.4018 —6.9352 —7.3251 —2.097
FADD 1.7047 —2.1807 1.4905 —1.978
FAF1 1.0614 —1.2741 1.4664 —1.3019
FAS 1.8874 —1.2151 1.6392 —1.026
FEMI1B 1.2352 1.2553 1.2369 1.7072
IKBKG —1.6156 —1.9047 —2.039 —1.6056
MADD —1.3741 —1.4662 —1.36 —1.1086
MYDS8 —1.203 1.0832 —1.1268 1.1084
NGF 1.281 —1.2372 2.0946 —1.3989
NGFR 5.4884 3.4322 2.6526 2.4447
NGFRAP1 —1.5617 —1.2735 —1.7528 —1.5964
PARPI —2.3284 —3.2725 —2.9497 —2.3855
PIDD —1.075 —1.4353 —1.7287 —2.0342
RIPK1 1.9498 1.623 2.3367 1.6484
TNFRSF14 6.6447 8.0388 29152 2.6605
TNFRSF17 1.8864 —1.3944 1.5572 2.3833
TNFRSFIA 1.9153 —2.1502 1.9012 —1.7832
TNFRSF1B 2.1665 1.3784 1.6021 —1.0989
TNFRSF25 7.7311 6.5293 4.5171 3.5202
TNFRSF4 1.0226 1.3128 —2.2767 —1.8535
TNFRSF8 —1.5617 —1.3212 —1.9125 —1.5549
TNFSF15 —1.5434 —2.8836 —4.2282 —3.0497
TRADD 1.5491 —1.0779 1.6943 —1.1711
TRAF2 1.6301 —1.9998 1.2761 —1.1356
B. Necrosis genes
ATP6V1G2 —3.5123 —3.9169 —5.4752 —3.9901
BMF —6.4512 —8.1435 —6.81 —10.5748
BNIP3L —1.1857 1.0262 —1.242 1.0426
Clorf159 1.0804 1.065 —1.14 —1.0843
CAPN1 1.2662 1.1387 1.0265 —1.051
CAPN2 —1.0408 1.3585 1.1328 1.2318
CAPN3 3.6163 2.479 2.0707 1.8057
CAPNS —7.6877 —9.6087 —11.4503 —10.8556
CAPNG6 —1.1657 —1.9724 —1.5834 —1.0764
CAPN7 1.0424 1.0305 —1.0619 1.1758
CAPNS1 —2.257 —2.2775 —3.1163 —2.742
CCDC103 —3.931 —3.8967 —4.4078 —2.6342
CDA40 —2.106 —2.8755 —3.2768 —3.2207
COMMD4 —1.6632 —1.7966 —2.1664 —1.715
CYLD 2.2992 2.7979 1.989 3.0698
DEFB1 7.6759 3.0889 10.3664 4.3761
DENND4A —2.0343 —2.4644 —2.8739 —2.0444
DPYSL4 —1.3629 —1.7428 —1.6402 —1.1259
EIF5B —1.252 —1.155 1.0783 1.3125
FADD 1.7047 —2.1807 1.4905 —1.978
FAS 1.8874 —1.2151 1.6392 —1.026
FASLG 2.1945 —1.6264 1.5099 1.0745
FOXI1 —1.7108 —1.6823 —1.8187 —2.494
FUS —1.4395 —1.3692 —1.5476 —1.0576
GALNTS 1.8203 3.8357 3.15 3.2674
GLUD!1 —1.5845 —1.5201 —1.5634 —1.4138
GLUL 1.0629 —1.2812 —1.2969 1.0041
GRB2 —1.4866 —1.1462 —1.3452 —1.0598
HSPBAPI1 1.3723 4.0924 1.3112 1.1853
JPH3 —10.6296 —2.1392 —4.3368 —4.2977
KCNIP1 —1.3348 —1.2061 —1.7184 —1.788
MAG 1.0056 —1.0498 —1.223 —1.3212
MGEAS 1.0063 1.0816 —1.002 1.2571
NFKB1 1.427 —1.1534 1.6627 —1.0838
Continued
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Table 1.—Continued

HINI1 H3N2
Gene Symbol 2h 6 h 2h 6 h

OR10J3 —1.1434  —1.0331 —1.4719 —1.0547
PARP1 —2.3284  —3.2725 —2.9497 —2.3855
PARP2 1.0257 1.1432 1.1172 1.075

PPIA —1.0143 1.0682 —2.0346 —2.0178
PPID 1.2246 1.8725 1.4468 1.9394
PVR —1.2733  —1.1997 —1.1447 1.0056
PYGL 1.1028 1.1691 1.1455 1.1911
RAB25 8.0268 6.1452 9.1723 8.2581
RIPK1 1.9498 1.623 2.3367 1.6484
RIPK2 —1.6746  —1.3068 —1.5231 —1.1141
RIPK3 1.6576 1.1383 2.1428 1.616

SP1 —1.2149  —1.0976 —1.1709 1.0089
SYCP2 —29317 —2.0818 —11.1565 —4.1291
TMEM123 —1.2096 1.0011 —1.4118 —1.167

TMEMS7 1.2176 1.2108 1.1792 1.6443
TNF 10.9313 22.5609 5.5303 6.5998
TXNL4B —1.058 1.176 1.0027 1.4085

C. Apoptotic genes

AIFM1 —1.7127  —1.8578 —1.88 —1.6802
ATP6V1G2 —3.5123 —3.9169 —5.4752 —3.9901
BAX —1.8561  —1.7336 —2.3757 —2.3312
BID 1.6705  —1.1268 1.2614 —1.0866
BIRC3 —8.4445 —7.2751 —11.4404 —11.091

BMF —6.4512  —8.1435 —6.81 —10.5748
CASP8AP2 —1.3401 1.0153 —1.0121 1.1755
CYLD 2.2992 2.7979 1.989 3.0698
FADD 1.7047  —2.1807 1.4905 —1.978

FAF1 1.0614 —1.2741 1.4664 —1.3019
FAS 1.8874  —1.2151 1.6392 —1.026

FASLG 2.1945 —1.6264 1.5099 1.0745
FEMI1B 1.2352 1.2553 1.2369 1.7072
IKBKG —1.6156  —1.9047 —2.039 —1.6056
MADD —1.3741 —1.4662 —1.36 —1.1086
MYDS88 —1.203 1.0832 —1.1268 1.1084
NFKB1 1.427 —1.1534 1.6627 —1.0838
NGF 1.281 —1.2372 2.0946 —1.3989
NGFR 5.4884 3.4322 2.6526 2.4447
NGFRAP1 —1.5617 —1.2735 —1.7528 —1.5964
RIPK1 1.9498 1.623 2.3367 1.6484
RIPK2 —1.6746  —1.3068 —1.5231 —1.1141
RIPK3 1.6576 1.1383 2.1428 1.616

SPATA2 —1.1353 1.0954 —1.0413 1.2261
SYCP2 —29317 —2.0818 —11.1565 —4.1291
TNF 10.9313 22.5609 5.5303 6.5998
TNFRSF10A (TRAIL-R) 1.5089 —1.2016 1.9785 1.3041
TNFRSFIA 19153  —2.1502 1.9012 —1.7832
TNFRSF1B 2.1665 1.3784 1.6021 —1.0989
TNFRSF25 (DR3) 7.7311 6.5293 4.5171 3.5202
TNFRSF4 1.0226 1.3128 —2.2767 —1.8535
TNFRSF8 —1.5617 —1.3212 —1.9125 —1.5549
TNFSF10 (TRAIL) 4.6843 2.123 3.1589 2.0027
TRADD 1.5491  —1.0779 1.6943 —1.1711
TRAF2 1.6301  —1.9998 1.2761 —1.1356

A: death receptor genes; B: necrotic genes; C: apoptotic genes. Human
bronchial epithelial cells were infected with HIN1 or H3N2 strains of influ-
enza virus at multiplicity of infection of 1 for 2 or 6 h. Cells harvested and
RNA isolated were used for CDNA synthesis. Diluted cDNA was used for
PCR array.

which in turn activates the caspase-8 (1.6-fold increase, Fig.
2C) pathway (all increased expression shown in red in Fig. 5).
Activated caspase-8 stimulates apoptosis by cleaving BID
(1.6-fold increase, Table 1) to initiate apoptosis through the
release of cytochrome C. Once Bid is cleaved by caspase-8,
truncated Bid (tBid) migrates from the cytosol to the mitochon-
drial outer membrane, where it stimulates Bax to oligomerize
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Fig. 1. Influenza A virus (IAV) infection
induces expression of death receptor (DR)
genes. Human bronchial epithelial cells
(HBEpCs) were infected with IAV HIN1 for
1-6 h, and total RNA was extracted from the
infected cells. cDNA was synthesized from 1
ng of RNA and subjected to quantitative
(q)PCR analysis using specific primers (n =
3). Expression of DR genes was normalized
to GAPDH expression by the ddCT method.
P < (0.001, **P < 0.01, and *P < 0.05.

Fold change in gene expression

UI

u CONTROL ®mTNFRSF1

e
s
2.0
1.5
- I ‘0 T
) I i
0.0
3h 4h 6h 1h 2h 3h 4h 6h

ECONTROL ® CASPS

Ll
"
E: 1.0
1.0 2 "
P 0.5
0.
0.0 - ' = ' 0.0
1h 2h 3h 4h 6h 1h 7h 3 4 6h

3.0 J
HCONTROL ®FAD

25

1.5
®CONTROL ®m CASP3

Fold change in gene expression

and alters the mitochondrial outer membrane, leading to the
release of cytochrome c. Subsequently, this then blocks the
caspase inhibitor XIAP and promotes the activation of
caspase-9. Caspase-9 in turn cleaves and activates caspase-3,
leading to apoptosis (8).

Caspase-3-mediated apoptosis may prevail in [AV-infected
cells. Our model showed that induction of apoptosis occurs

through TNF, inducing TNFRSF1A (2-fold increase at 2 h),
which binds with TRADD and FADD to facilitate the down-
stream process of apoptosis. Induction of the DR pathway gene
TNFRSF25 (DR3) by 2 h postinfection occurs following bind-
ing to its ligand and activation of TRADD/FADD. This com-
plex can activate caspase-8/-10; initiating caspase-3-mediated
apoptosis. Another mechanism that initiates caspase-3-medi-
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Fig. 2. Western blot analysis showing differential expression of DR pathway proteins in IAV-infected HBEpCs. A: Fas-associated death domain (FADD) and
corresponding housekeeping protein GAPDH. B: DRS, DR3, corresponding housekeeping protein GAPDH. HBEpCs were grown to 80% confluence and infected
with TAV HINI or H3N2 at multiplicity of infection (MOI) of 1 for 2 or 6 h. C: fold increase in expression was determined by densitometry and normalized

to GAPDH.
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ated apoptosis through the activation of caspase-8/-10 is
through the induction of TNSF10, which activates DR4/5, a
complex that binds to FADD, as illustrated in the schematic
representation of DR pathway (Figs. 5 and 6). Caspase-8
activates caspase-3, which could lead to apoptosis through
membrane blebbing, chromatin condensation, DNA fragmen-
tation, or cell shrinkage. We also saw a decrease in apoptotic
cells in 6 h exposure compared with the 2 h exposure to IAV,
confirming the PCR array data.

Fig. 3. Differential expression of DR path-
way proteins in IAV-infected HBEpCs de-
tected by immunofluorescence. A: expression
of FADD and TNFR type 1-associated de-
ath domain protein (TRADD) in infected
HBEpCs. Cells were stained with anti-FADD
antibodies (green), anti-TRADD (red), and
the nucleus by DAPI (blue) B: expression of
DR3 in infected HBEpCs. Cells were stained
with anti-DR3 antibodies (green) and the
nucleus by DAPI (blue). Arrows highlight
the cells showing differential expression of
proteins. HBEpCs were infected with HIN1 at
an MOI of 1.0 or mock-infected. After virus
adsorption for 45 min at 37°C, the cells were
incubated for 2 or 6 h. Thereafter, cells were
washed, fixed, and processed for immunofluo-
rescence staining. Images were obtained under
a Zeiss LSM510 confocal microscope equipped
with the Axiolmager system (Carl Zeiss, Ober-
tochen, Germany).

Interestingly, 6 h post-HIN1 infection of HBEpCs resulted
in significant downregulation of most of the DR pathway genes
(shown in green in the schematic figures) including FAS,
FADD, and BID, that shut down the pathway leading to
apoptosis (Fig. 6). In addition, decreased FADD expression
resulted in reduced interaction between the DR4/5 proteins,
inhibiting the DR pathway. Moreover, IAV-induced expression
of mRNAs of FADD, Caspase-8, and Caspase-3 was signifi-
cant at 1-2 h postinfection (Figs. 1-3), prompting the cells into
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Fig. 4. Change in influenza matrix gene copy numbers and cell population of HBEpCs infected with IAV. A: HBEpCs were infected with 1 MOI of influenza
A HINI or H3N2 for 2—-6 h. The cells were fluorescently labeled with annexin V and PI, and the different cell populations were analyzed by flow cytometry.

Data are expressed as

+ SE; *P < 0.05 compared with 2 and 6 h of infection (» = 3). B: matrix copy number in cells infected with either HIN1 or H3N2.

HBEpCs were grown to 80% confluence and infected with IAV HINT or H3N2 at MOI of 1 for 2 or 6 h. Data are expressed as = SE, **P < 0.01 compared

with 2 and 6 h of infection (n = 3).

apoptosis, but the decrease in expression of these transcripts
following the 3—6 h postinfection reverses the apoptotic activ-
ity as these proteins have a central roles in the induction of
apoptosis through the DR and mitochondrial apoptosis path-
ways.

DISCUSSION

The purpose of apoptosis or programmed cell death is to
maintain homeostasis in mammals and control invading patho-

gens (13). Our data indicated that apoptosis and caspase
activation on exposure to IAV was initiated at the very early
stages of infection, at least, partly through the activation of the
DR pathway genes including FADD, TNFR2, DR3, and DR5
at 2 h postinfection of IAV in HBEpCs. The DR ligands initiate
signaling through receptor oligomerization, which in turn re-
cruit specialized adaptor proteins (such as FADD) to activate a
cascade of caspases. Binding of Fas ligand (1.5- and 2.9-fold
increase in H3N2 and HINI, respectively; Table 1) induces
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genes. Biological network analysis was performed with IPA software and statistical significance with Fisher’s exact test.
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FasR trimerization, followed by signaling through the adaptor
protein FADD and the recruitment of caspase-8 (Fig. 5). As a
result, caspase-8 undergoes oligomerization and subsequent
activation via autocatalysis. Activated caspase-8 then stimu-
lates apoptosis either by directly cleaving and activating the
executioner caspase, caspase-3, or by cleaving BID. Previous
studies have shown that tBID translocates to the mitochondria
and induces cytochrome c release (12). Cytochrome ¢ binds
and activates apoptotic peptidase activating factor 1 (APAF-1)
as well as caspase-9 (15). Activation of caspase-9 in turn
cleaves downstream effector caspase-3. Our data (Fig. 5)
suggest that influenza infection induces key factors of the DR
pathway such as Fas, FADD, DR3, DRS5, and both caspases-3
and -8. It has been reported that the activation of caspase-8
results in the cleavage of the BCL-2-family protein BID
(1.6-fold increase, 2 h post-HINTI infection). Increased host
immune and death responses also has been reported in a mouse
model exposed to the recombinant 1918 pandemic IAV (18).
Moreover, results from our laboratory showed increased re-
lease of Cytochrome oxidase 6C (COX6C) 1-3 h postinfection
in HBEpCs, which gradually decreased by 6 h exposure to IAV
(25), and that apoptosis is initiated early following IAV infec-
tion of HeLa cells and A549 cells (26, 31).

Several viruses trigger apoptosis early in infection either
when viruses interact with receptors on the cellular surface or
at the time of fusion with the cell membrane and disassembly
(4, 14). In contrast, certain viruses induce apoptosis at late
stages of viral replication, providing a mechanism for dissem-
ination of progeny virus. Several viral proteins were involved
in the regulation of the mitochondrial apoptotic pathway (18).

Following assembly and maturation inside the host cell, IAV
may rely on apoptotic pathways as a mechanism to release
progeny virus into the neighboring healthy cells. Apoptosis as
an exit strategy from the host cells has been reported in other
viruses such as Calciviruses (3, 30).

Caspase-8 is activated through multiple DR pathway genes.
The DR3 promoted apoptosis through the adaptor proteins
FADD. leading to the activation of caspase-8 (Fig. 4). Fas
ligand binds to Fas and initiates the activation of FADD.
Activated FADD in turn recruits caspase-8, which activates
caspase-9 through BID. In the absence of caspase activation,
initiation of DR pathway leads to the activation of an alterna-
tive programmed cell death pathway termed necroptosis. Re-
cent studies with murine fibroblast and airway epithelial cells
showed RIPK3-dependent necroptosis on exposure to IAV
(23). Our data also showed a decrease in RIPK3 mRNA
expression 6 h postinfection with IAV.

Receptor genes involved in the regulation of the apoptosis
pathway in HBEpCs infected with IAV have a significant role
in modulating cell survival. The level of FADD was increased
in the first hour of exposure to IAV and by 3 h showed a
gradual decline that reached a significant downregulation by 6
h (Fig. 1). The data suggest that the virus takes control (3—6 h
post infection) of the translation machinery and modulates host
gene expression. A similar observation was reported in HeLa
and MDCK cells infected with IAV (31). Three caspases
appear to be involved in apoptosis mediated by IAV infection:
caspase-9 (25), and caspases-3 (36), and caspase-8. Caspase-3
and caspase-8 were decreased in their expression levels (2—-6 h
postinfection), allowing the HBEpCs to recover from apopto-
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sis. We also observed a decrease in apoptotic cells after 6 h »4.

exposure to IAV when compared with exposure after 2 h.
These data were in concordance with our previous report
showing a decrease in phosphorylated caspases 9 (27). Studies
in a mouse model infected with r1918 TAV reported significant
induction of mRINAs for FAS, caspase-8, and caspase-9 (18).

From the PCR superarray data and the IPA, it is clear that 2
h post-IAV infection leads to the downregulation of several
genes that inhibit viral survival in host cells. These genes
include reactive oxygen species (ROS)-related genes NADPH
oxidase 1 (NOX11) (6- to 7-fold downregulation) and NOX4
(1- to 3.5-fold downregulation) at 6 h post exposure of IAV
(Table 1). The exact mechanism of how the virus downregu-
lates these genes, however, is not clear. Necroptosis key
protein MLKL is activated by phosphorylation and is mediated
by RIP1. In our study, we observed a slight decrease in the
levels of RIPK1 at 6 h (1.6-fold in both strains) compared with
2h (1.9, HIN1; and 2.14, H3N2). The kinase domain of RIPK 1
plays different roles in cell survival and is important in necrop-
tosis induction (19).

In conclusion, IAV infection initially leads to reprogram-
ming of host cell genes that ultimately drive these cells into an
apoptotic state, but later in the infection process, these proapo-
ptotic genes are downregulated to favor host cell survival and
replication of the virus. Within the first 2 h of infection, the
host cell may respond to the virus by entering into apoptosis to
abrogate the virus from replicating. Nevertheless, thereafter,
the virus can overcome the cells’ defense response and force
the cells to downregulate genes like those in the DR pathway.
This report shows the significant role of the DR genes at an
early stage (2 h) of IAV infection. Modulating the early-stage
DR genes may be of use in immunotherapeutic intervention to
block TAV replication. Understanding the contribution of host
immune responses to IAV infection may lead to identification
of biomarkers of infection and the development of novel
antiviral therapies.
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