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A(H7N9) Virus Results in Early Induction of Proinflammatory
Cytokine Responses in both Human Lung Epithelial and Endothelial
Cells and Shows Increased Human Adaptation Compared with Avian
H5N1 Virus
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ABSTRACT

Similar to H5N1 viruses, A(H7N9) influenza viruses have been associated with severe respiratory disease and fatal outcomes in
humans. While high viral load, hypercytokinemia, and pulmonary endothelial cell involvement are known to be hallmarks of
H5NI1 virus infection, the pathogenic mechanism of the A(H7N9) virus in humans is largely unknown. In this study, we assessed
the ability of A(H7N9) virus to infect, replicate, and elicit innate immune responses in both human bronchial epithelial cells and
pulmonary microvascular endothelial cells, compared with the abilities of seasonal H3N2, avian H7N9, and H5N1 viruses. In
epithelial cells, A(H7N9) virus replicated efficiently but did not elicit robust induction of cytokines like that observed for H5N1
virus. In pulmonary endothelial cells, A(H7N9) virus efficiently initiated infection; however, no released infectious virus was
detected. The magnitudes of induction of host cytokine responses were comparable between A(H7N9) and H5N1 virus infection.
Additionally, we utilized differentiated human primary bronchial and tracheal epithelial cells to investigate cellular tropism us-
ing transmission electron microscopy and the impact of temperature on virus replication. Interestingly, A(H7N9) virus budded

from the surfaces of both ciliated and mucin-secretory cells. Furthermore, A(H7N9) virus replicated to a significantly higher
titer at 37°C than at 33°C, with improved replication capacity at 33°C compared to that of H5N1 virus. These findings suggest
that a high viral load from lung epithelial cells coupled with induction of host responses in endothelial cells may contribute to
the severe pulmonary disease observed following H7N9 virus infection. Improved adaptation of A(H7N9) virus to human upper

airway poses an important threat to public health.

IMPORTANCE

A(H7N9) influenza viruses have caused over 450 documented human infections with a 30% fatality rate since early 2013. How-
ever, these novel viruses lack many molecular determinants previously identified with mammalian pathogenicity, necessitating a
closer examination of how these viruses elicit host responses which could be detrimental. This study provides greater insight
into the interaction of this virus with host lung epithelial cells and endothelial cells, which results in high viral load, epithelial
cell death, and elevated immune response in the lungs, revealing the mechanism of pathogenesis and disease development
among A(H7N9)-infected patients. In particular, we characterized the involvement of pulmonary endothelial cells, a cell type in
the human lung accessible to influenza virus following damage of the epithelial monolayer, and its potential role in the develop-
ment of severe pneumonia caused by A(H7N9) infection in humans.

uman infection with avian influenza A(H7N9) viruses has

been documented in 14 provinces and municipalities in
China to date, with additional cases in Taiwan, Hong Kong, Ma-
laysia, and Canada (1, 2). More than 450 laboratory-confirmed
human cases of A(H7N9) virus infection have been reported, with
a high fatality rate, approximately 30% (2). Additional seasonal
waves of human infection with A(H7N9) virus will likely continue
and pose an ongoing threat to public health.

A(H7N9) virus infection has resulted in severe clinical out-
comes in patients, including hospitalization (99%), pneumonia or
respiratory failure (90%), acute respiratory distress syndrome
(ARDS) (34%), and admission to an intensive care unit (63%)
(3-5). This is in contrast to prior human infections with H7 vi-
ruses, which have typically manifested as mild respiratory illness
and/or conjunctivitis, with only infrequent reports of severe respi-
ratory disease (6). Epidemiological studies have revealed that se-
vere and fatal cases of A(H7N9) virus infection share several clin-
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ical features and laboratory findings with highly pathogenic avian
influenza (HPAI) H5N1 virus infection, including high viral load
and exacerbated cytokine production (3, 7, 8). Similar to H5N1,
A(H7N9) viruses are capable of efficient replication in human
bronchus and lung tissues and are detected at high titers
throughout the respiratory tracts of experimentally infected
mammalian models (9-12). Furthermore, hypercytokinemia
has been reported among severe and fatal cases with both H5N1
and A(H7N9) viruses (13-15).

Acute lung injury is associated with altered permeability of
alveolar epithelial and endothelial barriers, endothelial injury, and
dysregulated inflammation (16). While the association of acute
lung injury following human infection with A(H7N9) virus neces-
sitates a greater understanding of the ability of this virus to cause
severe disease, there are only limited studies examining the tro-
pism of H7 subtype viruses for human lung tissues and the induc-
tion of host responses in these cells following virus infection (9, 12,
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TABLE 1 Viruses used in this study

Trypsin
Virus Abbreviation Subtype Patient symptoms” dependent”
A/Texas/50/12 Texas/50 H3N2 Respiratory Yes
A/Anhui/1/13 Anhui/l H7N9 Fatal respiratory Yes
A/shv/Egypt/00215-NAMRU3/07 shv/Egypt/07 H7N9 NA Yes
A/Vietnam/1203/04 VN/1203 H5N1 Fatal respiratory No
A/Brisbane/59/07 Brisbane/59 HINI Respiratory Yes
A/Mexico/7218/12 Mx/7218 H7N3 Respiratory No
A/Netherlands/219/03 NL/219 H7N7 Respiratory No
A/Thailand/16/04 Thai/16 H5N1 Respiratory No

@ As described previously (22, 28, 52). NA, not applicable.
b Dependence on exogenously added trypsin for in vitro replication.

17-21). In this study, we characterized the infectivity, replication,
and elicitation of cytokines and inflammatory mediators follow-
ing A(H7N9) virus infection of human bronchial epithelial cells
and pulmonary microvascular endothelial cells. In bronchial epi-
thelial cells, A(H7N9) virus efficiently initiated infection and rep-
lication, inducing increased levels of proinflammatory cytokine ex-
pression and production, similar to the case with seasonal H3N2 and
avian H7N9 viruses but lower than with an HPAT H5N1 virus. How-
ever, infection of A(H7N9) virus damaged the integrity of the epithe-
lial monolayer through significantly higher levels of cell necrosis than
with the seasonal H3N?2 virus. In pulmonary microvascular endothe-
lial cells, A(H7N9) virus resulted in efficient initiation of infection in
the absence of productive virus replication. In comparison to sea-
sonal H3N2 virus infection, A(H7N9) virus infection induced high
levels of cytokine expression and production, similar to those ob-
served with the HPAI H5N1 virus. In differentiated primary human
bronchial/tracheal epithelial cells, A(H7N9) virus infected both cili-
ated and mucin-secretory cells; however, it did not replicate equally
well at 33°C and 37°C, a feature associated with inefficient human
transmission among other avian viruses. Our data suggest that the
high viral load generated from epithelial cells and elevated cytokine
production from infected endothelial cells may be responsible for the
development of severe pneumonia observed in A(H7N9) virus-in-
fected patients.

MATERIALS AND METHODS

Viruses. The viruses used in this study are listed in Table 1. Influenza A
viruses were grown in the allantoic cavities of 10-day-old embryonated
hens’ eggs (H5 and H7 viruses) or in Madin-Darby canine kidney
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(MDCK) cells, clarified by centrifugation, and immediately frozen at
—80°C until use (22). Virus titers were determined by standard plaque
assay (23). The identity of virus genes was confirmed by sequence analysis
to verify that no inadvertent mutations were present during the genera-
tion of virus stocks. All experiments were conducted in biosafety level 3
facilities with enhancements required by the U.S. Department of Agricul-
ture and the Select Agent Program (24), in accordance with U.S. federal
and World Health Organization guidelines.

Cell culture and viral infection. Immortalized human bronchial epi-
thelium cells (Calu-3) and lung microvascular endothelial cells
(HULECs) were grown as previously described (19, 23). During infection,
Calu-3 cells grown on transwells and HULECs grown on 12-well plates
were infected with virus at multiplicities of infection (MOIs) of 0.01 or 1
(for replication kinetics) and 1 (for immunofluorescence staining, cyto-
kine quantification, real-time PCR, and cell death enzyme-linked immu-
nosorbent assay [ELISA]) for 1 h. After washing, cell type-specific serum
free medium was added to all wells. A total of 300 pg/liter of N-p-tosyl-1-
phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma-Al-
drich, St. Louis, MO) was added to medium for HULECs to facilitate
hemagglutinin (HA) cleavage.

EpiAirway cells (MatTek, Ashland, MA) are an in vitro model of dif-
ferentiated human bronchial and tracheal epithelial (HTE) cells cultured
on transwells under air-liquid interface (ALI) for 2 to 3 weeks. The cells
were infected apically with virus at an MOI of 0.01 (replication) for 1 h
and maintained under ALI conditions. For replication kinetics, 200 pl of
medium was added to the apical compartment for 20 min at each time
point and collected for viral titer determination.

Immunofluorescence staining and microscopy. To detect influenza
A virus nucleoprotein (NP) antigen, Calu-3 cells grown on transwells and
HULECs grown on collagen-coated 8-well chamber slides were infected
with virus at an MOI of 1 for 1 h. At 8 h postinfection (p.i.), cells were
fixed, permeabilized with 0.5% Triton X-100 in phosphate-buffered sa-
line (PBS) for 20 min, and incubated with mouse anti-NP monoclonal
antibody A-3 (25), followed by fluorescein isothiocyanate (FITC)-conju-
gated secondary antibody (Becton Dickinson Biosciences, San Diego,
CA). Immunostained cells were counterstained with 4',6-diamidino-2-
phenyindole (DAPI) (Sigma-Aldrich) for nuclei and examined under a
Zeiss Axioskop 2 fluorescence microscope. After counting of DAPI- and
NP-positive cells in 4 independent 40X fields of view, the infection rate
was determined as the number of NP-positive cells divided by the total cell
number in each field.

Cytokine and chemokine quantification. Calu-3 cells and HULECs
were infected with virus at an MOI of 1. Supernatants were collected at 24
h p.i. and cytokine levels were examined using a customized BioPlex Pro
assay according to the manufacturer’s instructions (Bio-Rad, Hercules,
CA). The customized cytokine panel included interleukin 18 (IL-1pB),
IL-6, IL-8, gamma interferon (IFN-vy), IP-10, MIP-1o, MIP-1(3, RAN-
TES, and tumor necrosis factor alpha (TNF-a). A minimum of three
independent samples were collected and tested for each condition.
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Cell death ELISA. Calu-3 monolayers and HULECs were infected
with virus atan MOI of 1. At 40 h p.i., cell supernatant and cell lysate were
collected and examined using Cell Death Detection ELISAPMYS (Roche,
Indianapolis, IN) for quantitative determination of cytoplasmic histone-
associated DNA fragments according to the manufacturer’s instructions.
Mono- and oligonucleosomes from the supernatant (indicative of necro-
sis) or cytoplasm (indicative of apoptosis) were detected as absorbance at
a wavelength of 405 nm.

Gene expression array. Cells were infected with virus at an MOI of 1.
Total RNA was extracted at 24 h p.i. from mock-infected or virus-infected
Calu-3 cells or HULECs using the RNeasy minikit (Qiagen, Valencia, CA).
The cDNA products were analyzed using the QuantiTect RT? Profiler
PCR array for 84 genes involved in human inflammatory cytokines and
receptors (cytokine array; PAHS-011A) or 84 genes for the human NF-«B
signaling pathway (NF-kB array; PAHS-025A) (Qiagen). The expression
data from three independent treatments were analyzed through the ven-
dor’s web module (http://www.qiagen.com/us/products/genes%20and%
20pathways/data-analysis-center-overview-page/). Genes with a >3-fold
change and with statistical significance (P value of <0.05) compared to
uninfected samples were normalized, calculated, and presented. Cluster
3.0/TreeView (Stanford University, CA) was used for hierarchical analysis
of the array data.

Transmission electron microscopy (TEM). Differentiated human
EpiAirways cells (HTE cells) were infected with influenza viruses at an
MOI of 1 from the apical surface. At 24 h p.i., cells were washed twice with
PBS, fixed in 2.5% buffered glutaraldehyde for 1 h, and gamma irradiated
(2 X 10° rads). Specimens were postfixed in 1% buffered osmium tetrox-
ide, stained in 4% uranyl acetate, dehydrated, and embedded in epoxy
resin. Finally, ultrathin sections were cut and examined with an FEI Tec-
nai Spirit electron microscope (FEL, Hillsboro, OR).

Statistical analysis. Linear mixed models were used to estimate the
means and differences for cytokine values and optical density (OD) values
for cell apoptosis and necrosis among treatments using SAS software ver-
sion 9.3 (SAS Institute Inc., Cary, NC). Logarithmic transformations of
cytokine and OD values were performed to normalize the values as
needed. The virus titers at 24 h p.i. were normalized by log transformation
(log,), and comparison of means of the unmatched groups was per-
formed using unpaired ¢ test analysis. Nonparametric Mann-Whitney
tests were used for statistical analysis of the area under the curve (AUC)
for replication at 37°C and 33°C in human primary bronchial and tracheal
epithelial cells. A P value of <0.05 was considered significant.

RESULTS

A(H7N9) virus infects human lung epithelial and endothelial
cells with comparable efficiencies. To assess the ability of
A(H7N9) viruses to infect multiple cell types of the human lung,
we utilized Calu-3 cells and HULECs, representing human lung
epithelial and endothelial cells, respectively. Polarized Calu-3 cells
express receptors for both human viruses (a2,6-linked sialic acids
[SA]) and avian viruses (a2,3-linked SA) in relatively equal pro-
portions (23), while HULECs express a greater abundance of
a2,3-linked SA (19). Calu-3 cells grown on transwell inserts or
HULECs grown on chamber slides were inoculated with the sea-
sonal H3N?2 virus (Texas/50) virus, H7N9 virus (Anhui/1), a ge-
netically related avian H7N9 virus (shv/Egypt/07), or the HPAI
H5NI1 virus (VN/1203) atan MOI of 1. At 8 h p.i., the intracellular
expression of influenza virus nucleoprotein (NP) was evaluated
(Fig. 1A). Consistent with previous studies, rates of infection of
pulmonary endothelial cells with Texas/50 and VN/1203 viruses
were significantly lower than for airway epithelial cells (P < 0.005)
(Fig. 1B) (19). In contrast, Anhui/l virus infected the two cell
types equally well, reaching a 30% infection rate. In airway epithe-
lial cells, the infection rate of Anhui/l virus was comparable to
that of VN/1203 virus but significantly higher than those observed
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FIG 1 Infectivity of influenza viruses in human lung epithelial or endothelial
cells. Calu-3 cells grown on transwell membranes or HULECs grown on cham-
ber slides were infected with influenza virus at an MOI of 1 for 1 h. Cells were
fixed and stained for influenza virus NP (green) or DAPI (insets, blue) at 8 h
p.i. (A) Immunofluorescent staining of virus-infected cells. The confluent cell
monolayers are shown as insets at the top right corners. (B) Assessment of
infection rate in virus-infected cells. NP-positive cells and total cells were
counted at a higher magnification (X400) for calculation of infection rate
(number of NP-positive cells/number of total cells). Values represent the
means of four independent areas, with the standard deviations indicated. An
asterisk indicates a statistically significant difference between groups (P <
0.05).

for Texas/50 and shv/Egypt/07 viruses (P < 0.05). In pulmonary
endothelial cells, the infection rate of Anhui/1 virus was signifi-
cantly higher than those of all other examined viruses (P < 0.05).
These results indicate that A(H7N9) viruses are able to infect hu-
man endothelial cells and epithelial cells with comparable efficien-
cies, in contrast to H3N2 and H5N1 viruses, which preferentially
infect lung epithelial cells.
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A(H7N9) virus induces differential cytokine production in
Calu-3 cells. Hyperinduction of host proinflammatory responses
has been detected following H5N1 virus infection of multiple cell
types derived from the human respiratory tract (23, 26). However,
H?7 subtype viruses have generally exhibited a delayed and weak-
ened induction of proinflammatory mediators following infection
in these cell types (17, 20). As shown previously, A(H7N9) viruses
replicated efficiently in Calu-3 cells (10) (Fig. 2), but their ability
to elicit host proinflammatory responses in this cell type has not
been previously examined. To determine if induction of host re-
sponses contributes to the severity of A(H7N9) virus infection,
Calu-3 cells were infected with different subtype viruses and the
production of proinflammatory cytokines and chemokines at 24 h
p.i. was measured (Fig. 2). In general, all tested viruses replicated
to similar levels and elicited significantly elevated cytokine and
chemokine production in infected Calu-3 cells compared with
that in uninfected cells (P < 0.05), with the highest levels induced
by HPAI H5N1 virus. Similar to previous studies of H7 subtype
viruses (17), Calu-3 cells infected with Anhui/1 virus elicited at-
tenuated levels of numerous cytokines and chemokines compared
with VN/1203 virus. Notably, levels of IP-10, IFN-+y, IL-6, TNF-a,
and MIP-1 were significantly reduced during Anhui/1 virus in-
fection compared with those in VN/1203 virus infection (P <
0.05). However, cells infected with Anhui/1 virus produced levels
of RANTES and IL-8 that were comparable to those produced by
VN/1203-infected cells, which were significantly higher than lev-
els in Texas/50- and shv/Egypt/07-infected cells (P < 0.05). An-
hui/1 virus induced significantly higher levels of IL-8, TNF-q,
IEN-v, and RANTES (P < 0.05) than did the seasonal Texas/50
virus. Previous work has shown that A(H7N9) viruses share high
sequence similarity of surface glycoprotein genes (HA and neur-
aminidase [NA]) with avian H7N9 viruses, with internal genes
derived from avian HIN2 viruses (27). Despite this genetic relat-
edness, significantly different cytokine production profiles were
observed. Anhui/1 virus replicated to a higher titer and induced a
significantly higher production of IL-6, IL-8, TNF-a, IFN-y, MIP-
1B, and RANTES than did shv/Egypt/07 virus. Our data indicate
that A(H7N9) virus elicited cytokine production intermediate be-
tween those observed for H5N1 and H3N2 subtype viruses and
higher than that elicited by the avian H7N9 virus.

A(H7N9) virus induces differential cytokine gene expression
in Calu-3 cells. To examine more broadly the induction of host
innate immune responses in lung epithelial cells following
A(H7N9) virus infection, the expression of a panel of genes in-
volved with host inflammatory responses was examined using a
cytokine array. Calu-3 cells were infected with Anhui/1, Texas/50,
or VN/1203 virus at an MOI of 1, and total RNA was extracted at
24 h p.i. and analyzed by real-time PCR. Genes significantly up-
regulated (P < 0.05), with more than a 3-fold change following
infection, were presented as fold change over mock-infected con-
trols (Fig. 3). In agreement with cytokine protein levels shown in
Fig. 2, infection with all three viruses resulted in the upregulation
of numerous inflammation-related genes. Notably, the fold in-
duction of TNF, IL-5, IL-8, CCL5, CCL16, CCL17, CCL18,
CXCL9, CXCL10, and CXCL11 genes was significantly higher in
VN/1203-infected cells than in Anhui/1- or Texas/50-infected
cells (P < 0.05) (Fig. 3A). Despite this, Anhui/1 virus infection
elicited expression levels of several genes comparable to those elic-
ited by VN/1203 virus infection, such as the genes for IL-1A, IL-
17C, IL-13, IL-8, CCL2, CCL20, CCL26, and CXCL2 (Fig. 3B),
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indicating an enhanced ability of this virus to induce innate host
responses compared with that of seasonal Texas/50 virus. Numer-
ous inflammation-related genes upregulated >3-fold and with P
values of <0.05 following infection with any virus compared to
the values in the uninfected group are presented in Table S1 in the
supplemental material. In summary, infection with Anhui/1 virus
resulted in a higher proinflammatory response than that observed
for Texas/50 virus; however, the response was attenuated com-
pared to that in VN/1203 virus infection.

H7 influenza viruses associated with human ocular disease
have been previously shown to downregulate numerous genes re-
lated to NF-kB signaling in lung epithelial cells compared with
virus subtypes typically associated with respiratory disease (18,
28). As A(H7N9) viruses have been associated with respiratory
instead of ocular disease, we examined the induction of NF-«kB
signaling related genes in Calu-3 cells following Anhui/1 virus
infection and compared our findings to previously published data
(Fig. 4) (18, 28). Infection of Calu-3 cells with all viruses induced
expression of several common genes (red), including those for
IEN-3, IL-6, and TNF. However, Anhui/1 virus infection resulted
in the significant induction of a broader panel of NF-kB-respon-
sive genes than obtained with the HPAI H7 subtype viruses
A/Netherlands/219/03 (H7N7; NL/219) and A/Mexico/7218/12
(H7N3; Mx/7218) (18, 28). While numerous genes associated
with NF-kB signaling were downregulated (green) following An-
hui/1 virus infection, the breadth of gene downregulation was
muted compared with that with the HPAI H7 viruses and more
closely resembled that of Thai/16, an HPAI H5N1 virus, and the
seasonal Brisbane/59 (H1N1) virus. The data are presented in Ta-
ble S2 in the supplemental material.

A(H7ND9) virus elicits elevated levels of proinflammatory cy-
tokine production and gene expression in pulmonary microvas-
cular endothelial cells. Unlike bronchial epithelial cells, cultured
endothelial cells (HULECs) possess an abundance of a2,3-linked
sialic acids but do not produce host proteases for extracellular HA
cleavage and were found only to support productive replication of
the HPAT H5NI virus (19). Despite the capability to initiate infec-
tion in endothelial cells (Fig. 1), Anhui/1 virus did not result in
productive replication in HULECs, with titers of <100 PFU/ml
detected at 24 h p.i., significantly lower than for VN/1203 virus at
this time point (Fig. 5 and data not shown). These findings indi-
cate that A(H7N9) virus is capable of infecting both lung epithelial
and endothelial cells but replicates efficiently only in epithelial
cells, in contrast with HPAI H5N1 viruses, which can infect and
replicate productively in both cell types.

The role of endothelial cell involvement in lung inflammation
was further examined by measuring the production of proinflam-
matory cytokines and chemokines in culture supernatants of in-
fected HULECs. With the exception of RANTES, infected
HULECs produced attenuated levels of cytokine production com-
pared with those of mock-infected Calu-3 cells (Fig. 5). Compared
to VN/1203 virus, Anhui/1 virus infection resulted in the produc-
tion of significantly higher levels of IP-10 and RANTES (P <
0.05), similar levels of IL-6 and IFN-vy, and significantly lower
levels of MIP-1B (Fig. 5). Furthermore, production of IL-6, IP-10,
and RANTES in Anhui/1 virus-infected cells was significantly
higher than those in Texas/50- and shv/Egypt/07-infected cells.
Levels of IL-8 (except VN/1203) and TNF-a were not significantly
elevated in HULEC:s following infection with any subtype viruses
over uninfected cells (Fig. 5 and data not shown).
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(n = 17) for which infection with Anhui/1 virus elicited transcript levels comparable to those elicited by VN/1203 virus infection.

Next, the expression profiles of 84 genes related to inflam-
matory responses were further investigated during infection of
HULECs. HULECs were infected with Texas/50, Anhui/1, or VN/
1203 virus at an MOI of 1, and total RNA was extracted at 24 h p.i.
and analyzed with a cytokine real-time (RT)-PCR array. Unlike
that observed in airway epithelial cells, influenza virus infection of
pulmonary endothelial cells did not result in a robust induction of
inflammatory cytokine and receptor genes (Fig. 6). Only Anhui/1
and VN/1203 virus infection resulted in a significant (>3-fold)
upregulation of select cytokine genes compared with mock-in-
fected cells; infection with H3N2 virus did not elicit significant
induction of any gene examined (Fig. 6). In summary, influenza
virus infection of human pulmonary endothelial cells did not elicit
significant cytokine gene expression compared to that observed in
epithelial cells; however, A(H7N9) virus was able to induce pro-
duction of several inflammatory cytokines to a level similar to that
for HPAI H5N1 virus.

A(H7N9) virus induced significantly elevated necrotic cell
death in human bronchial epithelial cells. Following virus infec-
tion of Calu-3 cells, the extent of transmembrane resistance was
clearly dependent on virus strain. We observed that Calu-3 cells
maintained better transmembrane resistance, monolayer integ-
rity, and cell barrier function during the course of infection with
the seasonal Texas/50 virus than observed in avian (Anhui/1 and
VN/1203) virus-infected cultures. Programmed cell death, or
apoptosis, resulting from virus infection is induced as a host in-
nate immune response. To examine cell death (both apoptosis and
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necrosis) during virus infection, polarized Calu-3 monolayers and
HULECs were infected with virus at an MOI of 1. At 40 h p.i., the
supernatant and cell lysate were analyzed using a Cell Death De-
tection ELISAP"Y® kit for necrosis and apoptosis. In Calu-3 cells,
infection with all viruses resulted in comparable levels of apopto-
sis which were significantly higher than in uninfected cells (P <
0.05), whereas the proportion of cell death due to necrosis varied.
Infection with Anhui/1 virus resulted in a level of necrosis similar
to that obtained with VN/1203 virus and significantly higher than
that obtained with Texas/50 and Shv/Egypt/07 viruses (Fig. 7).
The monolayers of HULECs retained their integrity, and no sig-
nificant cell death (apoptosis or necrosis) was detected following
infection with any virus (data not shown). In summary, infection
with A(H7N9) virus resulted in apoptosis and a higher level of
necrosis than with H3N2 virus infection in human bronchial ep-
ithelial cells, which may contribute to the severe clinical manifes-
tations associated with A(H7N9) virus infection.

Cellular tropism of A(H7N9) virus and impact of tempera-
ture on the replication of A(H7N9) virus in differentiated pri-
mary human airway epithelial cells. The potential for further
adaptation of A(H7N9) virus in humans is a public health con-
cern. In this study, we utilized differentiated human primary
bronchial and tracheal epithelial (HTE) cells to further investigate
A(H7N9) virus infection. This in vitro cell model, containing
stratified epithelium structure with the presence of tight junctions
and ciliated and mucus-secretory cells, serves as a rigorous repre-
sentative of the environment of the human airway (29). The
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FIG 4 Fold regulation of selected genes related to NF-kB signaling in human
lung epithelial cells following influenza virus infection. Calu-3 cells were in-
fected with virus at an MOI of 1. Total RNA was isolated in triplicate from cells
at 24 h p.i. and examined by NF-kB array analysis. Selected genes (n = 61) that
were significantly (P < 0.05) upregulated (red) or downregulated (green)
(>3-fold) in infected cells compared with uninfected cells are shown using the
hierarchical analysis of log, transformation of fold change. The data can be
found in Table S2 in the supplemental material.

model has been used previously to study viral replication and host
responses to seasonal and pandemic influenza virus (29). We first
examined the cellular tropism of A(H7N9) virus during infection.
HTE cells were washed and infected with Anhui/1 virus apically at
an MOI of 1, and cells were fixed at 24 h p.i. and analyzed by
transmission electron microscopy. As shown in Fig. 8, HTE cells
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preserved the pseudostratified epithelium structure present in the
human trachea (Fig. 8A). During infection, Anhui/1 virions with a
uniform spheroidal shape distribution were released from both
goblet cells (Fig. 8B) and ciliated cells (Fig. 8C), indicating that
A(H7N9) virus is capable of infecting both goblet and ciliated
cells.

Previous studies have suggested an association between the
transmissibility of influenza viruses in ferrets and the ability of the
virus to replicate efficiently at the lower temperature (33°C) found
in the mammalian upper airway (30). Thus, we next assessed the
ability of the A(H7N9) virus to replicate at two different temper-
atures compared with that of seasonal and HPAI H5N1 virus.
HTE cells were infected apically with Brisbane/59, VN/1203, or
Anhui/1 virus at an MOI of 0.01, and replication kinetics were
evaluated at either 37°C or 33°C. All viruses examined replicated
to similar titers through 72 h p.i. when cells were maintained at
37°C (Fig. 9). However, differential kinetics of replication were
observed among tested viruses at 33°C. Only Brisbane/59 virus
replicated equally well at both temperatures and reached similar
titers at all time points examined. In contrast, it was determined
that both Anhui/1 and VN/1203 viruses replicated to significantly
reduced titers at 33°C (light gray) than at 37°C (dark gray) from 2
to 48 h p.i. (P < 0.05) (Fig. 9) when the area under the curve
(AUC) was analyzed. Brisbane/59 possessed 98% replication ca-
pacity (AUC at 33°C/AUC at 37°C), followed by Anhui/1 virus at
72% and VN/1203 virus at 58%. These results demonstrate that in
human airway cells, A(H7N9) virus does not replicate as well as
human influenza viruses at the lower temperatures found in the
upper airway of mammals. However, A(H7N9) virus was able to
replicate with greater efficacy at 33°C than was the HPAI H5N1
virus.

DISCUSSION

Human infection with A(H7N9) virus can cause severe disease of
the lower respiratory tract, and many patients progress to moder-
ate to severe ARDS (3, 5). Although multiple studies have exam-
ined A(H7N9) virus infection in human bronchial epithelial cells,
and host responses have been investigated in human alveolar ep-
ithelial cells and macrophages (9, 10), the role of pulmonary en-
dothelial cells in A(H7N9) pathogenesis is largely unknown. In
this study, we found that A(H7N9) virus infected bronchial epi-
thelial and pulmonary endothelial cells with comparable efficien-
cies. A(H7N9) virus infection of bronchial epithelial cells led to
productive virus replication but elicited an attenuated production
of proinflammatory cytokines compared with that of H5N1 virus-
infected cells. In contrast, A(H7N9) virus infection of pulmonary
endothelial cells resulted in levels of host inflammatory mediators
comparable to those induced by H5N1 virus despite the lack of
productive virus replication.

The ongoing detection of human cases suggests that A(H7N9)
virus possesses a degree of adaptation to mammalian hosts and
only a few mutations are likely to be required for further mammal
or human adaptation. Receptor specificity is a known determi-
nant of host range restriction and can modulate cellular tropism,
pathogenesis, and transmission in mammals (31). A(H7N9) vi-
ruses exhibit an increased affinity for human-like «2,6-linked SA
receptors compared with other avian H5 and H7 viruses, while
maintaining an avian-like a2,3-linked SA receptor binding pref-
erence (32-36). The abundant attachment of A(H7N9) viruses to
epithelial cells distributed throughout the human respiratory tract
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FIG 5 Cytokine production following influenza virus infection in human lung endothelial cells. HULECs were infected with influenza virus atan MOI of 1. Viral
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FIG 6 Fold regulation of selected genes related to human inflammatory cyto-
kines and receptors following influenza virus infection of human lung endo-
thelial cells. HULECs were infected with influenza viruses at an MOI of 1. Total
RNA was isolated in triplicate in cells at 24 h p.i. and examined by cytokine
array analysis. Selected genes which exhibited a significant (P < 0.05), >3-fold
change in any conditions compared with uninfected cells are shown. An aster-
isk indicates that gene expression was significantly induced by virus infection
compared to that in uninfected cells (P < 0.05).

suggests that A(H7N9) viruses not only are capable of causing
severe pulmonary disease (similar to H5N1 viruses) but also con-
currently possess an enhanced ability for upper airway infection,
similar to seasonal influenza viruses (37). Furthermore, A(H7N9)
viruses have been shown to readily infect and replicate in ex vivo
and in vitro cultures derived from numerous sites throughout the
human respiratory tract, including the trachea, bronchus, and
lung (9, 10, 38). In agreement with these observations, we showed
that A(H7N9) virus can infect and replicate efficiently in differen-
tiated primary bronchial and tracheal epithelial cells, targeting
both ciliated and mucin-secretory cells, providing greater insight
into the cellular tropism of this novel virus. In contrast to H5 and
H?7 subtype viruses isolated from avian species that possess PB2
627E and 701D, A(H7N9) viruses isolated from humans bear ei-
ther 627K or 701N, which are commonly detected among human
viruses (34). The presence of amino acids 627K and 701N in PB2
has been associated with host range, increased virulence, increased
transmission in mammals, and efficient viral replication at 33°C
(30, 39-42). In the current study, we found that A(H7N9) virus
possessed increased infectivity and replication efficiency and in-
duced higher host responses in human bronchial epithelial cells
compared with a precursor avian H7N9 virus at 37°C. However,
despite the presence of molecular determinants (in HA and PB2)
associated with mammalian host adaptation (43), this virus was
unable to replicate as efficiently as seasonal influenza virus at the
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FIG 7 Infection of A(H7N9) virus results in both apoptosis and necrosis in
human bronchial epithelial cells. Calu-3 cells grown on transwells were in-
fected apically with viruses at an MOI of 1. At 40 h p.i., cell lysates and super-
natants were analyzed using a Cell Death Detection ELISA”"YS kit for apopto-
sis and necrosis, respectively. Values represent the mean OD values of three
independent experiments plus standard deviations. An asterisk indicates that
Anhui/1 virus induced a significantly higher level of necrosis than did the other
tested viruses (P < 0.05).

temperature (33°C) representing the upper respiratory tract. This
suggests that A(H7N9) viruses have not yet acquired all the fea-
tures required for mammalian host adaptation, including effi-
cient respiratory droplet transmission (10, 11, 34, 44). However,
heightened replication of A(H7N9) virus at 33°C compared with
that of H5N1 virus indicates increased adaptation to the human
upper airway environment and highlights the need for continued
surveillance of this emerging virus.

A(H7NO9) virus elicits a cytokine transcription profile different
from that of other H7 subtype viruses in human bronchial epithe-
lial cells (17, 18, 20, 28). Moreover, A(H7N9) viruses do not dis-
play an ocular tropism typically associated with subtype H7 influ-
enza viruses (6). It was previously shown that the transcriptomic
response in human bronchial epithelial cells to A(H7N9) virus
was more similar to the response to human H3N2 virus than to the
response to either avian H5 or H7 subtype virus (45). We and
others have shown previously that H7 subtype viruses associated
with ocular disease in humans are generally highly infectious in
human bronchial epithelial cells but elicit delayed and weakened
induction of host inflammatory responses and NF-«kB signaling
compared with H5N1 viruses (17, 18, 20, 28). In contrast, while
A(H7N9) viruses maintained the high infectivity and replicative
ability in human bronchial epithelial cells observed with other H7
viruses (Fig. 1 and 2), this virus induced a differential expression
profile of NF-kB signaling genes compared with prior H7 viruses
examined. A(H7N9) viruses more closely resemble H5N1 virus
and human HINT virus in their ability to elicit heightened expres-
sion of genes associated with NF-«kB signal transduction com-
pared to that elicited by other H7 viruses associated with conjunc-
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FIG 8 Transmission electron microscopy demonstrates release and cellular
tropism of A(H7N9) virus in differentiated primary human bronchial and
tracheal epithelial cells. HTE cells were infected apically with Anhui/1 virus at
an MOI of 1 and fixed at 24 h p.i. for examination by transmission electron
microscopy. (A) Low-magnification view showing multiple layers of cells
growing on a membranous insert (I). The arrow points to an area seen at
higher magnification in panel B. G, goblet cell; C, ciliated cell. Bar, 2 pm. (B)
Goblet cell with numerous extracellular spherical virions and one budding
particle (arrow). M, mucin-containing granule. Bar, 100 nm. (C) Ciliated cell
with released virions, and a particle (arrow) budding from microvillus. C,
cilium. Bar, 500 nm.
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FIG 9 Replication kinetics study of both human and avian influenza viruses in
differentiated primary human bronchial and tracheal epithelial cells. HTE cells
were infected apically with virus at an MOI of 0.01 and cultured at either 37°C
or 33°C for the duration of the time course. At each time point, 200 pl of
medium was added to the apical surface for 20 min and collected for viral titer
determination. Values represent the means of three independent experiments
plus standard deviations. (A) Replication of viruses at 37°C; (B) replication of
Brisbane/59 virus at 37°C and 33°C; (C) replication of Anhui/01 virus at 37°C
and 33°C; (D) replication of VN/1203 virus at 37°C and 33°C. *, virus repli-
cated to a significantly higher titer at 37°C than at 33°C (P < 0.05) at 24 h and
48 h p.i. according to the area under the curve (AUC).

tivitis in human bronchial epithelial cells (Fig. 4) (18).
Collectively, these findings suggest that A(H7N9) viruses have
the ability to induce a proinflammatory response (NF-«kB) sim-
ilar to that elicited by seasonal or H5N1 viruses, but less so than
other H7 subtype viruses (9).

Engagement of pulmonary endothelial cells in severe pulmo-
nary disease, including HPAI H5N1 virus infection, plays an im-
portant role in lung pathogenesis and potential systemic infection
(19, 46, 47). The normal human lung typically consists of 30%
pulmonary endothelial cells, which play a central role in mounting
aggressive innate responses with early recruitment of inflamma-
tory leukocytes to the lung during influenza virus infection (47).
Pulmonary endothelial cells have been shown to support HPAI
H5N1 virus replication, with heightened expression of proinflam-
matory mediators and decreased cell viability and proliferation
following virus infection (19). However, the infectivity and repli-
cation of A(H7N9) viruses had not been previously examined in
this cell type. In the current study, we determined that both H5N1
and seasonal influenza viruses exhibit reduced infectivity of pul-
monary endothelial cells compared to bronchial epithelial cells.
However, our unexpected finding of comparable infectivities in
the two cell types following A(H7N9) virus infection (Fig. 1) dem-
onstrates an enhanced ability of this virus subtype to infect pul-
monary endothelial cells and warrants further investigation to de-
termine if this property is shared by other viruses within the H7
subtype. Unlike HPAI H5N1 viruses, A(H7N9) viruses lack a po-
lybasic HA cleavage site for intracellular HA cleavage and exhibita
low-pathogenicity (LPAI) phenotype in poultry (1). Productive
replication of A(H7N9) viruses in pulmonary endothelial cells was
not observed, likely attributable to the lack of appropriate extra-
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cellular enzymes for HA cleavage in this cell type. The absence of a
polybasic HA cleavage site among A(H7N9) viruses may contrib-
ute to the reduced viral replication in endothelial cells and the lack
of systemic spread of the virus in mammals.

Substantial viral shedding and elevated cytokine and chemo-
kine production have been observed in patients infected with
A(H7N9) virus (15, 48, 49). Persistent high viral loads have been
detected in throat swabs and endotracheal aspirates from patients
with severe disease outcomes compared with those with mild
symptoms (49, 50). Hypercytokinemia has been detected in fatal
cases of H5SN1 human infection, identifying an important role for
elevated levels of proinflammatory mediators in detrimental im-
munopathology in the host (13, 26). Similar to the case with H5N1
virus infection, elevated levels of numerous cytokines and chemo-
kines, such as IP-10, MIP-1B, IL-6, and IL-8, were detected in sera
from A(H7N9) virus-infected patients during the acute phase of
infection, correlating with their serious outcomes (38). Signifi-
cantly elevated levels of IP-10 and IL-6 were also observed in sera
from A(H7N9) virus-infected patients compared to those in
H3N2 virus-infected patients (38, 48). In our study, despite the
potent viral replication detected in infected human bronchial ep-
ithelial cells, the absence of high cytokine production, with the
exception of IL-8 and RANTES, is in accord with previous studies
with macrophages and alveolar epithelial cells (9). These data sug-
gest that A(H7N9) viruses employ alternate, unknown mecha-
nisms to cause severe disease. However, detection of significant
levels of proinflammatory mediators in human lung endothelial
cells during virus infection provides evidence that A(H7N9) vi-
ruses are capable of eliciting elevated levels of proinflammatory
mediators (IL-6, IP-10, and RANTES), similar to the HPAT H5N1
virus (Fig. 3 and 5), even though these cells do not support pro-
ductive viral replication of this virus. In the human lung, epithelial
and endothelial cells are the main structural cell types, and alveo-
lar epithelial cells are in close proximity to the underlying endo-
thelium (46, 47). We found that infection of A(H7N9) in epithe-
lial cells resulted in the release of a substantial amount of virus
with cleaved HA and damaged epithelial monolayer from cell
death, especially via necrosis. Thus, pulmonary endothelial cells
become accessible to infection with A(H7N9) virus following re-
lease from neighboring epithelial cells, which, in turn, can pro-
duce raised levels of cytokines and chemokines, similar to the case
with the HPAI H5N1 virus. Elevated inflammatory cytokines and
chemokines can recruit lymphocytes to the lung and facilitate viral
clearance. However, an overwhelming hyper-cytokine response
can result in enhanced lymphocyte infiltration and lung inflam-
mation and damage, leading to pneumonia and ARDS. Our data
suggest that in contrast to seasonal influenza virus infection,
A(H7ND9) virus infection is capable of inducing elevated levels of
inflammatory cytokines in pulmonary endothelial cells, which
may contribute to the severe lung pathology observed among
A(H7NO9) virus-infected patients.

A(H7N9) virus continues to cause human infections with an
aggressive clinical course and respiratory failure, resulting in a
high percentage of hospitalizations and thus posing a public con-
cern and burden to the region, primarily in China. This virus
possesses characteristics of both human and avian influenza vi-
ruses during its infection. Our study suggests that A(H7N9) virus
is capable of causing lower respiratory tract infection and target-
ing both epithelial cells and endothelial cells in the human lung,
resulting in a higher viral load and elevated proinflammatory cy-
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tokine responses compared with those seen with human influenza
viruses. Compared to HPAT H5N1, A(H7N9) virus exhibits better
replication efficiency at lower temperatures, a feature associated
with respiratory droplet transmission in mammals. With addi-
tional molecular changes, this newly emerging virus has the po-
tential of further adaptation to humans and other mammalian
species. Increased understanding of the mechanisms of viral
pathogenesis and human adaptation of the virus is urgently re-
quired.
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