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Proinflammatory effects of the hemagglutinin protein
of the avian influenza A (H7N9) virus and microRNA -mediated
homeostasis response in THP-1 cells
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Abstract. The pathology and immunological responses to
hemagglutinin (HA) from H7NO avian influenza viruses in
humans remain unclear. The present study aimed to investigate
the proinflammatory activity of the HA protein obtained from
H7NO viruses and the mechanisms underlying the homeostasis
of microRNAs (miRNAs) in response to inflammatory stimuli.
The expression of proinflammatory factors and miRNAs was
assayed in the THP-1 cells using reverse transcription-quan-
titative polymerase chain reaction. Results showed that HA
significantly increased the expression of interleukin (IL)-1a,
IL-1p and IL-6 in the THP-1 cells. Furthermore, HA and lipo-
polysaccharide exhibited synergic effects on the expression of
IL-1a, IL-1B and IL-6 in the THP-1 cells. Let-7e can target IL-6
and inhibit its expression. Notably, HA significantly increased
let-7e expression in THP-1 cells and decreased the let-7e levels
in the medium. However, the knockdown of toll-like receptor
4 (TLR4) significantly attenuated the effects of HA. These
results indicate that the HA can induce inflammatory stress
and may trigger an miRNA-mediated homeostasis response to
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this stress. The effects of HA appeared to be mediated by the
TLR4 pathway.

Introduction

Avian influenza viruses (AIVs), have repeatedly caused world-
wide pandemics and are one of the leading infectious diseases
with high rates of morbidity and mortality (1). AIV genomes
consist of a single-stranded negative RNA with the following
eight segments: Polymerase basic 2 (PB2), polymerase
basic 1 (PB1), polymerase acid (PA), hemagglutinin (HA),
nucleoprotein (NP), neuraminidase (NA), matrix (M) and
non-structural polypeptides (NS). These eight segments encode
15 known proteins, including PA, PB2, PBI1, HA, NP, NA,
M1, M2, NSI and NS2, as well as supplementary proteins (2).
According to two viral membrane proteins, namely, HA and
NA, AIVs can be divided into subtypes (H1-18 and NI1-11,
respectively) (2,3).

HAs, which are a surface glycoprotein, are encoded by
the fourth RNA segment. HAs facilitate the binding to and
entrance of viruses into host cells via sialic acid (SAa) residues
that are present on host cell surfaces (4). HAs appear to be
predominantly involved in facilitating viral entry into the cell
by specifically binding to the SAa surface receptor in host
cells, and HA is likely able to alter surface antigenic properties
by creating genetic mutations or reassortments (5). HAs are
often used to design vaccines or major immunogenic compo-
nents of influenza vaccines. HAs isolated from human strains
specifically identify and bind SAa-2, 6, which is a receptor
found on cells of the upper respiratory tract in humans. HAs
also bind to SAa-2, 3, which is a receptor on lower respira-
tory tract cells in humans. The binding of HA and SAa is
correlated with viral pneumonia. Moreover, mutations in HA
are associated with epidemiology and clinical symptoms and
outcomes (6,7).

H7N9, which is a novel AIV subtype, is transmitted
to humans and may be fatal by causing acute respira-
tory distress syndrome or severe pneumonia; however, the
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transmission mechanism of AIVs from person to person
remain unclear (8,9). More than 400 individuals were infected
with H7NO from March 2013 to April 2014, in China. Patients
with H7N9 infections present with intense systemic inflam-
matory response syndrome that is concomitant with an
anti-inflammatory response (10). HAs from the H7N9 virus
cause pathological responses in hosts, and simultaneously
hosts may resist or regulate this pathological damage by trig-
gering protective homeostatic responses. However, the exact
molecular mechanisms of the pathogenesis of H7N9 infection
are not fully understood.

MicroRNAs (miRNAs), which are small non-coding
RNAs, control the expression of several target mRNAs.
miRNAs control the activity of ~30% of all protein-coding
genes in mammals (11). miRNAs also regulate immune and
inflammatory responses (12,13). In a previous study, miR-181a
was involved in the homeostasis response to inflammatory
stimulus (14). Patients infected with H7N9 showed increased
expression of miR-20a, miR-106a, miR-17 and miR-376¢c, and
decreased expression of let-7e in the blood (15). However, the
functions of the miRNAs induced by H7N9 remain unclear.
The present study aimed to assess the inflammatory response
and self-regulatory mechanisms of the miRNAs, which are
induced by HAs of H7N9 in THP-1 cells.

Materials and methods

Cell culture. THP-1, which is a human acute monocytic leukemia
cell line, grows mainly in a suspended state. The THP-1 cell line
was selected for the present study due to its shared characteris-
tics with native monocyte-derived macrophage cells, as well as
the fact that it is a well-developed cell model for inflammation
research. The THP-1 cells were supplied by KeyGEN Biotech
(Nanjing, China). The cells were cultured in Dulbecco's modi-
fied Eagle's medium (Invitrogen Life Technologies, Guangzhou,
China) with 10% fetal bovine serum (Gibco, Life Technologies,
Guangzhou, China) and incubated at 5% CO, at 37°C. The
cells were seeded in a 6-well tissue plate at a density of
4.0x10° per well. An HA protein of the influenza virus (H7N9)
A/Anhui/1/2013 (ACRO Biosystems, Beijing, China) was added
to the incubated cells after the cells had been seeded for 12 h.
Cell samples were collected at 0, 2, 4, 8, 12 and 24 h following
treatment with 100 ng/ml HA to analyze the proinflammatory
factors and miRNAs. This procedure was performed to deter-
mine the optimal time of HA incubation, which would elicit the
strongest effects on the cells. The THP-1 cells were then treated
with HA at 0, 10, 100 and 200 ng/ml for 4 h. Cell and medium
samples, which were required for the assay of the proinflamma-
tory factors and miRNAs, were collected. In another separate
experiment, the THP-1 cells were incubated with 1 ng/ml
lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis, MO, USA)
alone, 100 ng/ml HA alone, and a combination of 1 ng/ml LPS
and 100 ng/ml HA for 4 h. The incubated THP-1 cells were used
to investigate the synergic effect of HA and LPS on the expres-
sion of proinflammatory factors. This process was conducted
as H7NO virus infections are usually associated with bacterial
infections.

Knockdown of TLR4. The small interfering (si)RNAs
were transiently transfected into the cells at a density of
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4x10° cells/well and cultured in a 6-well plate using a
Lipofectamine 2000 reagent (Invitrogen Life Technologies).
siTLR4 (GGAAUGAGCUAGUAAAGAA) was designed
using siRNA Explorer software (developed by the group
of Professor Yaou Zhang, Shenzhen Key Lab of Health
Science and Technology, Division of Life Science and Health,
Graduate School at Shenzhen, Tsinghua University, Shenzhen.
China) and validated in preliminary trials. siRNA duplexes
with random sequence were used as a negative control
(UUGUACUACACAAAAGUACUG). These RNAs were
purchased from Shanghai GenePharma Co., Ltd. (Shanghai,
China). The medium was replaced with a fresh medium
containing 100 ng/ml HA after 12 h of transfection, and
cell samples were collected for further biochemical assays
(assaying levels of inflammatory factors and let-7e) 4 h after
treatment with HA. All samples were immediately stored at
-80°C for future biochemical assays.

mRNA reverse transcription-quantitative polymerase chain
reaction (RT-gPCR). The total RNA was extracted from the
THP-1 cells using TRIzol® (Invitrogen Life Technologies) and
from the cell medium using TRIzol LS Reagent (Invitrogen
Life Technologies) according to the manufacturer's instruc-
tions. The RNA was reverse-transcribed to cDNA using
a PrimeScript™ 1st Strand cDNA Synthesis kit (Takara
Biotechnology (Dalian) Co., Ltd., Dalian, China) with an
Alpha™ Unit Block Assembly for DNA EngineH systems
(Bio-Rad, Hercules, CA, USA). The RNA was then amplified
using SYBR Green I dye (Takara Biotechnology (Dalian) Co.,
Ltd.) with an ABIPRISM 7300 Real time PCR system (Applied
Biosystems, Foster, CA, USA) according to the manufacturer's
instructions. In addition, the primers for the target genes were
synthesized by Invitrogen Life Technologies, and actin was
selected as an internal control for normalization (Table I). The
fold change was calculated using the 224" method of relative
quantification.

miRNA RT-qgPCR. The expression of hsa-let-7e was analyzed
using an miRNA assay kit (Shanghai GenePharma Co.,
Ltd.) according to the manufacturer's instructions. miRNA
RT-qPCR was performed using the same systems and
machines as mRNA RT-qPCR. The hsa-let-7e was selected
as let-7e can target interleukin (IL)-6 (http://www.targetscan.
org/). A previous study demonstrated that let-7e decreased in
the sera of patients with H7NO (15). A U6 gene was used as the
internal reference for normalization.

Statistical analysis. The data are expressed as the mean =+ stan-
dard deviation. Statistical significance of the data was evaluated
by conducting a one-way analysis of variance using SPSS 13.0
(SPSS, Inc., Chicago, IL, USA). Newman-Keuls comparison
was used to determine the source of significant difference
where appropriate. P<0.05 was considered to indicate a statis-
tically significant difference.

Results
Incubation time with HA. After 4 h of incubation with HA,

at a final concentration of 100 ng/ml, a stable increase in the
expression of IL-la and IL-6 (Fig. 1) was observed compared
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Table I. Primers for tested genes in THP-1 cells.
Gene name NCBI accession no. Primers (5' to 3') Size (bp)
IL1A NM_000575 Forward: ATCATGTAAGCTATGGCCCACT 131
Reverse: CTTCCCGTTGGTTGCTACTAC
IL1B NM_000576 Forward: CTCGCCAGTGAAATGATGGCT 144
Reverse: GTCGGAGATTCGTAGCTGGAT
IL6 NM_000600 Forward: ACTCACCTCTTCAGAACGAATTG 149
Reverse: CCATCTTTGGAAGGTTCAGGTTG
TNFA NM_000594 Forward: CCTCTCTCTAATCAGCCCTCTG 220
Reverse: GAGGACCTGGGAGTAGATGAG
GAPDH NM_001256799 Forward: GGAGCGAGATCCCTCCAAAAT 197
Reverse: GGCTGTTGTCATACTTCTCATGG
IL, interleukin; TNF, tumor necrosis factor.
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Figure 1. Changes in IL-1a, IL-1p, IL-6 and TNF-a in 100 ng/ml of BILPS-1

HA-treated THP-1 cells at different time points. "P<0.05 and “P<0.01 vs.
0 h. The data are expressed as the mean + standard deviation (n=4). IL, inter-
leukin; TNF, tumor necrosis factor.

with that at O h. Therefore, 4 h incubation was selected for
following experiments.

Effect of HA concentration on cytokine expression. HA at 10,
100, and 200 ng/ml significantly promoted the IL-1a. and IL-6
expression in THP-1 cells (Fig. 2A). HA also showed a marked
increase in the expression of IL-1(; however, this was not iden-
tified to be significant. HA did not exhibit a significant effect
on the expression of TNF-a. In the following experiment, a
concentration of 100 ng/ml HA was selected for further inves-
tigation.

Effect of HA in combination with LPS on cytokine levels.
The synergic effects of HA and LPS on the proinflammatory
factors in THP-1 cells were also observed. Compared with the
untreated control, treatment with 100 ng/ml HA significantly
increased the mRNA expression levels of IL-1a, IL-1f and
IL-6, by 1.6, 2.0 and 4.2 fold, respectively. Treatment with
LPS at 1 ng/ml significantly increased the mRNA expression

ELPS-1+HA-100

30

20

10

Relative expression of mRNAs (fold)

Figure 2. Changes in IL-la, IL-1f, IL-6 and TNF-a in (A) THP-1 cells
treated with HA at different concentrations (0, 10, 100 and 200 ng/ml).
“P<0.05 and “'P<0.01, vs. the 0 ng/ml-treated group. (B) THP-1 cells treated
without HA (blank), with 100 ng/ml HA (HA-100), with 1 ng/ml LPS (LPS-1)
or a combination of the two (HA-100+LPS-1). ‘P<0.05, “"P<0.01, vs. the blank
group; “P<0.05, #P<0.01, vs. the LPS-1 group. Data are expressed as the
mean + standard deviation (n=4). IL, interleukin; TNF, tumor necrosis factor;
HA, hemagglutinin; LPS, lipopolysaccharide.

levels of IL-1a., IL-1p, IL-6 and TNF-a by 2.3,5.4,17.4 and 3.2
fold, respectively. However, treatment with HA at 100 ng/ml in
combination with LPS at 1 ng/ml significantly increased the
mRNA expression levels of ITL-1a, IL-1f, IL-6 and TNF-a,
by 6.3, 10.5, 42.1 and 3.4 fold, respectively. Furthermore,
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Figure 3. Changes in IL-1a, IL-1f, IL-6, TNF-a and TLR4 in THP-1 cells
treated with siTLR4. "P<0.05 and “P<0.01 vs. NC. Data are expressed as
the mean + standard deviation (n=4). NC, HA-induced THP-1 cell treated
with negative control; siTLR4, HA-induced THP-1 cell treated with siTLR4.
IL, interleukin; TNF, tumor necrosis factor; TLR4, toll-like receptor 4; HA,
hemagglutinin; si, small interfering.
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Figure 4. Changes of let-7e (A) in THP-1 cells and medium treated with HA
at different concentrations (0, 10, 100 and 200 ng/ml) and (B) in HA-induced
THP-1 cells and medium following treatment with siTLR4. NC, HA-induced
THP-1 cell treated with negative control; siTLR4, HA-induced THP-1 cell
treated with siTLR4. "P<0.05 and “P<0.01 vs. 0 ng/ml (A); "P<0.05, “P<0.01
vs. NC (B). The data are expressed as the mean + standard deviation (n=4).
HA, hemagglutinin; TLR4, toll-like receptor 4; si, small interfering.

compared with HA alone, treatment with HA in combination
with LPS significantly increased the mRNA expression levels
of IL-1a,, IL-1B and IL-6, by 4.0, 5.2 and 10.0 fold, respectively.
Compared with LPS alone, treatment with HA in combination
with LPS significantly increased the mRNA expression levels
of IL-1a, IL-1p and IL-6 by 2.8, 2.0 and 2.4 fold, respectively
(Fig. 2B).
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Effect of HA on TLR4. The mechanisms of upregulation of
these proinflammatory factors by HA remain unclear. TLRs
are important pattern recognition receptors that receptors
mediate inflammatory stress. In the following experiment, it
was determined whether HA resulted in inflammatory stress
mediated by the toll-like receptor (TLR) pathway. siTLR4
was used, and the inhibition efficiency of the TLR4 mRNA
expression was ~37% (Fig. 3). Following transfection with
siTLR4, levels of TLR4, IL-1a, IL-6, and TNF-a significantly
decreased (Fig. 3) compared with the control.

Homeostatic response to inflammatory stress. Upregulation
of proinflammatory factors usually activates the expres-
sion of anti-inflammatory factors and causes homeostasis
responses to inflammatory stress. mRNAs also mediate the
homeostasis response. Let-7 is a type of miRNA that binds
to the 3'-untranslated region of IL-6 mRNA and inhibits IL-6
mRNA and protein expression. In this study, let-7e was signifi-
cantly increased in the HA-induced THP-1 cells (Fig. 4A).
However, HA significantly decreased the let-7e level in THP-1
cell culture medium and thus may inhibit the secretion of
let-7e from the THP-1 cells enabling the maintenance of high
intracellular let-7e levels.

Effect of TLR4 on let-7e. Furthermore, the knockdown of
TLR4 caused significant downregulation of let-7e in the THP-1
cells but increased the level of let-7e in the cell culture medium
(Fig. 4B) compared with negative controls. These results
suggested that knockdown of TLR4 reverses the effects of HA
on let-7. It is likely that the increase in let-7e in the THP-1 cells
and decrease in let-7e in cell culture medium by HA may be
mediated by activating the TLR4 pathway.

Discussion

Molecular mechanisms of the pathogenesis of H7NO9
infection remain unclear. By employing high throughput
RNA-sequencing analysis of samples with and without H7N9
viral infection, Mei et al (16) found that differentially expressed
genes are involved in several biological pathways associated
with immunity and inflammation. In a study by Wu er al, the
majority of H7N9-infected patients presented with systemic
inflammatory response syndrome (10). The Th2-type inflam-
mation in H7N9-infected patients with pre-existing chronic
diseases likely contributes to the pathogenesis of H7N9
infection; this inflammation is correlated with poor clinical
outcomes (17). In the LA-4 mouse lung cell line, CK1 (an
H7NO virus isolated from chickens) also induced high levels of
IL-6 and cyclooxygenase-2 mRNA (18). In the present study, it
was demonstrated that HA from H7NO can induce an inflam-
matory response in THP-1 cells; HA is likely an important
pathological protein component of H7NO. In addition, HA and
LPS exhibited a synergic effect on the promotion of expres-
sion of the inflammatory factors. The results suggested that
combined H7N9 viral and bacterial infections may elicit
enhanced inflammatory responses, compared with virus or
bacterial infections alone.

Despite this, inflammatory stress can cause anti-inflam-
matory homeostasis response. Patients with avian H7N9
virus infection display intense systemic inflammatory



response syndrome that is concomitant with an anti-inflam-
matory response (10). Anti-inflammatory mechanisms include
increased anti-inflammatory factor (IL-4 and IL-10) levels (19).
miRNAs also regulate inflammatory responses and mediate
anti-inflammatory processes (20,21); for example, Let-7 can
target IL-6 and inhibit IL-6 expression (22). In this study,
the inflammatory response was associated with increased
expression of let-7e. Increased let-7e may be associated with
a homeostatic response to the inflammatory stimulus induced
by HA since let-7e was predicted to target IL-6 and inhibit its
production.

TLRs are important pathogen-recognition receptors in
epithelial immune responses to microbial infection (23). TLRs
are involved in the early innate viral inhibition of naturally
occurring influenza (24). TLRs can activate inflammatory
responses (25). Interaction of HA of the influenza A viruses
(IAV) with the cell surface is a key factor for virus entry
and productive infection of the cell (26). HA proteins from
HS5NI1 and 2009 HINI1 viruses were able to induce dendritic
cell (DC) activation of murine DCs in a MyD88/TLR4
dependent manner (27). Nucleic acid-recognizing receptors
(mainly RIG-I and TLRs) are the most extensively investigated
pattern recognition receptors for IAVs (28). In this study, HA
proteins from H7N9 appeared to not only activate inflam-
matory responses but also cause miRNA homeostasis to this
inflammatory stress, dependent on the TLR4 pathway.

In addition, miRNAs can be transported from donor cells
to recipient cells; these RNAs (i.e., let-7b) function in a novel
manner as ligands of TLRs (29). The structure of let-7e is
similar to let-7b. In this study, the HA of H7NO inhibited the
secretion of let-7e. This effect may be useful in preventing
an excessive inflammatory response. Zhu et al demonstrated
that patients infected with H7N9 showed decreased let-7e in
the sera (15), indicating that cells of these patients attempted
to trigger a protective response to avoid severe inflamma-
tory damage in specific organs or tissues. A number of the
H7NO9-infected patients did not exhibit obvious systemic
inflammation compared with the healthy controls (17),
although the majority of the H7N9-infected patients (~74%)
presented with systemic inflammatory response syndrome (10).
However, the mechanisms that mediated the inhibitory effect
on let-7 secretion by HA remain unclear although its secretion
was also dependedent on the TLR4 pathway.

In conclusion, this study showed that HA significantly
promoted the expression of proinflammatory factors, such as
IL-1a and IL-6. HA also produced a homeostatic response
to inflammatory stress by regulating let-7e production and
secretion. The inflammatory stress and miRNA homeostatic
responses were mediated by TLR4 mechanisms. The present
study provided evidence that HA, one of the most important
proteins of the H7N9 virus, directly causes the inflammatory
response of immune cells in humans, but simultaneously
triggers compensatory protective responses via miRNA mech-
anisms. Furthermore, the present study also demonstrated that
the interaction between miRNAs and mRNAs may be regu-
lated by immune cell signaling pathways. Therefore, host cells
have a delicate biological network associating miRNAs and
mRNAs, which protects against the invasion of H7NO viruses.
The results of the present study may prove useful in under-
standing the potential pathological mechanisms underlying
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H7NO infection, or to identify novel biomarkers for H7N9
virus infection. To further elucidate the interaction between
miRNAs and mRNAs against the invasion of H7N9 viruses,
future studies are required to identify more functional proteins
of the H7N9 virus, or miRNAs in host cells.
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