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During influenza A virus (IAV) infection, cytokine storms
play a vital and critical role in clinical outcomes. We have pre-
viously reported that microRNA (miR)-302c regulates IAV-in-
duced IFN expression by targeting the 3�-UTR of nuclear factor
�B (NF-�B)–inducing kinase. In the current study, we found
that miR-302a, another member of the miR-302 cluster, con-
trols the IAV-induced cytokine storm. According to results
from cell-based and knockout mouse models, IAV induces a
cytokine storm via interferon regulatory factor-5 (IRF-5). We
also found that IAV infection up-regulates IRF-5 expression and
that IRF-5 in turn promotes IAV replication. Furthermore, we
observed that IRF-5 is a direct target of miR-302a, which down-
regulated IRF-5 expression by binding its 3�-UTR. Moreover,
IAV increased IRF-5 expression by down-regulating miR-302a
expression. Interestingly, miR-302a inhibited IAV replication.
In IAV-infected patients, miR-302a expression was down-regu-
lated, whereas IRF-5 expression was up-regulated. Taken
together, our work uncovers and defines a signaling pathway
implicated in an IAV-induced cytokine storm.

Influenza A viruses (IAVs)2 are respiratory pathogens
responsible for major pandemics and annual epidemics that
have serious economic and health consequences (1). IAVs are
negative-sense, single-stranded RNA viruses encoding 10 or 11
proteins (2). In the 20th century, three novel influenza virus

strains emerged that caused the 1918, 1957, and 1968 pandemics
and resulted in high mortality rates (3). The cytokine storm refers
to the massive release of inflammatory cytokines and chemokines
caused by uncontrolled activation of the host’s innate immune
system (4). The development of a cytokine storm coupled with
pulmonary edema, pneumonia, and alveolar hemorrhage has been
consistently observed in severe cases of influenza infection in
humans (5). Accumulating evidence supports the hypothesis that
exaggerated production of inflammatory cytokines and chemo-
kines plays an essential and commanding role in the clinical out-
come and pathogenesis of influenza virus infection (6). However,
the mechanisms by which IAV induces a cytokine storm and an
understanding of why some individuals exhibit an excessive
response to the virus to an extent that leads to hospitalization or
death remain relatively unexplored.

MicroRNAs (miRNAs) are small and short RNA molecules that
are usually composed of 18–23 nucleotides and regulate mRNA
transcription in various cellular processes (7). The mechanism of
miRNA silencing involves complementary binding of the miRNA
and 3�-UTR of the target mRNA and subsequent association with
the Argonaute (Ago) and Dicer1 proteins (7). Recently, miRNAs
have been shown to be involved in the immune response during
IAV infection. For example, miR-323, miR-491, and miR-654
inhibit the replication of the H1N1 IAV by binding to the PB1 gene
(8). According to a previous study, miR-155 is remarkably up-reg-
ulated in macrophages during IAV infection and positively regu-
lates the host antiviral innate immune response through a feed-
back mechanism by promoting type I IFN signaling through the
targeting of SOCS1 (suppressor of cytokine signaling 1) (9).
Through a posttranscriptional mechanism, miR-146 targets and
down-regulates the expression of TRAF6 (tumor necrosis factor
receptor-associated factor 6) and IRAK1 (interleukin 1 receptor–
associated kinase 1) genes and affects viral production by function-
ing in the antiviral response (10).

IRF-5 (interferon-regulatory factor 5) is a member of the
IRF family that participates in the virus-mediated activation
of interferon and other cytokines (11). Among the members
of the IRF family, IRF-3 is constitutively expressed in all cell
types, whereas constitutive IRF-7 expression is predominantly
detected in cells of lymphoid origin (12). Compared with IRF-3
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and IRF-7, IRF-5 is transcribed into different splice variants
that exhibit distinct cell type–specific expression patterns, cel-
lular localization, differential regulation, and dissimilar func-
tions in virus-mediated IFN induction (13). IRF-5 is not a target
of the Toll-like receptor-3 (TLR-3) signaling pathway but is
activated by TLR-7 or TLR-8 signaling (14). IRF-5 interacts
with and is activated by myeloid differentiation primary
response gene 88 (MyD88) and TRAF6, and TLR activation
results in the nuclear translocation of IRF-5 to activate cytokine
gene transcription (15). Moreover, IKK� kinase and alkaline
phosphatase negatively regulate of IRF-5 activity in the MyD88
pathway, indicating that these proteins control the inflamma-
tory response by attenuating IRF-5 activity (16). TLR-activated
IRF-5 mediates cooperativity of the enhancer with the pro-
moter that contains IFN-stimulated response elements (17).
IRF-5 cooperates with CREB-binding protein/p300 to further
transactivate target promoter-reporter constructs and binds to
the endogenous IL-6 and TNF� promoters in response to virus
infection (18). Recent studies from Irf-5 knockout mice have
confirmed a critical role for IRF-5 in virus-induced expression
of type I IFN and the proinflammatory cytokines IL-6, IL-12,
and TNF-� (19). Regarding IRF-5, the virus induces the forma-
tion of IRF-5/IRF-7 or IRF-5/IRF-3 heterodimers that act as
both activators and repressors by binding to IFN� promoters
and modulating the expression profile of IFN� subtypes (20).

As shown in our previous studies, miR-302c mediates IAV-
induced IFN� expression by targeting NF-�B–inducing kinase
(21). In this study, the expression of miR-302a, another member
of the miR-302 cluster, was inhibited during IAV infection. Fur-
thermore, miR-302a inhibited IRF-5 expression by directly tar-
geting the IRF-5 3�-UTR, resulting in the overexpression of
inflammatory cytokines and chemokines.

Results

IAV induces cytokine expression through miR-302a

Based on the results from our previous studies, IAV infection
induces IFN� mRNA expression by down-regulating miR-302c
expression (21). In this study, we investigated whether miR-
302a affected IAV-induced cytokine expression. IAV infection
slightly elevated the production of IFN-� and CCL5 and signif-
icantly increased the levels of the TNF-�, IL-6, IL-8, and CCL2
mRNAs (Fig. 1A). Moreover, transient transfection of PBMCs
with miR-302a mimics led to a significant decrease in the pro-
duction of those proinflammatory cytokines and chemokines
(Fig. 1A). miR-28-5p mimics were included as a negative con-
trol for comparison. Decreased levels of those proinflammatory
cytokines and chemokines in culture supernatants were also
observed using ELISAs (Fig. 1B). The effect of miR-302a inhi-
bition on an IAV-induced cytokine expression was studied to
confirm the results obtained with the miR-302a mimics. Con-
sistent with these results, the miR-302a inhibitor increased the
levels of the IFN-�, TNF-�, IL-6, IL-8, CCL2, and CCL5
mRNAs and proteins (Fig. 1, C and D). The efficiency of either
overexpression or suppression of miR-302a by oligonucleo-
tide mimics or inhibitors was also explored. Real-time RT-
PCR results showed that transfection with miR-302a mimics
resulted in a remarkable increase of miR-302a levels in A549

cells (supplemental Fig. 1A), whereas the miR-302a inhibitor
could lead to a reduction of miR-302a levels compared with
controls (supplemental Fig. 1B). Similarly, transfection of A549
cells with miR-28-5p mimic up-regulated the miR-28-5p level,
and conversely, the level of endogenous miR-28-5p declined
after transfection of miR-28-5p inhibitor (supplemental Fig. 1,
C and D). Based on these data, miR-302a inhibits IAV-induced
cytokine expression.

miR-302a down-regulates IRF-5 expression by directly
targeting its 3�-UTR

Because miR-302a inhibited the IAV-induced production of
proinflammatory cytokines and chemokines, we reasoned that
the specific genes suppressed by miR-302a should predomi-
nantly function in this process. Using computational tools, we
predicted that the 3�-UTR of the IRF-5 mRNA contains two
miR-302a– binding sites. The IRF-5 3�-UTR was cloned into a
firefly luciferase reporter plasmid, and two distinct mutations
were generated in the 3�-UTR of IRF-5 at the predicted seed-
matching sites to test the interaction between miR-302a and
the IRF-5 3�-UTR and to further confirm the effect of miR-302a
on IRF-5 expression (Fig. 2A). According to the results of the
luciferase activity assay, the miR-302a mimic reduced the activ-
ity of the plasmid controlled by the IRF-5 3�-UTR, but the
attenuation of luciferase activity was impaired by the IRF-5
3�-UTR– binding site mutation (Fig. 2B). Conversely, the miR-
302a inhibitor significantly stimulated the luciferase activity of
the WT IRF-5 3�-UTR, without any effect on the Mut IRF-5
3�-UTR (Fig. 2C). In addition, miR-302a overexpression signif-
icantly reduced the levels of the IRF-5 mRNA and protein (Fig.
2D). In contrast, miR-302a inhibitor–mediated knockdown of
endogenous miR-302a expression increased the levels of the
IRF-5 mRNA and protein (Fig. 2D). Thus, IRF-5 is a direct func-
tional target gene of miR-302a.

IRF-5 plays an important role in an IAV-induced cytokine
storm

Because IRF-5 is a target of miR-302a, we hypothesized that
IRF-5 may affect an IAV-induced cytokine storm. PBMCs were
infected with IAV and transfected with an IRF-5 expression
vector (or empty vector) to test this hypothesis. Based on the
real-time RT-PCR and ELISA results, IRF-5 overexpression
promotes IAV-induced production of the IFN-�, TNF-�, IL-6,
IL-8, CCL2, and CCL5 mRNAs and proteins (Fig. 3, A and B).
The expression of IRF-5 and IAV viral proteins were also
detected (supplemental Fig. 2A). We designed three specific
siRNAs for IRF-5 (siRNA-IRF-5 1, 2, and 3) and tested their
efficiency to confirm the effects of IRF-5 on an IAV-induced
cytokine storm (Fig. 3C); siRNA-IRF-5 2 and 3 were selected for
the experiments described below. In real-time RT-PCRs and
ELISAs, IRF-5 knockdown inhibited IAV-induced production
of the IFN-�, TNF-�, IL-6, IL-8, CCL2, and CCL5 mRNAs and
proteins (Fig. 3, C and D). Moreover, the efficiency of siRNA
transduction and the expression of IAV viral proteins were
detected (supplemental Fig. 2B).

We generated mice deficient in the Irf-5 gene (Irf-5�/� mice)
using standard CRISPR/Cas9 technology (Fig. 4A) and con-
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firmed the IRF-5 deficiency using semiquantitative RT-PCR
and immunoblot analyses (Fig. 4B) to further confirm the
involvement of IRF-5 in an IAV-induced cytokine storm in vivo.
We next infected WT or Irf-5�/� mice with the WSN strain of
the influenza virus and monitored the body weights. The Irf-
5�/� mice exhibited higher body weights than WT mice during
the IAV infection (Fig. 4C, left). Moreover, in response to the
IAV infection, IRF-5�/� mice displayed a prolonged survival
time and higher survival rate than WT mice (Fig. 4C, right).
Similar results were also obtained using the lethal mouse-
adapted influenza virus A/FM/1/47 (H1N1) (Fig. 4D). We next
investigated whether the production of proinflammatory cyto-
kines and chemokines was altered in Irf-5�/� mice during the
IAV infection. As expected, the levels of the IFN-�, TNF-�,
IL-6, IL-8, CCL2, and CCL5 mRNAs and proteins were signif-
icantly reduced in the Irf-5�/� mice compared with WT mice
during the IAV infection (Fig. 4, E and F). Based on these
results, IAV induces a cytokine storm through IRF-5 in vitro
and in vivo.

IAV induces IRF-5 expression through miR-302a

Because both miR-302a and IRF-5 were involved in an IAV-
induced cytokine storm and IRF-5 is a direct target gene of
miR-302a, we next examined the role of miR-302a in IAV-in-
duced IRF-5 expression. As shown in Fig. 5 (A and B), miR-302a
overexpression decreased IAV-induced IRF-5 expression, and
conversely, the miR-302a inhibitor increased IAV-induced
IRF-5 expression in A549 cells. Similar experiments were per-
formed in PBMCs and MLE-12 cells to determine whether
miR-302a–mediated IAV-induced IRF-5 expression is a com-
mon feature in cells (Fig. 5 (C and D) and supplemental Fig. 3).
Thus, miR-302a is required for IAV-induced IRF-5 expression.

The relationship between IAV replication and miR-302a and
IRF-5 expression

Freshly isolated PBMCs from healthy donors were infected
with 1 MOI of IAV at different time points to verify whether
IAV infection regulates miR-302a expression. Levels of miR-

Figure 1. Involvement of miR-302a in IAV-induced inflammatory cytokine expression. A and B, PBMCs were transfected with the indicated miRNA mimics
or mimic controls for 24 h, infected with the WSN virus (MOI � 1) or mock-infected for 24 h, and subjected to real-time RT-PCR (A) and ELISA (B). C and D,
experiments were performed similar to those described in A and B, except that the indicated miRNA inhibitor or inhibitor controls were used. In the real-time
RT-PCR experiments, the control was designated as 1. Bar graphs present means � S.D. (error bars); n � 3 (**, p � 0.01; *, p � 0.05; n.s., not significant).
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302a were detected by real-time RT-PCR, and the miR-302a
levels decreased over time (Fig. 6A). Consistently, freshly iso-
lated PBMCs from healthy donors were infected with different
concentrations of IAV for 12 h. Based on the results from real-
time RT-PCR analyses, miR-302a levels were down-regulated
by the IAV infection in a dose-dependent manner (Fig. 6B). We
next investigated whether miR-302a plays a role in viral tran-
scription and replication by measuring the production of three
different forms of the IAV RNA (mRNA, cRNA, and vRNA)
using an approach described previously (22). According to the
real-time RT-PCR analyses, the levels of the nucleoprotein
(NP)-specific mRNA, cRNA, and vRNA were reduced by miR-
302a mimics (Fig. 6C, left). Similarly, in Western blot assays,
miR-302a overexpression also significantly inhibited the
expression of the IAV viral proteins (NP and M1) (Fig. 6C,
right). In contrast, high levels of IAV viral proteins and NP-
specific mRNA, cRNA, and vRNA are present in PBMCs in
which miR-302a expression has been inhibited by the miR-302a
inhibitor (Fig. 6D).

We also validated the relationship between IAV replication
and IRF-5 expression. As shown in Fig. 7 (A and B), IAV infec-
tion induced IRF-5 mRNA and protein expression in a time-
and dose-dependent manner. In addition, IRF-5 overexpres-
sion significantly increased the expression of the three different
forms of IAV RNA and viral protein (NP and M1) (Fig. 7C).
Conversely, low levels of IAV RNA and protein were present in
PBMCs in which IRF-5 was knocked down with siRNA-IRF-5 2
(Fig. 7D). Interestingly, Irf-5�/� mice exhibited a significantly
decreased viral load in the lungs compared with WT mice (Fig.
7E). Because it has been reported that IRF-5 does not partici-
pate in IFN� induction (11), we investigated whether miR-302a

or IRF-5 plays a role in IAV-induced IFN� production. Real-
time RT-PCRs and ELISAs confirmed that overexpression or
knockdown of miR-302a had no effect on IAV-induced IFN�
production (supplemental Fig. 4, A and B). Similar results were
observed by overexpression or knockdown of IRF-5 (supple-
mental Fig. 4, C and D). These findings support a critical role for
the miR-302a/IRF-5 axis in regulating IAV replication.

Expression of miR-302a and IRF-5 in patients infected with IAV

To further elucidate the roles of the miR-302a/IRF-5 axis in
IAV infection, we analyzed their expression levels in throat
swabs from IAV-infected patients (n � 36) and healthy individ-
uals (controls) (n � 36). As shown in Fig. 8A, miR-302a expres-
sion was down-regulated in IAV-infected patients compared
with healthy individuals. Because IRF-5 is the direct target gene
of miR-302a, we sought to determine whether IRF-5 expression
was increased in IAV patients. As determined by a real-time
RT-PCR assay, IRF-5 was expressed at significantly higher lev-
els in IAV-infected patients than in the healthy individuals (Fig.
8B). Interestingly, elevated IRF-5 expression in IAV-infected
patients was tightly correlated with low levels of miR-302a
expression (Fig. 8C). Furthermore, miR-302a and IRF-5 expres-
sion was examined in PBMCs from IAV-infected patients (n �
40) and healthy individuals (n � 40) using a real-time RT-PCR
assay. IAV-infected patients showed higher levels of IRF-5 and
low levels of miR-302a expression compared with healthy indi-
viduals (Fig. 8, D and E). Elevated IRF-5 expression in PBMCs
also negatively correlated with low levels of miR-302a expres-
sion (Fig. 8F). These findings provide further evidence that
alterations in miR-302a and IRF-5 expression are involved in

Figure 2. IRF-5 is a target of miR-302a. A, predicted miR-302a– binding sites in the 3�-UTR of the IRF-5 mRNA. Perfect matches in seed regions are indicated
by lines. Mutations (underlined) were generated in the binding sites in the 3�-UTR for the reporter gene assay. B, A549 cells were transfected with the WT or the
indicated mutants of the IRF-5 3�-UTR reporter plasmid and miR-302a for 48 h before luciferase assays. C, experiments were performed as described in B, except
that cells were transfected with the miR-302a inhibitor or inhibitor controls. D, THP-1 cells were transfected with the miR-302a mimic or mimic controls for 24 h
before real-time RT-PCR (top) and Western blot (bottom) analyses. E, experiments were performed as described in D, except that a nonspecific inhibitor control
or miR-302a inhibitor was used. In the real-time RT-PCR experiments, the control was designated as 1. Bar graphs present means � S.D. (error bars), n � 3 (**,
p � 0.01; *, p � 0.05; n.s., not significant).
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the same pathway and are potentially involved in an IAV-regu-
lated cytokine storm.

Discussion

In this study, we defined a novel signaling pathway impli-
cated in controlling an IAV-induced cytokine storm. First, IAV
infection down-regulated miR-302a expression and up-regu-
lated IRF-5 expression. In turn, miR-302a decreased and IRF-5
increased IAV replication. Furthermore, miR-302a down-reg-
ulated IRF-5 expression by directly targeting its 3�-UTR, and
IAV regulated IRF-5 expression via miR-302a. Finally, we pro-
vided in vivo evidence showing that IAV regulated miR-302a
and IRF-5 expression in IAV-infected patients.

Influenza virus infection is occasionally associated with dys-
regulated and overabundant cytokine/chemokine production
and innate inflammatory infiltrates, known as a cytokine storm

(23, 24). Based on the results from numerous studies, a cytokine
storm accompanying an influenza virus infection is an essential
component of the morbidity and mortality of the infection (23,
24). However, little is known about the molecular mechanism
underlying this phenomenon. To our knowledge, only a few
investigations have identified some molecules that play a vital
role in an IAV-induced cytokine storm. For example, MyD88 is
required for the early amplification of cytokine production in
the lung following influenza virus infection (25). SOCS4 inhib-
its an IAV-induced cytokine storm and enhances viral clear-
ance (26). c-Jun, which lies downstream of JNK, regulates H5N1
influenza virus replication and host inflammation (27). NF-�B,
a famous transcription factor in the inflammatory network, also
plays an important role in an IAV-induced cytokine storm (28).
In this study, IAV induced a cytokine storm via the miR-302a/
IRF-5 axis. Our study reveals a previously undescribed mecha-

Figure 3. Effects of IRF-5 on IAV-induced inflammatory cytokine expression. A and B, PBMCs were transfected with the indicated expression constructs or
empty vector for 24 h, infected with the WSN virus (MOI � 1) or mock-infected for 24 h, and subjected to real-time RT-PCR (A) and ELISA (B). C, THP-1 cells were
transfected with the indicated IRF-5 siRNAs or siRNA control for 48 h before real-time RT-PCR (left) and Western blot (right) analyses. D and E, experiments were
performed similar to those described in A and B, except that IRF-5 siRNAs or siRNA control were used. All experiments were repeated at least three times with
consistent results. Bar graphs present means � S.D., n � 3 (**, p � 0.01; *, p � 0.05; n.s., not significant).
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nism by which IAV regulates a cytokine storm and may provide
a new therapeutic target for IAV infection.

The miR-302/367 cluster comprises five members, including
miR-302b, miR-302c, miR-302a, miR-302d, and miR-367 (29).
The miR-302–367 cluster was shown to play an important role
in self-renewal and stemness maintenance in pluripotent cells,
as well as differentiation, cell cycle progression, and apoptosis
regulation in embryonic stem cells or primed pluripotent stem
cells (29). Recently, the miR-302–367 cluster has been shown to
be involved in cell proliferation and tumor formation, although
the results are limited and inconsistent (30). However, to date,
few studies have investigated the possible role of the miR-302–
367 cluster in an IAV-induced cytokine storm. As shown in our
previous study, IAV infection down-regulates miR-302c
expression, leading to the activation of IFN� expression and
the inhibition of viral replication (21). Here, IAV induced the
production of inflammatory cytokines and chemokines
(IFN-�, TNF-�, IL-6, IL-8, CCL2, and CCL5) through miR-
302a. To the best of our knowledge, miR-302a is the first
microRNA reported to be involved in an IAV-induced cyto-

kine storm. Interestingly, the miR-302 cluster targets IL-8
and inhibits the expression of its mRNA in gastric cancer.
Our results are consistent with this study and provide
another mechanism by which the miR-302 cluster induces
IL-8 expression (31). Because the miR-302/367 cluster is
located in the first intron of the LARP7 gene on human chro-
mosome 4 (32), we tested whether IAV infection had an
effect on LARP7 expression. As shown in supplemental Fig.
5A, there was no association between IAV infection and
LARP7 expression. It has been reported that Oct4 and Sox2
bind to the promoter region of the miR-302 cluster of miR-
NAs in human embryonic stem cells (hESCs) (32), so we also
investigated the role of Oct4 and Sox2 in miR-302a expres-
sion. In ChIP assays, Sox2 and Oct4 were not bound to the
putative promoter region of miR-302 during IAV infection,
and hESCs were included as a positive control for compari-
son (supplemental Fig. 5, B and C). It seems that IAV did not
regulate miR-302 expression at a transcriptional level. As
mentioned above, the miR-302 cluster comprises five mem-
bers. Do other members of the miR-302 cluster also partici-

Figure 4. IRF-5 regulates IAV-induced inflammatory cytokine expression in vivo. A, schematic showing the single guide RNA (sgRNA)– binding site in the
mouse Irf-5 gene (top). Sequence of the genomic single guide RNA– binding site (bottom). B, Irf-5 expression in the lung was detected using RT-PCR (top) and
Western blot (bottom) analyses. C, WT (black square, n � 15) and Irf-5�/� (red circle, n � 15) mice were intranasally infected with 1 � 104 pfu of WSN IAV, and
body weights were recorded daily (left). Survival curves show data collected until day 14 postinfection (right). The statistical analysis was performed using a
log-rank test. D, experiments were performed similar to those described in C, except that mice were intranasally infected with the FM IAV. E and F, WT (black
square; n � 5) and Irf-5�/� (red circle; n � 5) mice were infected with 1 � 104 pfu of WSN IAV (E) or 1 � 104 PFU FM IAV (F). Levels of proinflammatory cytokines
and chemokines in the bronchoalveolar lavage fluid (BALF) were measured 48 h postinfection using ELISAs. Bar graphs present means � S.D. (error bars) or
means � S.E. (error bars) (**, p � 0.01; *, p � 0.05; n.s., not significant).
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pate in an IAV-induced cytokine storm? Further studies are
needed to verify these putative functions.

Following the identification of the function of miR-302a in an
IAV-induced cytokine storm, we further explored the underly-
ing mechanism. In this study, we identified IRF-5 as a novel
target of miR-302a. IRF-5, a member of the IRF family, is
involved in both the type I interferon and Toll-like receptor
signaling pathways. IRF-5 is associated with systemic lupus ery-
thematosus, rheumatoid arthritis, and inflammatory bowel dis-
eases (11). In addition, IRF-5 also functions in M1 macrophage
polarization and IgG class switching in B cells (13). However,
little is currently known about the role of IRF-5 in an IAV-
induced cytokine storm. In this report, we present evidence that
IRF-5 mediated an IAV-induced cytokine storm in vitro and in
vivo. Further studies confirm that overexpression of IRF-5 sig-
nificantly increased the expression of IAV RNA and protein,
and conversely, knockdown of IRF-5 decreased the expression
of IAV RNA and protein (Fig. 7). Intriguingly, IAV infection
induces IRF-5 mRNA and protein expression at a very early
stage of the viral replication (as early as 6 h) (Fig. 7A). The IAV
replication cycle does not contain a DNA stage, and transcrip-
tion factors did not act directly on the IAV promoter (33), so we
suspected that IRF-5 was involved in the establishment of IAV
replication. However, whether IRF-5 induction is needed for

viral entry is yet to be determined. Previously, two reports have
described the mechanism by which IRF-5 is activated. Accord-
ing to one study, MyD88 activates IRF-5 via Lys-63–linked
polyubiquitination (34). As shown in the other study, IKK� is
an IRF-5 kinase that instigates inflammation (35). In addition,
IRF-5 is also a target of miR-146b (36). Are the MyD88 –IRF-5
and IKK�–IRF-5 signaling pathways required for an IAV-in-
duced cytokine storm? Does miR-146b participate in an IAV-
induced cytokine storm? The answers to these questions may
provide valuable information regarding the mechanisms and
lead to the development of new tools to control the dysregu-
lated pro-inflammatory cytokine and chemokine production in
the lungs during IAV infection. Although the present study is
designed to provide insights into these questions, the dissection
of each mechanism is beyond the scope of this paper.

We propose a working model of the role of the miR-302a/IRF-5
axis in an IAV-induced cytokine storm (Fig. 9). In this model, IAV
infection strongly induces IRF-5 expression through inhibiting
miR-302a expression. Enhanced IRF-5 expression results in an
overabundant cytokine production, leading to promotion of IAV
replication. In summary, although more research is needed to
understand the delicate regulatory mechanisms by which IAV
induces the inflammatory response, our current findings highlight
how the miR-302a/IRF-5 axis functions as a critical regulator of an

Figure 5. IAV induces IRF-5 expression via miR-302a. A, A549 cells were transfected with the miR-302a mimic or mimic controls for 24 h, infected with the
WSN virus (MOI � 1) or mock-infected for 24 h, and subjected to real-time RT-PCR (top) and Western blot (bottom) analyses. B, experiments were performed
similar to those described in A, except that the miR-302a inhibitor or inhibitor controls were used. C and D, experiments were performed as described in A and
B, except that PBMCs were used. All experiments were repeated at least three times with consistent results. In the real-time RT-PCR experiments, the control was
designated as 1. Bar graphs present means � S.D., n � 3 (**, p � 0.01; *, p � 0.05, n.s., not significant).
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IAV-induced cytokine storm and provide a potential target for the
treatment of IAV infection in the future.

Materials and methods

Ethics statement

The collection of human PBMCs from blood samples and
throat swabs was conducted according to the principles of the
Declaration of Helsinki and approved by the institutional
review board of the College of Life Sciences, Wuhan University,
in accordance with guidelines for the protection of human sub-
jects. All study participants provided written informed consent
for the collection of samples and subsequent analyses.

All animal experiments were performed in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. The protocol was approved by the institu-
tional animal care and use committee of Wuhan University
(project license WDSKY0201302).

Cell culture and virus

A549 cells were used for all experiments and cultured in mini-
mum Eagle’s medium (Gibco) containing 10% fetal bovine serum
(Invitrogen). THP-1 cells were cultured in RPMI 1640 medium
(Gibco) containing 10% FBS. 293T cells were cultured in DMEM
(Gibco) containing 10% FBS. MLE-12 cells were cultured in a 50:50
mix of DMEM/Ham’s F-12 supplemented with 2% FCS, 5 mg/ml
insulin, 10 mg/ml transferrin, 30 mM sodium selenite, 10 nM

hydrocortisone, 10 nM �-estradiol, 2 mM glutamine, and 2 mg/ml
gentamicin. hESC lines H9 (Wicell, Madison, WI) were grown
on mitomycin C–inactivated mouse embryonic fibroblasts in
medium containing Dulbecco’s modified Eagle’s medium F-12
supplemented with 20% knockout serum replacement, 1 mM

L-glutamine, 0.1 mM �-mercaptoethanol, 1% nonessential amino
acids, and 4 ng/ml human basic fibroblast growth factor. One to
two passages before beginning our experiments, hESCs were
transferred to Matrigel (BD Biosciences)-coated plates with
mTeSR (Stem Cell, Vancouver, Canada). Differentiation through
embryoid body formation was induced by collecting hESCs and
culturing them in suspension with hESC medium without basic
fibroblast growth factor. All cell lines were grown at 37 °C in an
aerobic incubator with 5% CO2.

Recombinant human IAV A/WSN/33 (H1N1) was generated
by transfecting MDCK cells with an eight-plasmid transfection
system, as described previously (37). The eight-plasmid trans-
fection system was a gift from Dr. Webster RG (Department of
Infectious Diseases, St. Jude Children’s Research Hospital,
Memphis, Tennessee). The IAV A/FM/1/47 (H1N1) was a gift
from Wei Hou (School of Basic Medical Sciences, Wuhan Uni-
versity). The stock virus was propagated in 10-day-old embry-
onated chicken eggs (Shijun Li laboratory at Central China
Agricultural University) for 36 – 48 h at 37 °C. The allantoic
fluid was then harvested, and aliquots were stored at �80 °C
before use.

Plasmids, miRNA, siRNA, antibodies, and biochemical
reagents

The complete luciferase reporter gene was PCR-amplified
from pGL3-basic vector (Invitrogen), digested with BamHI and
EcoRI, and inserted into the pCMV-FLAG2B (Invitrogen) vec-
tor to form a subclone vector, pCMV-FLAG2B-Luc. The full-
length 3�-UTR of the human IRF-5 gene (GI: 629266059) was
amplified using the following primers: sense, 5�-CCCAAGCT-
TGGTGCGGACTGATGTGGAGA-3�; antisense, 5�-CCGC-
TCGAGGGCAGAAAGTGGGCTGGAGT-3�. The PCR prod-
uct was digested with HindIII/XhoI and cloned into the pCMV-
FLAG2B-Luc vector. The mutated 3�-UTR of IRF-5 was
constructed using PCR-based mutagenesis with the following
primers: Mut-I sense, 5�-CTCTGAGATAATATGAGT-
GGGTATCATATCAGATG-3�; Mut-I antisense, 5�-CATCT-
GATATGATACCCACTCATATTATCTCAGAG-3�; Mut-II
sense, 5�-CCAACTGGCCCACTCCCCACCCCCAGCTTGC-
GACC-3�; Mut-II antisense, 5�-GGTCGCAAGCTGGGGG-
TGGGGAGTGGGCCAGTTGG-3�. All plasmids were seq-
uenced and confirmed.

Figure 6. The relationship between miR-302a and IAV replication. A,
PBMCs were infected with the WSN virus (MOI � 1) for the indicated times.
Levels of miR-302a were quantified using real-time RT-PCR. B, PBMCs were
infected with the indicated concentrations of the WSN virus for 12 h. Levels of
miR-302a were quantified using real-time RT-PCR. The expression levels were
normalized to the U6 snRNA. C, PBMCs were transfected with the miR-302a
mimic or mimic controls for 24 h, infected with the WSN virus (MOI � 1) or
mock-infected for 24 h, and subjected to real-time RT-PCR (left) and Western
blot (right) analyses. D, experiments were performed as described in C, except
that a nonspecific inhibitor control or miR-302a inhibitor was used. All exper-
iments were repeated at least three times with consistent results. Bar graphs
present means � S.D. (error bars), n � 3 (**, p � 0.01; *, p � 0.05; n.s., not
significant).
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The miR-302a mimics, inhibitors, and negative controls were
obtained from GenePharma (Shanghai, China): miR-302a
mimics (sense, 5�-UAAGUGCUUCCAUGUUUUGGUGA-3�;

antisense, 5�-UCACCAAAACAUGGAAGCACUUA-3�); miR-
302a inhibitors, 5�-UCACCAAAACAUGGAAGCACUUA-3�.
The small interfering RNAs for the IRF-5 gene were designed

Figure 7. The relationship between IRF-5 and IAV replication. A, PBMCs were infected with the WSN virus (MOI � 1) for the indicated times. IRF-5 RNA levels
were quantified by real-time RT-PCR (top) and protein levels were detected by Western blotting (bottom). B, PBMCs were infected with the indicated concen-
trations of the WSN virus for 12 h. IRF-5 RNA levels were quantified by real-time RT-PCR (top), and protein levels were detected by Western blotting (bottom).
C, PBMCs were transfected with the indicated constructs or empty vector for 24 h, infected with the WSN virus (MOI � 1) or mock-infected for 24 h, and
subjected to real-time RT-PCR (left) and Western blot (right) analyses. D, experiments were performed as described in C, except that IRF-5 siRNAs or siRNA
control were used. E, WT (n � 10) and Irf-5�/� (n � 10) mice were infected with 1 � 104 pfu of WSN IAV for 3 days. The viral titers in the lungs were determined
using a plaque assay. In the real-time RT-PCR experiments, the lowest value was designated as 1. All experiments were repeated at least three times with
consistent results. Bar graphs present means � S.D. (error bars) or means � S.E. (error bars) (**, p � 0.01; *, p � 0.05).
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and synthesized by Ribobio: siIRF-5-1 (5�-GACGGAGAUAA-
CACCAUCUTT-3�), siIRF-5-2 (5�-ATACACCGAAGGCG-
TGGAT-3�), and siIRF-5-3 (5�-GCAGTTTAAATAGCTT-
CATTT-3�). Antibodies against human IRF-5 (ab33478),
human �-tubulin (ab6046), human GAPDH (ab8245), IAV NP
(ab128193), and M1 (ab25919) were purchased from Abcam.
Antibodies against mouse �-actin (A5441) and mouse IRF-5
(SAB1403991) were purchased from Sigma-Aldrich. Unless
specified otherwise, all biochemical reagents were purchased
from Sigma-Aldrich. Goat anti-mouse IgG-HRP (sc-2055) and

goat anti-rabbit IgG-HRP (sc-2030) were purchased from Santa
Cruz Biotechnology, Inc.

Mice

Wild-type C57BL/6 mice were purchased from the Animal
Facility at Wuhan University ZhongNan Hospital. We designed
a pair of synthesized oligonucleotides for gRNA targeting exon
2 of IRF-5, GGCTTCAGCCTCACACGGCGGGG and CCC-
CGCCGTGAGGCTGAAGCC, which were annealed and cloned
into the pUC57-gRNA expression vector (plasmid 51132, Add-
gene, Cambridge, MA) to generate the IRF-deficient mouse
(Irf-5�/�). The gRNA expression plasmids were linearized with
DraI and used as templates for in vitro transcription using the
MEGAshortscript kit (Ambion, AM1354). The Cas9 expres-
sion plasmid (plasmid 44758, Addgene, Cambridge, MA) was
linearized with AgeI and used as the template for in vitro tran-
scription using the T7 Ultra Kit (Ambion, AM1345). The tran-
scribed Cas9 mRNA and gRNA were both purified using the
MEGAclear kit (Ambion, AM1908), and then a mixture of tran-
scribed Cas9 mRNA and gRNA was microinjected into C57/
BL6 mouse zygotes to generate the Irf-5�/� mouse. Microin-
jections were performed in the cytoplasm of zygotes using a
Nikon microinjection system under standard conditions. The
mouse was genotyped by PCR with the primers 5�-AAAGC-
CCTTTGCCATGAACCA-3� and 5�-GCGCCAGGGTA-
TATAGAAGAGTT-3�. For genotyping, a 157-bp fragment of
the WT allele and a 126-bp fragment of the Irf-5 knockout allele
were amplified with 30 PCR cycles consisting of 94 °C for 30 s,
60 °C for 30 s, and 72 °C for 30 s. The mutant Irf-5 allele 2 was
used in future study. All mice were maintained under specific
pathogen-free conditions. Irf-5�/� mice developed normally,
and no overt difference was observed in hematopoietic cell pop-

Figure 8. Correlation between IRF-5 expression and suppressed miR-302a levels in IAV-infected patients. A and B, real-time RT-PCR assays of miR-302a
(A) and IRF-5 (B) expression levels in throat swabs from healthy individuals (n � 36) or IAV-infected patients (n � 36). C, the relative IRF-5 mRNA and miR-302a
levels in the throat swabs from IAV-infected patients were subjected to Pearson’s correlation analysis. D and E, real-time RT-PCR assays of miR-302a (D) and IRF-5
(E) expression levels in PBMCs from healthy individuals (n � 40) or IAV-infected patients (n � 40). F, the relative IRF-5 mRNA and miR-302a levels in the PBMCs
from IAV-infected patients were subjected to Pearson’s correlation analysis. Box plots illustrate medians with 25 and 75% values, and error bars represent the
5th and 95th percentiles. For A–D, the lowest value was designated as 1. IRF-5 or miR-302a expression data are expressed as -fold induction (-fold change)
relative to the lowest value (**, p � 0.01; *, p � 0.05).

Figure 9. A hypothetical model for the role of miR-302a/IRF-5 axis in IAV-
induced inflammatory cytokine expression. Solid arrows, signaling path-
ways identified in this study; broken arrows, potential signaling pathways.
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ulation. The phenotypes of the Irf-5�/� mice are in line with
previously reported findings (11). Mice were humanely eutha-
nized when they met certain clinical criteria or at the end of the
experiments.

Isolation and transfection of human PBMCs

The isolation and transfection of human PBMCs were
described previously (22, 38). Briefly, human PBMCs were iso-
lated from venous blood samples obtained from healthy volun-
teers by density centrifugation using Histopaque, according to
the manufacturer’s instructions (Sigma-Aldrich). PBMCs were
transfected with plasmid DNA by electroporation with an
Amaxa Nucleofector II device according to the manufacturer’s
protocol and then resuspended in RPMI 1640 supplemented
with penicillin (100 units/ml) and streptomycin (100 mg/ml).

RNA extraction, reverse transcription, and quantitative real-
time RT-PCR

Quantitative real-time RT-PCR was described previously
(39, 40). Briefly, total RNA was extracted using TRIzol reagent
(Invitrogen), according to the manufacturer’s protocol. 2– 4 �g
of RNA were reverse transcribed with oligo(dT) primers or the
specific stem–loop primers for mature miR-302a and the nor-
malization control, U6 snRNA. The miR-302a–specific reverse
primer was 5�-GTCGTATCCAGTGCAGGGTCCGAGGT-
ATTCGCACTGGATACGACTCACCAAA-3�, and the U6-
specific reverse primer was 5�-GTCGTATCCAGTGCAG-
GGTCCGAGGTATTCGCACTGGATACGACAAAATA-3�.
Other primers used in this study are listed in supplemental Table 1.
Amplifications were performed in the Prism 7200 RT-PCR system
(Applied Biosystems) using standard settings: 50 °C for 2 min,
95 °C for 2 min, and 40 cycles of 15 s at 95 °C and 1 min at 60 °C.
The data were collected and processed to calculate the gene
expression levels using Step One software version 2.0 (Applied
Biosystems). The detection of IAV replication was performed
using quantitative RT-PCR and primers designed to amplify the
NP viral RNA.

Cytokine and chemokine analyses

The tracheas of euthanized mice were exposed, transected,
and intubated with a blunt 18-gauge needle. One milliliter of
PBS supplemented with Complete Mini, EDTA-free protease
inhibitor mixture (Roche Applied Science) was infused and col-
lected four times. The recovered bronchoalveolar lavage fluid
was centrifuged at 3,000 � g for 3 min at 4 °C and stored at
�80 °C until use. A multiplex ELISA was performed on super-
natants using ELISA kits (R&D Systems).

Transfection and luciferase reporter gene assays

Cells were seeded in 24-well dishes and transfected using
Lipofectamine 2000 (Invitrogen) for 24 h, after which cells were
serum-starved for an additional 24 h before harvest. Transfec-
tion complexes were prepared according to the manufacturer’s
instructions. A Renilla luciferase reporter vector, pRL-TK, was
used as an internal control. Both the firefly and Renilla lucifer-
ase activities were measured using a GLOMAX 20/20 lumi-
nometer (Promega).

ChIP

Cells were incubated for 24 h after transfection and then
were serum-starved for 24 h. Formaldehyde was added to the
culture medium to a final concentration of 1%. The cells were
then washed twice with PBS, scraped, and lysed in lysis buffer
(1% SDS, 10 mM Tris-HCl, pH 8.0, 10% protease inhibitor mix-
ture, 50 mg/ml both aprotinin and leupeptin) for 10 min at 4 °C.
The lysates were sonicated on ice, and the debris was removed
by centrifugation at 12,000 rpm for 15 min at 4 °C. One-fourth
of the supernatant was used as DNA input control. The remain-
ing sample was diluted 10-fold with dilution buffer (0.01% SDS,
1% Triton X-100, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0, and
150 mM NaCl), followed by incubation with antibodies against
Sox2 (Sigma) and Oct4 (Sigma) overnight at 4 °C. Immunopre-
cipitated complexes were collected using protein A/G-Sephar-
ose. The pellets were washed for four times with dialysis buffer
containing 2 mM EDTA and 50 mM Tris-HCl, pH 8.0. After
washing, the precipitates were incubated in an elution buffer
(1% SDS and 0.1 M NaHCO3) at room temperature. Superna-
tants were transferred to clean tubes, and RNase A was added to
destroy bound RNA in the sample. Samples were incubated at
65 °C for 5 h to reverse formaldehyde cross-links, and DNA was
precipitated with ethanol and extracted two times with phenol/
chloroform. Finally, pellets were resuspended in TE buffer and
subjected to PCR amplification using the miR-302 cluster pro-
moter containing the Oct4-Sox2 binding sites. The following
primers were used: sense, 5�-CCCGTGGAAGCAATCTATT-
TATTT-3�; antisense, 5�-TGTGTTTCTATCTGGAGGAA-
CTCTGT-3�.

Western blot analysis

Western blot analyses were described in a previous study
(41). Briefly, cells were harvested by low-speed centrifugation
and washed with PBS. The whole-cell lysates were prepared in
PBS buffer (pH 7.4) containing 0.01% Triton X-100, 0.01%
EDTA, and a 10% protease inhibitor mixture (Roche Applied
Science). The protein concentration was measured using a
Bradford assay kit (Bio-Rad). Forty micrograms of each protein
sample were separated by 12% SDS-PAGE and transferred to a
nitrocellulose membrane (Bio-Rad). The membrane was
blocked with PBS buffer containing 0.05% Tween 20 and 5%
(w/v) nonfat milk for 1 h at room temperature. Then the mem-
brane was incubated with primary antibodies overnight at 4 °C.
Following an incubation with a horseradish peroxidase-linked
secondary antibody for an additional 1 h, proteins were
detected with the chemiluminescence plus reagent (Millipore)
and visualized using an LAS-4000 instrument (Fujifilm, Tokyo,
Japan).

Statistical analysis

The data presented in this article were obtained from three
independent reproducible experiments. The results are pre-
sented as means � S.D. Student’s t test was performed for sta-
tistical comparisons between two groups. A one-way analysis of
variance was used to compare three or more groups. Kaplan–
Meier analysis was used for the survival analysis. A p value
� 0.05 was considered significant and is indicated with an
asterisk.
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