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Soluble interleukin-6 receptor is elevated during influenza
A virus infection and mediates the IL-6 and IL-32
inflammatory cytokine burst

Jun Wang, Qing Wang, Tao Han, Yong-Kui Li, Sheng-Li Zhu, Fang Ao, Jian Feng, Ming-Zhen Jing,
Li Wang, Lin-Bai Ye and Ying Zhu

Influenza A virus (IAV) infection is a major worldwide public health problem. However, the factors involved in mediating

the inflammatory response to this infection and their relationships remain poorly understood. Here, we show that IAV

infection stimulates the expression of the soluble IL-6 receptor (sIL-6R), a multifunctional protein involved in IL-6

signaling. Interestingly, sIL-6R expression upregulated the levels of its own ligand, IL-6 and those of the

pro-inflammatory cytokine IL-32. shRNA-mediated knockdown of sIL-6R suppressed IL-6 and IL-32, indicating that this

regulation is dependent on sIL-6R during IAV infection. Furthermore, our results demonstrate that IL-32 participates in a

negative feedback loop that inhibits sIL-6R while upregulating IL-6 expression during IAV infection. Therefore, we show

that sIL-6R is a critical cellular factor involved in the acute inflammatory response to viral infection.
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INTRODUCTION

Influenza A virus (IAV) is a highly contagious single-stranded

RNA virus that infects both the upper and lower respiratory

tracts of humans and is considered a major worldwide public

health problem. Although seasonal infections with the most

common influenza virus strains (e.g., H3N2) can typically be

resolved, infection continues to cause a high rate of mortality.

Research has established that viral replicative intermediate

double-stranded RNA1 and Toll-like receptor 32 are crit-

ical for the immune response triggered by IAV infection.

Moreover, pro-inflammatory cytokines, such as IL-6, IL-8

and tumor-necrosis factor (TNF)-a, are involved in the host

inflammatory response to IAV infection.3,4 Patients with severe

acute infections most likely develop the ‘cytokine storm’5 res-

ponse that leads to acute lung injury or its more severe form of

acute respiratory distress syndrome. It is also known that the

intensity of the inflammatory response in the lungs reflects a

balance between pro-inflammatory cytokines and their cognate

soluble receptors or inhibitors. However, the mechanism of

regulation among cytokines remains unclear.

The pleiotropic cytokine IL-6 is produced by macrophages,

dendritic cells, mast cells and other innate immune cells;

consequently, this cytokine has long been considered a marker

of inflammation. In addition to immune cells, IL-6 is produced

by epithelial cells, endothelial cells, keratinocytes and fibro-

blasts in response to specific stimuli.6,7 IL-6 can induce cell

signaling not only via the classic pathway involving the trans-

membrane receptor IL-6Ra (restricted cellular expression)

associated with gp130 (ubiquitous and responsible for signal

transmission), but also via the soluble receptor IL-6Ra, which

binds to IL-6 and induces a signal mediated by the ubiquitous

gp130 molecule (trans-signaling).8 Central to the regulation of

IL-6-mediated responses is the presence of the soluble IL-6

receptor (sIL-6R), which undergoes trans-signaling to form a

ligand–receptor complex that permits IL-6 responsiveness in

cell types that lack the cognate IL-6 receptor.9,10 IL-6 signaling

plays a pivotal role in controlling the differentiation and activa-

tion of T lymphocytes by inducing the Jak/STAT3 and Ras/Erk/

C/EBP pathways.11–14 Furthermore, IL-6, in concert with TNF-

a and IL-1, causes fever and leukocytosis, which are required

for pathogen elimination.10,15

The circulating form of sIL-6R, which can be detected in

various bodily fluids and is secreted by monocytes, hepatocytes

and endothelial cells,16 is generated by two independent
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mechanisms: limited proteolysis of the membrane-bound pro-

tein and translation from an alternatively spliced mRNA.17

Hydroxamic acid-based metalloprotease inhibitors, such as

TNF-a protease inhibitor (TAPI), are known to prevent the

shedding of various cell surface proteins,18–20 including the IL-

6R.21,22 sIL-6R is critically involved in the generation and

maintenance of several inflammatory and autoimmune dis-

eases, including chronic inflammatory bowel disease, rheum-

atoid arthritis, peritonitis, asthma and inflammation-induced

colon cancer.23,24 Studies have further demonstrated that sIL-

6R acts as an agonistic with IL-6, indicating an enhanced cel-

lular sensitivity to IL-6.25

Another cytokine, IL-32, is a newly described pro-inflam-

matory cytokine that enhances host immunity against various

microbial pathogens26 and has been shown to be induced by

influenza virus infection in humans.27 It is also an important

cytokine in diseases characterized by inflammation,28 such as

rheumatoid arthritis29 and inflammatory bowel disease.30

Furthermore, IL-32 has been described as an activator of the

p38-mitogen-activated protein kinase, NF-kB and AP-1 signal-

ing pathways, and it induces several cytokines, including IL-1b,

IL-6, IL-8 and TNF-a.31–33 Our previous study demonstrated

that the NF-kB and CREB pathways play key roles in promot-

ing IL-32 production in response to influenza virus infection.34

Additional experiments have been carried out to verify the

impact of IL-32 on viral infection and replication. In one study,

the specific knockdown of IL-32 gene expression in human

peripheral blood mononuclear cells (PBMCs) led to fourfold

increase in HIV-1 p24 production, indicating that endogenous

IL-32 acted as a natural inhibitor of HIV-1.31 New evidence has

shown that IL-32 was capable of activating IFN-inducible anti-

viral effectors, such as protein kinase R and myxovirus resist-

ance protein.35

Numerous published studies have focused on the association

between acute inflammation and viral infection. Although IL-6

and IL-32 have been identified as vital factors in airway inflam-

mation during influenza virus infection, the molecular mech-

anism by which these pro-inflammatory factors regulate each

other during infection remains to be elucidated. Moreover, the

mechanism whereby IAV upregulates IL-6 and IL-32 express-

ion remains unknown. In an effort to provide new insight into

the host immune response to virus infection, our previous

study using protein and antibody microarray chips found that

the expression level of sIL-6R was significantly altered in res-

ponse to IAV infection.36 Therefore, in the present study, we

investigated the role and mechanism of IL-6 and sIL-6R signal-

ing in the inflammatory response to IAV infection. The present

data reveal a previously unidentified regulatory mechanism

involving IL-6R, IL-32 and IL-6 during IAV infection.

MATERIALS AND METHODS

Clinical specimen collection

Clinical throat swab samples from 18 adult patients who were

positive for nasopharyngeal IAV infection were collected from

Renmin Hospital of Hubei Province. Throat swab samples

from 18 healthy individuals were randomly selected as controls

from donors who were negative for the virus. The collection of

blood samples for this research 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 its guidelines for the

protection of human subjects. All participants provided writ-

ten informed consent to participate in the study.

Isolation of PBMCs

Fresh blood samples were drawn from healthy donors. PBMCs

were obtained by density centrifugation of blood samples

diluted 1 : 1 in pyrogen-free saline over Histopaque (Hao Yang

Biotech, Tianjin, China). The separation medium, Histopaque,

is a sterile-filtered, endotoxin tested solution of polysucrose and

sodium diatrizoate, adjusted to a density of 1.077 g/ml. The

blood-Histopaque solution was centrifuged at 800g for 20 min

at room temperature and the cell band on top of the Histopaque

layer was collected. The cells were washed twice with saline and

suspended in RPMI 1640 medium supplemented with penicillin

(100 U/ml) and streptomycin (100 mg/ml).

Virus and cell culture

Influenza virus strain A/Hong Kong/498/97 (H3N2) was used

as described previously.36 Stock virus was propagated in 10-

day-old embryonated chicken eggs for 36–48 h at 37 uC; the

allantoic fluid was harvested, and aliquots were stored at

280 uC until use. H3N2 virus was infected into cells at a mul-

tiplicity of infection (MOI) of 1. The human lung epithelial cell

line A549 was cultured in DMEM medium supplemented with

10% heat-inactivated FBS, and the human embryonic lung

diploid fibroblast cell line MRC-5 was cultured in MEM med-

ium supplemented with 10% heat-inactivated FBS.

Plasmids

The luciferase reporter vector (pGL3) (Promega, Madison, WI,

USA) containing the IL-n (n52, 4, 5, 6, 9, 10, 15, 16, 17, 18, 21,

22, 24, 29 and 32) promoters, pGL3-IL-n–Luc (Table 2), and

the Renilla internal control vector pRL–TK (Promega) were

briefly described in our previous studies.27,34,37 Human IL-

32c cDNA (accession no. XM_005255686) was amplified by

RT-PCR using 59-CAGCGAATTCAATGTGCTTCCCGAA-

GG-39 (sense primer, EcoRI sites are underlined) and 59-

GTCGAAGCTTTCATTTTGAGGATTGGG-39 (antisense pri-

mer, HindIII sites are underlined) cloned into the pCMV–

tag2A vector (Stratagene) to generate the IL-32c-expressing

plasmid (pCMV-IL-32), as described previously.34 Human

sIL-6R cDNA (accession no. NM_181359) was amplified by

RT-PCR using 59-CGGAATTCATGCTGGCCGTCGGCT-

GCGCG-39 (sense primer, EcoRI sites are underlined) and

59-GGCGCTCGAGTCAGAGCCCGCAGCTTCCACG-39 (anti-

sense primer, XhoI sites are underlined) cloned into the

pCMV–tag2B vector (Stratagene) to generate an sIL-6R-expres-

sing plasmid (pCMV-sIL-6R).

Specific shRNAs against sIL-6R and IL-32 and irrelevant

control shRNA were purchased from GenePharma (Shanghai,

China) and prepared by ligating the corresponding pairs of
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oligonucleotides to pGPU6/GFP/Neo. The shRNA-sIL-6R target

sequence was 59-CCTCCCAGGTTCAAGAAGA-39, the shRNA-

IL-32 target sequence was 59-GGAGACAGTGGCGGCTTAT-

TA-39 and the shRNA-control target sequence was 59-GTTC-

TCCGAACGTGTCACGT-39.

Reagents

Recombinant human IL-6Ra protein and IL-32c protein were

purchased from R&D Systems (Minneapolis, MN, USA); the

former was expressed in CHO cells according to the product

datasheet. An antibody against sIL-6R was purchased from

eBioscience (San Diego, CA, USA), and antibodies specific

for b-actin and GAPDH were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Two antibodies against

IL-32, polyclonal antibody against human IL-32 (R&D

Systems) and a rabbit polyclonal antibody against IL-32, pro-

duced in our previous study using recombinant IL-32a protein

as an immunogen,38 were used for the western blot analyses.

TAPI was purchased from Santa Cruz Biotechnology.

Transient transfection and luciferase assays

A549 cells were plated at a density of 4.03105 cells per well in

24-well or 6-well plates and grown to approximately 80% con-

fluence at the time of transfection. The plasmids were cotrans-

fected into the cells using the Lipofectamine 2000 reagent

(Invitrogen, Carlsbad, CA, USA). At 24 h post-transfection,

the cells were serum-starved for another 24 h prior to harvest.

The cells were lysed with the Luciferase Cell Culture Lysis

reagent (Promega), and the cell lysates and luciferase assay

substrate (Promega) were mixed before the light intensity

was detected using a luminometer (GloMax 20/20; Promega).

The assays were performed in triplicate, and the results are

expressed as the mean value relative to the vector control,

which was arbitrarily assigned as 100%.

ELISA

A549 cells were transfected with expression plasmids or

shRNA, and the culture supernatants were harvested at 24, 48

and 72 h post-transfection. To quantitate the secreted sIL-6R,

TNF-a and IL-6 in the culture supernatants, the Human sIL-6R

Instant ELISA Kit (eBioscience), Human TNF-a ELISA Kit

(R&D Systems) and Human IL-6 ELISA Kit (R&D Systems)

were used according to the manufacturers’ instructions.

Real-time RT-PCR

Total RNA was extracted using the TRIzol reagent (Invitrogen)

according to the manufacturer’s instructions. Real-time quant-

itative RT-PCR analysis was performed using the Roche LC480

and SYBR RT-PCR kits (DBI Bioscience, Ludwigshafen,

Rhineland-Palatinate, Germany) in a 20-ml reaction mixture

containing 0.5 mM each PCR primer, 10 ml SYBR Green PCR

Master Mix, 1 ml diluted DNA template and RNase-free water.

The primers used were as follows: sIL-6R sense, 59-GCGACAA-

GCCTCCCAGGTTC-39; sIL-6R antisense, 59-GTGCCACCCA-

GCCAGCTATC-39; IL-32 sense, 59-ATGTCGAGCCTGGCAG-

AGCTGGA-39; IL-32 antisense, 59-CTTGTCACAAAAGCTCT-

CCCCAG-39 (four splicing variants of IL-32: a, b, c and d were

detected by the primers); IL-6 sense, 59-ACTCACCTCTTCA-

GAACGAATTG-39; IL-6 antisense, 59-AGCCATCTTTGGAAG-

GTTCAG-39; GAPDH sense, 59-AAGGCTGTGGGCAAGG-39;

and GAPDH antisense, 59-TGGAGGAGTGGGTGTCG-39. The

data were normalized according to the level of GAPDH express-

ion in each sample, as described previously.

Western blot analysis

Whole-cell lysates were prepared by lysing cells with PBS

(pH 7.4) containing 0.01% Triton X-100, 0.01% EDTA and

10% protease inhibitor mixture (Roche, Basel, Switzerland).

The protein concentration was determined using the

Bradford assay (Biorad Laboratories, Hercules, CA, USA).

Cell lysates were resolved by 12% SDS–PAGE gel electrophor-

esis and transferred to nitrocellulose membranes (Amersham,

GE Health Care, London, UK). Nonspecific binding was

blocked with 5% non-fat dried milk before incubation with

the primary and secondary antibodies. The protein amount

loaded onto the gels was 100 mg and the protein bands were

detected using SuperSignal Chemiluminescent Substrate

(Pierce, Rockford, IL, USA).

Statistical analysis

All experiments were performed in triplicate or quadruplicate.

Each set of experiments was repeated at least three times, with

similar results, and representative data are presented as the

mean6the standard error. Student’s t-test for paired samples

was used to determine the statistical significance. Differences at

P,0.05 were considered statistically significant.

RESULTS

IAV activates sIL-6R expression both in patients and in vitro

As mentioned previously, our earlier research using microarray

chips first discovered that the level of sIL-6R protein was dra-

matically altered in serum from H3N2-infected patients. Thus,

to verify our pioneering results and investigate whether IAV

infection plays a role in regulating sIL-6R expression, we com-

pared the sIL-6R mRNA levels in throat swab samples from 18

patients infected with IAV and 18 healthy individuals. These

data revealed that the sIL-6R mRNA levels were approximately

fourfold higher in IAV patients compared to healthy indivi-

duals (Table 1), suggesting that IAV infection is associated with

upregulated sIL-6R expression. We also assessed the IL-6 and

IL-32 mRNA levels in throat swab samples and results showed

that the mRNA levels of these two cytokines were higher in IAV

patients compared to healthy individuals, similarly.

To assess the activation of sIL-6R by IAV in in vitro cell

culture systems, A549 cells, PBMCs and MRC-5 cells were

infected with the IAV H3N2 strain, and the sIL-6R levels were

analyzed. In A549 cells and PBMCs, the culture supernatants

and the cell pellets of infected cells were harvested at 6, 12, 24

and 48 h post-infection (hpi). Results showed that the mRNA

levels of sIL-6R increased as infection time increased and

reached the peak at 12 hpi in A549 cells (Figure 1a, solid line)

and at 6 hpi in PBMCs (Figure 1a, dot line). Similar changes

were observed in the MRC-5 human embryonic lung diploid
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fibroblast cell line (Figure 1b). The levels of sIL-6R protein were

also upregulated in IAV-infected A549 cells and PBMCs

(Figure 1c). These results indicate that IAV infection induces

sIL-6R expression in lung epithelial cells, primary lung fibro-

blast cells and human immune cells. Moreover, these data are

the first to demonstrate that IAV activates sIL-6R expression

both in patients and in vitro.

To clarify the mechanism of sIL-6R production, we used a

shedding inhibitor TAPI39,40 to block proteolytic cleavage of

the membrane-bound IL-6R.41 Surprisingly, IAV-induced

expression of the sIL-6R in A549 cells and PBMCs was not

blocked by TAPI (Figure 1c). To further confirm these results,

cytokine TNF-a, a known target of TAPI,39 was used as the

positive control and, similarly, IAV-induced release of the

sIL-6R in A549 cells was not blocked by TAPI, whereas it was

functional to block IAV-induced release of the TNF-a
(Figure 1d). This indicated that the IAV-induced soluble IL-

6R is a truncated protein produced by differential splicing of

the IL-6R mRNA and is not shed from the cell surface by

proteolytic cleavage of the membrane-bound IL-6R.

Identification of cytokines regulated by sIL-6R using

promoter activity screening

There is convincing evidence for a link between the sIL-6R and

several inflammatory and autoimmune diseases.23 Because we

showed that IAV infection upregulates sIL-6R expression, we

next addressed whether a high level of sIL-6R plays a pivotal

role in the acute respiratory inflammation induced by IAV

infection. Therefore, we conducted the following experiments

to reveal how sIL-6R is involved in airway inflammation and

which inflammatory cytokines are induced or regulated by sIL-

6R.

To identify potential factors regulated by sIL-6R expression

during the inflammatory response to IAV infection, we

screened 15 inflammation-related interleukin promoters using

a luciferase reporter assay. A549 cells were cotransfected with a

reporter plasmid containing an interleukin promoter and

pCMV-sIL-6R or an empty vector control (Figure 2c). Much

larger quantities of sIL-6R were detected in the supernatants of

transfected cells compared to control supernatants (Figure 2a),

and these cells were examined for luciferase activity at 24 h

post-transfection. Alternatively, each IL reporter plasmid was

cotransfected with a shRNA targeting sIL-6R or an irrelevant

control shRNA (Figure 2d). The level of sIL-6R protein was

reduced in the presence of shRNA-sIL-6R (Figure 2b), con-

firming that this shRNA was specific and effective. At 24 h

post-transfection, the cells were infected with IAV (MOI51)

for 6 h and examined for luciferase activity. Our data showed

that IL-6, IL-10, IL-21 and IL-32 promoter activity was induced

by sIL-6R expression (Figure 2c). However, this activity was

specific to sIL-6R because the sIL-6R-targeting shRNA dramat-

ically suppressed the IL-6 and IL-32 promoter activities

(Figure 2d). These results indicated that the expression of a

Table 1 Demographics, baseline characteristics and mRNA levels of sIL-6R, IL-6 and IL-32 in throat swab samples from

healthy individuals and IAV-infected patients

Characteristica
Value for:

Healthy individuals (n518) Patients (n518)

Mean age (yr)6s.d. 35.6611.3 39.2613.5

Gender (no. of male/female) 10/8 9/9

No. (%) of individuals

Asian race or ethnicity 18 (100) 18 (100)

Sample collection between 1 December 2013 and 1 January 2014 18 (100) 18 (100)

Residence in Hubei Province, China 18 (100) 18 (100)

HA antigen-positive 0 (0) 18 (100)

Anti-HA antibody-positive 0 (0) 18 (100)

No. with viral genotype A (H3/H1) 0 18 (15/3)

Relative mRNA levels6s.d.

sIL-6R mRNA relative to GAPDH 1.861.4 7.364.6

IL-6 mRNA relative to GAPDH 0.460.3 3.262.5

IL-32 mRNA relative to GAPDH 9.066.3 18.9610.1

a HA, hemagglutinin.

Table 2 List of reporter plasmid of interleukin promoters

(pGL3-IL-n–Luc) used in promoter activity screen

Plasmid Restriction Enzyme cutting site Promoter fragments

pGL3-IL-2–Luc Sac I/Xho I 21344/141

pGL3-IL-4–Luc Sac I/Xho I 21407/150

pGL3-IL-5–Luc KpnI/Xho I 21597/129

pGL3-IL-6–Luc KpnI/Hind III 21667/145

pGL3-IL-9–Luc KpnI/Xho I 21882/211

pGL3-IL-10–Luc KpnI/Xho I 21105/147

pGL3-IL-15–Luc Sac I/Xho I 21534/227

pGL3-IL-16–Luc Sac I/Xho I 21291/146

pGL3-IL-17–Luc MluI/Hind III 21656/112

pGL3-IL-18–Luc Sac I/Xho I 21103/132

pGL3-IL-21–Luc KpnI/Xho I 21124/235

pGL3-IL-22–Luc KpnI/Xho I 21023/156

pGL3-IL-24–Luc KpnI/Xho I 21507/14

pGL3-IL-29–Luc KpnI/Mlu I 21806/138

pGL3-IL-32–Luc MluI/Hind III 2746/125
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variety of cytokines, including the anti-inflammatory cytokine

IL-10, could be induced by sIL-6R. Nonetheless, sIL-6R was

found to play a key role in mediating the expression of IL-6 or

IL-32, as opposed to IL-10 or other anti-inflammatory cyto-

kines, during IAV infection. In addition, our results also sug-

gested that sIL-6R expression affected the promoters of other

tested reporter plasmids, such as IL-18 and IL-24. In our opin-

ion, sIL-6R is a multifunctional cellular factor and its full prop-

erties remain unknown. We chose to concentrate on IL-6 and

IL-32 in this study because our earlier research work linked

these two cytokines.

To gain further insight into the relationship between sIL-6R,

IL-6, and IL-32 during IAV infection, we evaluated the effect of

IAV infection on the kinetics of sIL-6R, IL-32 and IL-6 express-

ion in A549 cells. These results showed that A549 cells were

susceptible to IAV infection, with an apparent cytopathic effect

(cell rounding, necrosis, detached from the culture bottle)

observed after infection. Cell lysates were harvested at 6 h

and 24 h after infection, and the levels of sIL-6R, IL-32 and

IL-6 mRNA were determined by real-time RT-PCR (Figure 3a).

IAV infection upregulated sIL-6R, IL-32 and IL-6 expression in

A549 cells in a time-dependent manner, with the levels of sIL-

6R mRNA rising earlier than those for IL-32 and IL-6. Similar

results were observed in PBMCs infected with IAV for 2 h and

6 h (Figure 3b). Moreover, IAV infection upregulated sIL-6R,

IL-32 and IL-6 expression in MRC-5 cells at different time

points (Figure 3c). These data suggest that sIL-6R, IL-32 and

IL-6 are involved in the host inflammatory response to IAV

infection; moreover, sIL-6R may act as an early stage inflam-

matory factor during viral infection.

IAV-induced sIL-6R mediates IL-6 and IL-32 expression

SIL-6R stimulates IL-6 expression in different cell types. In com-

bination with IL-6, sIL-6R is regarded as an agonist that results

in enhanced IL-6 effects; however, the regulation mechanism

between these molecules is unclear. Based on our screening

results, we investigated the role of sIL-6R in IL-6 expression

in human lung epithelial cells, PBMCs and MRC-5 cells. A549

cells were treated with recombinant human IL-6Ra protein

(40 ng/ml)41 for 0.1, 0.5, 1, 2, 4, 6, 12, 24 or 48 h and then

harvested to determine the IL-6 levels by ELISA. Our data

indicated that IL-6 protein expression was stimulated by IL-

6R in a time-dependent manner in both A549 cells and PBMCs

(Figure 4a and b). Furthermore, MRC-5 cells were treated

with rhIL-6R for 3 h, real-time RT-PCR and ELISA analysis

revealed that the relative levels of IL-6 mRNA and secreted

protein were also upregulated by IL-6R protein in a dose-

dependent manner (Figure 4c). To confirm the effect of sIL-

6R on IL-6 expression, a sIL-6R-expressing plasmid or control

vector was transfected into A549 cells for 12, 24, 48 or 72 h,

and IL-6 mRNA and protein production were measured.

Real-time RT-PCR and ELISA analysis showed that the levels

of IL-6 mRNA expression and protein production (Figure 4d)

were enhanced in sIL-6R-overexpressing cells compared to

control cells. These results demonstrated that sIL-6R could

stimulate IL-6 expression.
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IAV activates IL-6 expression through sIL-6R. To test the effect

of shRNA-sIL-6R on the regulation of IL-6 expression

mediated by IAV infection, A549 cells were transfected with a

plasmid encoding shRNA-sIL-6R or shRNA-control and

infected with IAV (MOI51). Our analysis showed that the level

of IL-6 mRNA induced by IAV infection was significantly sup-

pressed by sIL-6R knockdown (Figure 4e). In addition, IL-6

protein accumulation in the supernatants of A549 cells stimu-

lated by IAV was also suppressed by sIL-6R knockdown, sug-

gesting that IL-6 expression was sIL-6R-dependent during

infection with this virus. Taken together, these data suggest

that sIL-6R is a vital regulatory factor of IAV-triggered IL-6

production. Of particular interest, this is the first report of a

cytokine that can be induced by its own receptor.

SIL-6R induces IL-32 expression in human lung epithelial cells

and human embryonic lung diploid fibroblast cells. According to
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our screening results, we also evaluated the effects of sIL-6R on

IL-32 during IAV infection. First, A549 cells were treated with

recombinant human IL-6Ra protein (40 ng/ml) for 24 h and

then examined by real-time RT-PCR and western blot. Our

results showed that the level of IL-32 mRNA increased with

time and peaked at 3 h (Figure 5a); moreover, the IL-32 protein

levels were upregulated by rhIL-6R in a dose-dependent man-

ner (Figure 5b). In addition, MRC-5 cells were treated with

rhIL-6R for 3 h, and real-time RT-PCR revealed that the relative

levels of IL-32 were also upregulated by sIL-6R protein in a dose-

dependent manner (Figure 5c). These results were confirmed in

A549 cells transfected with a plasmid expressing sIL-6R or a

control vector for 12, 24, 48 or 72 h. Cell lysates and culture

supernatants were also collected to investigate the effect of sIL-

6R on IL-32 expression, and real-time RT-PCR demonstrated

that the relative levels of IL-32 increased with the transfection

time and peaked at 48 h post-transfection (Figure 5d). Further-

more, western blot analysis revealed that the production of IL-32

protein was stimulated by sIL-6R overexpression in a time-

dependent manner (Figure 5e). Since the antibodies against

IL-32 are polyclonal, they could not discriminate the exact iso-

form of IL-32 in this study. Altogether, these results indicate that

sIL-6R can induce the expression of the pro-inflammatory cyto-

kine IL-32.

IAV activates IL-32 expression via sIL-6R. The effect of sIL-6R

on IL-32 expression in human lung epithelial cells was further

evaluated using RNA interference. In particular, we investi-

gated the effect of IAV infection on IL-32 expression in A549

cells transfected with shRNA-sIL-6R or shRNA-control for 24 h

or 48 h. Following transfection, the cells were infected with IAV

(MOI51) for 6 h and harvested. Real-time RT-PCR and a

western blot analysis demonstrated that the levels of IL-32

mRNA (Figure 5f) and protein (Figure 5g) induced by IAV

infection were reduced following sIL-6R knockdown. To val-

idate IAV infection in A549 cells, we examine IAV NP mRNA

by semiquantitative RT-PCR (Figure 5g, lower panel). Taken

together, these data suggest that sIL-6R acts as an upstream

regulatory factor for IAV-triggered IL-32 production.

IL-32 feedback inhibits IAV-induced sIL-6R expression

Previous reports as well as our current data suggest that sIL-6R,

IL-6 and IL-32 are all proinflammatory cellular factors,

although it remains unclear whether the relationship among

these factors is mutually amplifying or follows a feedback

mechanism. To address this, we investigated the role of IL-32

in regulating sIL-6R expression by performing real-time RT-

PCR to assess the IL-32 mRNA levels in A549 and MRC-5 cells

treated with various concentrations of recombinant human IL-

32c protein. The levels of sIL-6R mRNA decreased as the IL-32

concentration increased (Figure 6a), and the level of sIL-6R

protein was reduced following IL-32 treatment (40 ng/ml) in

A549 cells in a time-dependent manner (Figure 6b).

To confirm the negative effect of IL-32 and IAV infection on

sIL-6R expression, A549 cells were transfected with pCMV-IL-

32 and infected with IAV (MOI51); sIL-6R expression was

then assessed by real-time RT-PCR and ELISA. Our data indi-

cated that both sIL-6R mRNA and protein levels were reduced
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following IL-32 overexpression (Figure 6c), a result that was

further confirmed in A549 cells transfected with an IL-32-

specific shRNA (shRNA-IL-32) and infected with IAV. Real-

time PCR revealed that the level of sIL-6R mRNA increased

significantly in the presence of shRNA-IL-32 (Figure 6d),

and the ELISA results indicated that sIL-6R protein levels

were also increased following treatment with shRNA-IL-32

in A549 cells; such results were not observed in cells expres-

sing the control shRNA. Thus, our results suggest that IL-32

functions as a negative regulator of IL-6R expression during

IAV infection.

We additionally investigated the role of IL-6 in regulating

sIL-6R expression, although no meaningful results showing an

effect of IL-6 on sIL-6R expression were obtained.41

Induction of IL-6 expression by sIL-6R and IL-32 in response

to IAV infection

Because sIL-6R stimulates the expression of IL-32 and IL-6

during IAV infection, we next assessed whether IL-32 and

IL-6 regulate each other or act as independent effectors in

the inflammatory response elicited by IAV infection. Indeed,

previous studies have reported that IL-32 can stimulate

IL-6 production in PBMCs.32 To validate this effect in our

research model, we examined the IL-6 mRNA levels in IL-32-

overexpressing A549 cells infected with IAV (MOI51) for 6 h.

Consistent with previous findings, our results showed that

IL-6 mRNA was upregulated by IL-32 (Figure 6e). Thus, we

conclude that both sIL-6R and IL-32 play an important role

in promoting IL-6 production. To assess whether the regu-

lation of IL-6 expression by sIL-6R is dependent on IL-32, this

cytokine was knocked down using a specific shRNA in sIL-6R-

overexpressing A549 cells infected with IAV. Our data showed

that IL-6 expression was significantly reduced after IL-32 knock-

down (Figure 6f), indicating that sIL-6R induces IL-6 expres-

sion in an IL-32-dependent manner during IAV infection.

Taken together, our results identify a novel inflammatory

pathway that is activated in response to IAV infection

(Figure 7). During infection, sIL-6R expression is induced,

leading to the upregulation of its own ligand, IL-6, and the

pro-inflammatory cytokine IL-32. Through a negative feed-

back loop, IL-32 inhibits IAV-induced sIL-6R expression and

both sIL-6R and IL-32 have a positive effect on IL-6 express-

ion. Moreover, the expression of these cytokines is sIL-6R-

dependent during IAV infection. Therefore, our results

demonstrate that sIL-6R is a multifunctional cellular factor

that initiates acute inflammation during IAV infection.
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DISCUSSION

As described previously, IAV infection leads to the overproduc-

tion of numerous cytokines during the host inflammatory res-

ponse, and a number of reports have recently demonstrated

that the sIL-6R plays an important role in chronic inflammat-

ory diseases.15,23,25 Moreover, our results uncover a distinct

role for sIL-6R in the host cellular response to viral infection.41

Not only do these studies increase our knowledge about the

biological role of this receptor, but the findings may also

explain the occasional contradictory effects of IL-6.

In the present study, we first demonstrated that IAV infec-

tion activates sIL-6R expression both in patients and in vitro.

Focusing on the inflammation network, we then sought to

determine which cytokines interact with sIL-6R during IAV

infection. According to our screening results, we concluded

that sIL-6R exhibits a strong effect on the regulation of IL-6

promoter activity in response to virus infection in human lung

epithelial cells. These results were confirmed by sIL-6R over-

expression and knockdown experiments, which demonstrated

an increase or decrease in IL-6 promoter activity, respectively.

Because sIL-6R had the same effect on IL-32 promoter activity,

we hypothesized that sIL-6R may play a key role in regulating

acute inflammation during IAV infection. Based on our screen-

ing data, we also concluded that sIL-6R is not critical for regu-

lating other cytokines, such as IL-10, in response to IAV

infection. The IL-10-mediated anti-inflammatory response

represents an essential homeostatic mechanism that controls

the degree and duration of inflammation.42 Combined with the

above arguments, we consider sIL-6R to be a pro-inflammatory

cellular factor. In addition, the results from our screen indi-

cated that sIL-6R may act as a multifunctional protein that

regulates the promoter activity of other factors, such as IL-18

and IL-24, in addition to IL-32 and IL-6. These possibilities will

be further investigated in future studies.

As an extension of our screening results, we demonstrated

that IAV infection led to the upregulation of sIL-6R, IL-6 and

IL-32 expression via an unknown mechanism. However, we

found that sIL-6R was upregulated by IAV infection more
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rapidly than IL-6 or IL-32, suggesting that sIL-6R may act as an

upstream regulatory factor.

Next, we performed experiments to validate our screening

results, and our data showed that sIL-6R enhanced IL-6

expression at the mRNA and protein levels. This effect was

observed with both endogenous and exogenous (i.e., recombin-

ant human IL-6Ra protein) sIL-6R. Furthermore, using an

RNAi approach, we found that IAV infection-induced IL-6

expression was dependent on sIL-6R, and we also verified that

sIL-6R enhanced IL-32 expression in response to IAV infection.

It is well known that IL-6 is a key pro-inflammatory cytokine

involved in the cytokine storm associated with IAV infection5,43

and that this cytokine storm is associated with fatal diseases

such as acute respiratory distress syndrome and sepsis.44 It

has also been reported that the pro-inflammatory activities of

IL-6 are mainly driven by IL-6 trans-signaling via sIL-6R,

whereas the anti-inflammatory or regenerative functions rely

on classic IL-6 signaling via the membrane-bound receptor.7

Our results are the first to demonstrate that IL-6 is activated by

its own soluble receptor during IAV infection. Reports have

also suggested a close association between IL-32 and the cyto-

kine storm45 or acute lung injury.46 Because IL-6 and IL-32 play

pivotal roles in the IAV-associated cytokine storm and severe

infection and our results show that IL-6 and IL-32 are both

induced by sIL-6R, we consider the sIL-6R as a new diagnostic

and therapeutic target.

Finally, as a positive regulatory relationship from sIL-6R to

IL-32 was observed, we sought to determine whether a negative

feedback mechanism exists from IL-32 to sIL-6R during the

host inflammatory response to viral infection. Indeed, our

results demonstrated that IL-32 participates in a negative feed-

back loop to regulate the expression of sIL-6R in response to

IAV infection. Furthermore, we validated an earlier report that

IL-32 activates IL-6 expression in IAV-infected A549 cells.

Combined with our previous results, we conclude that the

trans-signaling factor sIL-6R reacts with IL-6 through an

alternative pathway involving IL-32.

Based on these results, we propose the model presented in

Figure 7 as a mechanism for the stimulation of sIL-6R, IL-6 and

IL-32 by IAV infection, which results in the host inflammatory

response. IAV stimulates the expression of sIL-6R, which upre-

gulates its own ligand, IL-6; activated sIL-6R also stimulates IL-

32 production, which in turn attenuates sIL-6R production via

a negative feedback loop. Moreover, IL-32 enhances the IL-6

pathway, which suggests that sIL-6R reacts with IL-6 through a

bypass pathway involving IL-32.

Therefore, these data support our hypothesis of a previously

unrecognized pathway facilitating IL-6 trans-signaling. IL-6

expression directly depends on its own receptor, sIL-6R, during

viral infection, and sIL-6R indirectly activates IL-6 through

another pro-inflammatory cytokine, IL-32. In the present study,

we identified sIL-6R as a novel IL-32 upstream factor that plays

a critical role during IAV infection. These results extend our

understanding based on the previous clinical finding that IL-32

is elevated in IAV-infected patients and provide new insight

into how pro-inflammatory factors respond to viral infection.

Moreover, we concluded that IL-32 feedback inhibits IAV-

induced sIL-6R expression. Evidences have shown that the

secreted c-isoform of IL-3247 exhibited antiviral properties dur-

ing viral infection31,35,48 and inducible IL-32c exerts extensive

antiviral function via selective stimulation of IFN-l1.38 In this

sense, our results provide more evidence to support the

reported antiviral function of sIL-6R in earlier research.41

Generally speaking, the inflammatory response is beneficial

to the host. Indeed, inflammatory cytokines are normally

released in response to numerous cellular stimuli, including

viral infection and function to activate host responses aimed

at controlling cellular stress and minimizing cellular damage.

However, extreme inflammation, such as the cytokine storm, is

dangerous and potentially fatal. Furthermore, we still lack a

good understanding of the molecular events that precipitate

the cytokine storm associated with IAV infection, the contri-

bution of such a ‘storm’ to pathogenesis, and the therapeutic

strategies that might be utilized to prevent or quell this storm.

Many studies have emphasized a central role for IL-6 in gov-

erning inflammation and highlighted the therapeutic potential

of targeting this cytokine with a monoclonal antibody (e.g.,

tocilizumab)49 as a strategy for treating chronic inflammatory

diseases or cancer.50,51 However, there is no precedent of using

tocilizumab in trying to treat severe IAV infection. Our data

highlight the vital role of sIL-6R during viral infection, namely

the induction of the proinflammatory factors IL-6 and IL-32.

Moreover, the present research expands our understanding of

highly relevant pathophysiological events, such as the cytokine

storm caused by IAV, which provides a potential target for

therapeutic intervention aimed at controlling severe acute

infections in IAV patients.

In conclusion, our study unveils a novel interplay among

sIL-6R, IL-32 and IL-6. Exploring the implications of sIL-6R

during IAV infection and potential avenues for manipulation

contributes to a greater understanding of IL-6 signaling during

inflammation, thereby allowing the rational development of

immunotherapeutic strategies to enhance viral control while

limiting acute lung inflammation.
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