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Abstract

Hyperplasia of synovial fibroblasts, infiltration with inflammatory cytokines, and tissue hypoxia are the major characteristics
of rheumatoid arthritis (RA). Interleukin 33 (IL-33) is a newly identified inflammatory cytokine exacerbating the disease
severity of RA. Hypoxia-inducible factor-1a (HIF-1a) showed increased expression in RA synovium and could regulate a
number of inflammatory cytokine productions. Nevertheless, its correlation with IL-33 remains largely unknown. Here, we
showed that elevated levels of IL-33 were demonstrated in RA patient synovial fluids, with upregulated expression of HIF-1a
and IL-33 in the synovial fibroblasts. Knocking down HIF-1a compromised IL-33 expression in rheumatoid arthritis synovial
fibroblasts (RASF), while enforcing HIF-1a expression in RASF substantially upregulated IL-33 levels. HIF-1a promoted the
activation of the signalling pathways controlling IL-33 production, particularly the p38 and ERK pathways. Moreover, we
showed for the first time that IL-33 in turn could induce more HIF-1a expression in RASF, thus forming a HIF-1a/IL-33
regulatory circuit that would perpetuate the inflammatory process in RA. Targeting this pathological pathway and HIF-1a
may provide new therapeutic strategies for overcoming the persistent and chronic inflammatory disease.
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Introduction

Rheumatoid arthritis (RA) is a chronic systemic inflammatory

disease characterized by hyperplasia of synovial fibroblasts and

variable degrees of bone and cartilage erosion. It causes

considerable financial impact due to the high degree of functional

impairment it induces; up to 30% of RA patients become

permanently work disabled within 3 years of diagnosis if they do

not receive medical treatment [1]. The pathogenesis remains to be

fully elucidated.

Elevated levels of proinflammatory cytokine production are a

key feature of synovial inflammation [2]. IL-6, IL-8, TNF-a, and

IL-17 play dominant pathological roles in RA. Therapeutic

strategies targeting IL-6 and TNF-a dramatically decrease signs

and symptoms of RA, benefiting many RA patients [3,4]. IL-33 is

a newly identified cytokine belonging to the IL-1 family which also

includes IL-1a, IL-1b, and IL-18 [5]. It is proved to be a ligand for

the orphan receptor ST2 [5,6]. IL-33 mRNA is broadly expressed

in many tissues but is restricted in cellular distribution to smooth

muscle cells, epithelial cells, fibroblasts, keratinocytes, dendritic

cells, and activated macrophages. It is mainly located in the

nucleus but can also be secreted in an autocrine and paracrine

fashion [7,8]. The pathogenic role of IL-33 in RA has been

extensively studied. Previous studies demonstrated that IL-33

could exacerbate collagen-induced arthritis (CIA), inducing more

production of proinflammatory cytokines and anti-collagen

antibodies [9]. Anti-ST2 antibody that blocks IL-33 signalling

attenuated the severity of experimental arthritis [10]; ST22/2

mice developed impaired CIA [9]. Our previous studies showed

that the serum levels of IL-33 were elevated in RA patients, which

is associated with autoantibody production [11]. Our unpublished

data revealed that IL-33 transgenic mice developed CIA with

more severity and higher incidence. Nevertheless, the factors that

control IL-33 production in RA remain largely unknown.

Synovial tissue hypoxia of the inflamed joints is one of the most

important characteristics of RA. The hypoxic nature of the RA

synovium was first revealed in 1970 by measuring oxygen tension

in samples of synovial fluids of patients with a Clark-type electrode

[12]. This was further confirmed by other studies using nuclear

magnetic resonance spectroscopy, pimonidazole, as well as video

arthroscopy [13,14,15]. Hypoxia-inducible factor 1a (HIF-1a), the

key transcriptional factor in the hypoxic response, shows

upregulated expression in RA [16]. In addition to hypoxia, HIF-

1a is also regulated by some inflammatory stimuli, although the

molecular pathways haven’t been fully characterized. Both TNF-a
and IL-1b have been shown to increase HIF-1a mRNA in RASF

[17,18]. No study has revealed the effect of IL-33 on HIF-1a
expression. Hypoxia as well as HIF-1a was involved in many
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pathways, such as angiogenesis, cell migration, and cell survival

[19,20,21]. Our previous study showed that hypoxia and hypoxia-

inducible factor-1a provoked toll-like receptor signalling-induced

inflammation in RA. HIF-1a overexpression enhanced RASF-

mediated expansion of inflammatory T cells, inducing further

proinflammatory IFN-c and IL-17 production [22]. Ahn et al.

reported that HIF-1a induced the expression of IL-6, IL-8, and

MMP-3 in RASF [23]. Given the essential roles of IL-33 in the

pathogenesis of RA, it is important to understand the potential

impact of HIF-1a on IL-33 expression in RA.

In this study, we demonstrated that RA patients showed higher

levels of IL-33 than OA patients in the synovial fluids. RASF

expressed more IL-33 along with higher levels of HIF-1a than

OASF. HIF-1a promoted the activation of the signalling pathways

controlling IL-33 production. Knocking down HIF-1a compro-

mised IL-33 expression in RASF, while enforcing HIF-1a
expression in RASF upregulated IL-33 levels. Moreover, IL-33

in turn induced more HIF-1a expression in RASF, thus forming a

HIF-1a/IL-33 self-amplification circuit that perpetuates the

inflammation in RA. These findings further illustrated the

pathogenic role of HIF-1a in RA, and suggested it might be

served as a potential target for RA therapy.

Materials and Methods

Patients, tissue specimens, and ethics statement
Synovial tissue specimens used for culturing OASF (n = 4) and

RASF (n = 7) were obtained from patients during total knee

replacement surgery or arthroscopy. All patients fulfilled the

American College of Rheumatology 2009 criteria for RA and

1995 criteria for OA, and provided their written consents to

participate in this study. The study protocols, consent forms, and

consent procedure were approved by the Institutional Medical

Ethics Review Board of the Peking University People’s Hospital.

Culture and identification of OASF and RASF
The synovial tissue specimens were minced into small pieces

and incubated with 4 mg/ml type I collagenase (Sigma-Aldrich,

Bornem, Belgium, Germany) in Dulbecco’s modified Eagle’s

medium (DMEM) at 37uC for 2 h. The cells were collected by

filtering the suspension through nylon mesh (70 mm), followed by

extensive washing with PBS. Then the cells were cultured in

complete high-glucose DMEM (Hyclone, Logan, UT, USA)

supplemented with 10% FBS and 1% antibiotics in a humidified

5% CO2 incubator. OASF and RASF at passages 4–6 were used

for the study, which were negative (99%) for CD14, CD11b, CD3,

and CD19 as identified by flow cytometry analyses.

RASF treatment
For HIF-1a silencing assay, HIF-1a-specific siRNA and the

control scrambled siRNA (Santa Cruz, CA, USA) were transfected

into RASF according to the manufacturer’s instructions, respec-

tively. Briefly, 56104 RASF were planted in 6-well plates per well

overnight, then were transfected with 4 ml siRNA mentioned

above using Transfection Reagent (Santa Cruz). 24 h later, the

cells were tested for gene knocking-down efficiency and were used

for realtime PCR and ELISA assays.

For HIF-1a overexpression assay, 56104 RASF per well in 6-

well plates were transfected with 2 mg HIF-1a plasmid or the

control vector. The cells were stimulated with TNF-a plus IL-1b
24 h later and subjected to analyses.

For IL-33 silencing assay, synthesized IL-33-specific siRNA-1

(59-UUACCAUCAAC ACCGUCACTT-39), siRNA-2 (59-

UUUACACCUAUAAACACUCTT-39), and the control scram-

bled siRNA (59-ACGUGACACGUUCGGAGAATT-39) were

transfected into RASF, respectively as described above. 24 h

later, the cells were tested for the gene knocking down efficiency.

Accordingly, the cells were examined for HIF-1a expression by

RT-PCR and realtime PCR.

For IL-33 stimulation assay, 56104 RASF per well in 6-well

plates were stimulated with different doses (1 ng/ml, 10 ng/ml,

and 100 ng/ml) of recombinant endotoxin-free human IL-33 for

24 h, or were stimulated with 100 ng/ml recombinant endotoxin-

free IL-33 for different time (12 h, 24 h, and 48 h, respectively).

Then the cells were harvested for detection of HIF-1a expression.

Reverse transcription-polymerase chain reaction (RT-PCR)
and realtime PCR analyses

Total RNA was extracted from cells using TRIzol reagent

(Invitrogen, Carlsbad, CA, USA) and was treated with TURBO

DNase (Ambion, Austin, TX, USA) to eliminate contamination of

genomic DNA. Reverse transcription was performed with the

RevertAid First Strand cDNA synthesis kit (Fermentas, Glen

Burnie, MD, USA) according to the manufacturer’s instructions.

The resulting cDNA was subjected to PCR and realtime PCR

analyses.

PCR was performed to analyze the expression of HIF-1a and

IL-33 in RASF using the following primers: HIF-1a, sense primer:

59-TGGCCTTGTGAAAAAGGGT-39, antisense primer: 59-

TTGATGGGTGAGGAATGGGT-39; and IL-33, sense primer:

59-GGTGTTACTGAGTTACTATGAA-39, antisense primer:

59-GGAGCTCCACAGAGT GTTCCTTG-39. The PCR prod-

ucts were separated by gel electrophoresis on 1% agarose.

Two-step realtime PCR was also performed to quantify the

expression of HIF-1a and IL-33 using SYBR Green Master Mix

(Applied Biosystems, Foster City, CA, USA) according to the

manufacturer’s instructions. The primers were the same as those

used for PCR as described above. Gene expression was quantified

relative to the expression of the housekeeping gene GAPDH, and

normalized to control by standard 22ggCT calculation.

Western blot analysis
Cells were harvested and lysised in radioimmunoprecipitation

assay (RIPA) lysis buffer (Thermo Fisher Scientific Inc., Rockford,

IL, USA), and incubated on ice for 30 minutes. The lysates were

centrifuged at 16,000 rpm at 4uC for 30 minutes. The

supernatants were collected for Western blot analysis.

Western blot analysis was performed using reduced protein

samples that were separated by SDS-polyacrylamide gel electro-

phoresis (PAGE) and transferred onto nitrocellulose membranes

(Amersham Pharmacia, Little Chalfont, UK). The membranes

were blocked with Tris-buffered saline containing 0.1% Tween-20

and 5% nonfat milk or 5% bovine serum albumin (for detecting

phosphoproteins) at room temperature for 2 hours, and were

incubated with primary antibodies, such as anti-phospho-ERK

mAb, anti-phospho-p38 mAb, anti-ERK mAb, anti-p38 mAb (all

from Cell Signalling Technology, Danvers, MA, USA), and anti-

actin mAb (Tianjin Sungene Biotech Co., Ltd) at 4uC overnight.

The membranes were washed three times with Tris-buffered saline

containing 0.1% Tween-20 for 10 minutes each, and incubated

with HRP-conjugated secondary antibodies (Cell Signalling

Technology) at room temperature in the dark for 1 hour. The

signal was visualized by enhanced chemiluminescence reagents

(Millipore, Billerica, MA, USA).

HIF-1Î6/IL-33 Self-Amplification Circuit in RA
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ELISA assay
Commercially available ELISA kits used for measuring IL-33

and HIF-1a were from R & D Systems (Minneapolis, MN, USA).

For measuring IL-33 levels in the synovial fluids of OA patients

(n = 30) and RA patients (n = 50), 100 ml synovial fluids without

dilution per well were used in the 96-well ELISA plates. For

measuring IL-33 levels in RASF, 100 mg total cell lysates per well

were used. For measuring HIF-1a levels in RASF, 100 mg nuclear

cell lysates per well were used. The detection was performed

according to the manufacturer’s instructions.

Statistical analysis
SPSS 17.0 (SPSS, Chicago, Illinois, USA) was used for statistical

analysis. Differences between various groups were evaluated by

Wilcoxon signed-rank test or Student’s t test, and were considered

statistically significant when P was ,0.05.

Results

Elevated levels of IL-33 in RA patient synovial fluids
accompanied with upregulated expression of IL-33 and
HIF-1a in RASF

Much data has proved the significance of IL-33 in the

pathogenesis of RA, so we first analyzed the levels of IL-33 in

the synovial fluids of 50 cases of RA patient as well as 30 cases of

age-matched OA patients by ELISA. A wide range of IL-33 levels

were seen in RA patient synovial fluids, which were significantly

higher than those in OA patient synovial fluids (Figure 1A). We

then examined the expression of IL-33 in the synovial fibroblasts,

one of the major IL-33 producing cells. Realtime PCR showed

that RASF expressed higher levels of IL-33 than OASF (Figure

1B). Studies have revealed the correlation between HIF-1a and

proinflammatory cytokine production in RA. Ahn et al. showed

that HIF-1a could promote the expression of IL-8 in RASF [23],

so we further detected HIF-1a expression in RASF. As expected,

RASF revealed more HIF-1a expression than OASF, as demon-

strated by realtime PCR analysis (Figure 1C).

Effects of HIF-1a on IL-33 expression in RASF
We next sought to determine the effects of HIF-1a on IL-33

expression. We first knocked down HIF-1a expression in RASF by

specific siRNA, which was confirmed by realtime PCR (Figure 2A)

and cell lysate ELISA (Figure 2B) analyses. Realtime PCR analysis

showed that when HIF-1a was silenced, RASF demonstrated

compromised IL-33 expression, both under the silenced and TNF-

a- plus IL-1b-activated conditions (Figure 2C). And this was

further confirmed by RT-PCR (Figure 2D) and ELISA (Figure 2E)

analyses.

To further confirm the contribution of HIF-1a to IL-33

expression, we enforced the expression of HIF-1a in RASF by

transfecting an HIF-1a plasmid, the presence of which was

confirmed by realtime PCR (Figure 3A) and cell lysate ELISA

(Figure 3B) analyses. HIF-1a overexpression significantly en-

hanced IL-33 expression in RASF, particularly under the TNF-a-

plus IL-1b-activated conditions, as demonstrated by RT-PCR and

realtime PCR analyses (Figure 3C, D). ELISA further validated

this upregulated expression (Figure 3E).

HIF-1a promoted activation of the signalling pathways
controlling IL-33 expression

The p38 and ERK pathways played fundamental roles in TNF-

a-induced production of IL-33 [24]. The potential involvement of

HIF-1a in these pathways has also been studied in tenocytes [25].

Given the promoting effects of HIF-1a on IL-33 expression, we

moved forward to assess the effects of HIF-1a on activating these

two pathways. As shown in Figure 4A, and B, HIF-1a
overexpression induced much stronger activation of the ERK

pathway as well as the p38 pathway upon the stimulation of TNF-

a plus IL-1b. And the effects could be seen from 5 minutes until 30

minutes after stimulation. Conversely, HIF-1a silencing by specific

siRNA dampened TNF-a- plus IL-1b-induced ERK and p38

pathway activation (Figure 4C, D). All these suggest that HIF-1a
played a fundamental role in activating the signalling pathways

controlling IL-33 expression.

IL-33 in turn induced more HIF-1a expression in RASF,
forming a HIF-1a/IL-33 regulatory circuit

Studies have revealed that some inflammatory stimuli, partic-

ularly TNF-a and IL-1b could increase HIF-1a mRNA in RASF

[17,18]. So we further explored the role of IL-33 in inducing HIF-

1a expression in RASF. We first knocked down IL-33 expression

in RASF by specific siRNAs, as confirmed by realtime PCR

(Figure 5A) and cell lysate ELISA (Figure 5B) analyses. RT-PCR

and realtime PCR showed that this IL-33 silencing decreased HIF-

Figure 1. Elevated levels of IL-33 in RA patient synovial fluids. A, levels of IL-33 in the synovial fluids of RA patients (n = 50) and OA patients
(n = 30) were detected by ELISA. The differences between the two groups were evaluated by Student’s t test. (*p,0.05). B, IL-33 expression levels
were also determined by realtime PCR in the synovial fibroblasts of RA patients (RASF, n = 6) and OA patients (OASF, n = 4), one of the main producers
of IL-33 (Wilcoxon signed-rank test, *p,0.05). C, Similarly, the expression levels of HIF-1a in RASF (n = 7) and OASF (n = 4) were also determined by
realtime PCR (Wilcoxon signed-rank test, *p,0.05).
doi:10.1371/journal.pone.0072650.g001

HIF-1Î6/IL-33 Self-Amplification Circuit in RA
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1a mRNA levels in RASF (Figure 5C, D). We then stimulated

RASF with recombinant endotoxin-free human IL-33. Our results

showed that exogenous stimulation of IL-33 increased RASF HIF-

1a expression levels both in a dose-dependent (Figure 5E, F) and

in a time-dependent (Figure 5G, H) manner. This forms a HIF-

1a/IL-33 regulatory circuit that would perpetuate the inflamma-

tory process in RA (Figure 6).

Discussion

In this study, we revealed that RA patients demonstrated higher

levels of IL-33 than OA patients in the synovial fluids. Meanwhile,

RASF expressed more IL-33 as well as HIF-1a than OASF. HIF-

1a promoted the activation of the signalling pathways controlling

IL-33 expression, particularly the p38 and ERK pathways, which

Figure 2. Knocking-down HIF-1a compromised IL-33 expression in RASF. A, RASF were transfected with HIF-1a siRNA or the control
scramble siRNA. 24 h later, the cells were stimulated with 10 ng/ml TNF-a plus 2 ng/ml IL-1b. HIF-1a knockdown efficiency was confirmed by realtime
PCR (A) and cell lysate ELISA (B) analyses. The IL-33 transcriptional levels were determined by realtime PCR (C) and RT-PCR (D) 4 h after stimulation.
And also, the protein levels of IL-33 were assayed by cell lysate ELISA analysis (E) 24 h after stimulation (Wilcoxon signed-rank test, *p,0.05). The
results were presented as mean6SEM of five independent experiments.
doi:10.1371/journal.pone.0072650.g002

Figure 3. Enforced HIF-1a expression in RASF upregulated IL-33 levels. A, RASF were transfected with pcDNA3.1 or pcDNA3.1-HIF-1a for 24
h, then were stimulated with 10 ng/ml TNF-a plus 2 ng/ml IL-1b. The HIF-1a mRNA levels (A) as well as protein levels (B) were first assayed to confirm
the overexpression. Cells were harvested 4 h after stimulation for realtime PCR (C) and RT-PCR (D) analyses of IL-33. 24 h later, cells were collected for
measuring IL-33 protein levels (E) by cell lysate ELISA (Wilcoxon signed-rank test, *p,0.05, **p,0.001). The results were presented as mean6SEM of
four independent experiments.
doi:10.1371/journal.pone.0072650.g003

HIF-1Î6/IL-33 Self-Amplification Circuit in RA
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Figure 4. HIF-1a activated the signalling pathways controlling IL-33 expression. A-B, HIF-1a overexpression synergized with TNF-a and IL-
1b to induce the activation of ERK and p38 pathways. RASF were transfected with pcDNA3.1 or pcDNA3.1-HIF-1a. 24 h later, the cells were stimulated
with 10 ng/ml TNF-a plus 2 ng/ml IL-1b for 5 min, 15 min, and 30 min, respectively. Then the cells were lysised for assessment of the phosphorylation
of ERK (A) and p38 (B) by Western blot. C-D, Silencing HIF-1a dampened TNF-a- plus IL-1b-induced ERK and p38 signalling pathway activation. RASF
were transfected with HIF-1a siRNA or the control scramble siRNA for 24 h. Then the cells were stimulated with 10 ng/ml TNF-a plus 2 ng/ml IL-1b for
5 min, 15 min, and 30 min, respectively. After that, the cells were harvested for assaying the activation of the ERK (C) and p38 (D) pathways by
Western blot. The results were representative of three independent experiments.
doi:10.1371/journal.pone.0072650.g004

Figure 5. IL-33 enhanced HIF-1a expression in RASF, forming a self-amplification circuit. A-D, Knocking-down endogenous IL-33
compromised HIF-1a expression in RASF. RASF were transfected with IL-33 siRNAs or the control scramble siRNA. 24 h later, IL-33 knocking-down
efficiency was determined by realtime PCR (A) and cell lysate ELISA (B). Accordingly, HIF-1a expression levels were assessed by realtime PCR (C) and
RT-PCR (D) after IL-33 was silenced (Wilcoxon signed-rank test, *p,0.05 vs. the control scramble siRNA). E-H, Exogenous IL-33 stimulation promoted
HIF-1a expression in RASF. RASF were stimulated with different doses (1 ng/ml, 10 ng/ml, and 100 ng/ml, respectively) of recombinant endotoxin-
free human IL-33 for 24 h, then were assayed for HIF-1a expression by RT-PCR (E) and realtime PCR (F) analyses. Similarly, after stimulation with
100 ng/ml recombinant endotoxin-free human IL-33 for different time points (12 h, 24 h, and 48 h, respectively), RASF were harvested for detecting
HIF-1a expression by RT-PCR (G) and realtime PCR (H) analyses (Wilcoxon signed-rank test, *p,0.05 vs. vehicle control). The results were presented as
mean6SEM of four independent experiments.
doi:10.1371/journal.pone.0072650.g005
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eventually induced more IL-33 production in RASF. Moreover,

IL-33 in turn stimulated HIF-1a expression in RASF, thus

forming a HIF-1a/IL-33 self-amplification circuit that would

exacerbate the inflammation in RA.

IL-33 is a cytokine with dual functions, acting both as a

traditional cytokine through activation of the ST2L receptor

complex and as an intracellular nuclear factor with transcriptional

regulatory properties [26]. The amino terminus of the IL-33

molecule contains a nuclear localization signal and a homeodo-

main (helix-turn-helix-like motif) that can bind to heterochromatin

as well as the H2A-H2B acidic pocket of nucleosomes in the

nucleus [7,27]. However, at present, the specific transcriptional

targets of nuclear IL-33 are unclear. In this study, we demon-

strated that IL-33, particularly the endogenous IL-33 could

promote the transcriptional factor HIF-1a expression in RASF.

This, at least in part, reveals one potential target for nuclear IL-33.

Nevertheless, whether IL-33 could directly bind to the promoter of

HIF-1a and facilitate its expression, remains to be further

explored.

Several studies have revealed the pathogenic roles of IL-33 in

RA. IL-33 was reported to be able to directly activate mast cells to

secrete more proinflammatory cytokines and chemokines in the

CIA model, including IL-1, IL-6, GM-CSF, MCP-1 and MIP-1,

which in turn exacerbated the joint inflammation. In addition,

these increased IL-1 and IL-6 could then promote Th17 cell

development and function. Besides, IL-33 can also stimulate Th2

cells to produce more IL-5 and IL-13, which then enhanced B cell

activation, leading to increased Ig production [9,10]. In our

previous study, we demonstrated that IL-33 serum concentration

was significantly higher in patients with RA than in age-matched

healthy controls, patients with primary Sjogren’s syndrome, and

patients with osteoarthritis. Furthermore, the level of serum IL-33

decreased after anti-TNF-a treatment and was correlated with

production of IgM and RA-related autoantibodies, including

Rheumatoid Factor and anti-citrullinated protein antibodies [11].

Synovial fibroblasts are believed to be one of the main sources of

IL-33 in RA, producing huge amounts of IL-33 in the presence of

TNF-a and IL-1b stimulation [9]. Our unpublished data showed

that IL-33 displayed key regulatory features of the biological

activities of rheumatoid arthritis synovial fibroblasts. Knocking

down IL-33 expression in RASF by specific siRNAs compromised

their proliferation, production of proinflammatory cytokines, as

well as invasion capacity. Recently, the role of IL-33 in bone

metabolism and remodeling has also been studied. Mun and co-

workers showed that IL-33 stimulated the formation of multi-

nuclear osteoclasts from monocytes, and enhanced expression of

osteoclast differentiation factors including TRAF6, nuclear factor

of activated T cells cytoplasmic 1, c-Fos, c-Src, cathepsin K, and

calcitonin receptor [28]. All these suggest that specific inhibition of

IL-33 might provide a novel therapeutic approach for RA.

The microenvironmental conditions in the inflamed joint of RA

patients are characterized by low partial oxygen pressure

[12,13,14,15]. HIF-1a, a key transcriptional factor in hypoxia,

shows increased expression in RA [16]. In this study, we proved

that HIF-1a primed IL-33 expression in RASF by activating the

signalling pathways controlling IL-33 expression, particularly the

p38 and ERK pathways. This explains, at least in part, the

elevated levels of IL-33 in RA patient synovial fluids. The

underlying mechanisms need to be further studied.

HIF-1a was involved in the pathogenesis of RA through many

pathways. It promoted IL-8, MMPs, and VEGF expression in

RASF, inducing cartilage destruction and angiogenesis [21,23]. In

addition, it could mediate the recruitment of monocytes, T and B

lymphocytes in the rheumatoid synovium [19]. HIF-1a was also

reported to directly enhance Th17 development via direct

transcriptional activation of RORct while attenuate Treg devel-

opment via binding Foxp3 and targeting it for proteasomal

degradation in mice [29], which might also contribute to RA

pathogenesis in human. In our previous study, we showed that

HIF-1a played a bridging role between the hypoxic response and

the innate immune response. Hypoxia provoked toll-like receptor

signalling-induced inflammation in RA through HIF-1a, especially

TLR3 ligand polyIC-engaged inflammation. Moreover, overex-

pression of HIF-1a enhanced RASF-mediated expansion of

inflammatory Th1 and Th17 cells, inducing a shift toward the

proinflammatory state [22]. In this study, we further proved that

HIF-1a and IL-33 formed a self-amplification circuit to exacerbate

the inflammation in RA. This once again confirms the pathogenic

role of HIF-1a in RA, suggesting it as a new therapeutic target.

In summary, we found for the first time that HIF-1a and IL-33

formed a regulatory circuit to perpetuate the inflammatory process

in RA. Targeting this pathological pathway and HIF-1a may

Figure 6. HIF-1a/IL-33 self-amplification circuit exacerbates the inflammation in RA. Rheumatoid arthritis synovial fibroblast (RASF)
hyperplasia leads to tissue hypoxia, which induces upregulated expression of HIF-1a. This upregulated HIF-1a expression provokes IL-33 production
by RASF, one of the main sources of IL-33. IL-33 in turn enhances HIF-1a expression in RASF, thus forming a self-amplification circuit that would
perpetuate the inflammatory process in RA.
doi:10.1371/journal.pone.0072650.g006
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provide new therapeutic strategies for overcoming the persistent

and chronic inflammatory disease.
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