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Abstract

Introduction: This study examines the expression of IL-17A-secreting cells within the inflamed synovium and the
relationship to in vivo joint hypoxia measurements.

Methods: IL-17A expression was quantified in synovial tissue (ST), serum and synovial fluid (SF) by immunohistochemistry
and MSD-plex assays. IL-6 SF and serum levels were measured by MSD-plex assays. Dual immunofluorescence for IL-17A was
quantified in ST CD15+ cells (neutrophils), Tryptase+ (mast cells) and CD4+ (T cells). Synovial tissue oxygen (tpO2) levels
were measured under direct visualisation at arthroscopy. Synovial infiltration was assessed using immunohistochemistry for
cell specific markers. Peripheral blood mononuclear and polymorphonuclear cells were isolated and exposed to normoxic or
3% hypoxic conditions. IL-17A and IL-6 were quantified as above in culture supernatants.

Results: IL-17A expression was localised to mononuclear and polymorphonuclear (PMN) cells in inflamed ST. Dual
immunoflourescent staining co-localised IL-17A expression with CD15+ neutrophils Tryptase+ mast cells and CD4+T cells. %
IL-17A positivity was highest on CD15+ neutrophils, followed by mast cells and then CD4+T-cells. The number of IL-17A-
secreting PMN cells significantly correlated with sublining CD68 expression (r = 0.618, p,0.01). IL-17A SF levels correlated
with IL-6 SF levels (r = 0.675, p,0.01). Patients categorized according to tp02, or .20mmHg, showed those with low
tp02,20mmHg had significantly higher IL-17A+ mononuclear cells with no difference observed for PMNs. Exposure of
mononuclear and polymorphonuclear cells to 3% hypoxia, significantly induced IL-6 in mononuclear cells, but had no effect
on IL-17A expression in mononuclear and polymorphonuclear cells.

Conclusion: This study demonstrates IL-17A expression is localised to several immune cell subtypes within the inflamed
synovial tissue, further supporting the concept that IL-17A is a key mediator in inflammatory arthritis. The association of
hypoxia with Il-17A expression appears to be indirect, probably through hypoxia-induced pro-inflammatory pathways and
leukocyte influx within the joint microenvironment.
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Introduction

Rheumatoid arthritis (RA) and Psoriatic arthritis (PsA) are the

most common forms of the inflammatory rheumatic diseases

characterised by synovitis and progressive destruction of articular

cartilage and bone [1,2]. Angiogenesis is a primary crucial step in

disease pathogenesis which facilitates the recruitment and migra-

tion of inflammatory cell types into the inflamed joint cavity [3].

Subsequently, the synovial lining layer thickens and the sublining

is infiltrated with T cells, B cells, mast cells, neutrophils, monocytes

and macrophages which secrete a wide range of mediators which

further exacerbate the inflammatory response [4,5], however little

is known about the role of mast cells in driving the inflammatory

response.

Mast cells have been implicated in IgE-mediated immune

responses in the context of allergic disease and defence against

helminths [6,7]. Recent studies in the K/BxN mouse model

however, have firmly established mast cells as having a critical role

in the pathogenesis of inflammatory arthritis [8,9]. These findings

have renewed interest in previous histological studies demonstrat-

ing a marked increase in mast cell expression in the human RA

synovial sublining, in particular at sites of cartilage erosion, and

their relationship to increased joint inflammation [7,10]. Further-

more, mast cell derived mediators such as tryptase have been

implicated in the activation of synovial fibroblasts and proteogly-

can depletion [11].

Targeted biologic agents in particular TNF inhibitors (TNFi)

have advanced the treatment of both RA and PsA, although some

patients do not respond highlighting the need for alternative

therapies. The pro-inflammatory cytokine IL-17A is one such

potential target. IL-17A is the first identified member of the IL-17

family (A–F), it is most closely related to IL-17F with 50%

sequence homology [12]. IL-17A has been localized to T-cell rich

areas in the RA synovium and overexpression of IL-17A has been
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detected in serum and SF samples from inflammatory arthritis

patients compared to OA and healthy control subjects [13,14,

15,16]. Furthermore, expression of IL-17A correlates with disease

activity and clinical response that can be modulated by both

DMARD and TNFi therapy [13,17]. In humans Th17 cells are a

key source of IL-17A when activated by a number of key cytokines

required for their development including TGF-b, IL-6, IL-21, IL-1

and IL-23 [18]. In addition to Th17 cells, cdT, NK, NKT and

innate immune cells such as mast cells and neutrophils have been

identified as sources of IL-17A in murine studies [19] and more

recently in humans [20]. IL-17A, alone and in combination with

other proinflammatory cytokines, drives ECM remodelling and

cartilage destruction through the induction of MMPs [13].

Hypoxia has been implicated in RA pathogenesis, previous

studies have demonstrated that the level of oxygen in SF from

patients with RA is reduced compared to healthy controls. Low

oxygen levels have been reported in tenosynovium from RA

patients with tendon rupture [21]. More recently we have demon-

strated profound hypoxia in inflamed ST using an oxygen sensing

probe in vivo, levels of which were inversely associated with

synovial inflammation and blood vessel morphology [22,23]

Several studies using synovial cells, have shown that hypoxia

may induce key angiogenic growth factors (VEGF and Angio-

poietins), chemokines (MCP-1, IL-8, MIP-3a) and MMPs 21, 23

and 29 while downregulating IL-10 [23,24]. Furthermore

sustained hypoxia activates NF-kB dependent gene expression,

which is a key regulator of inflammation genes [25]. Together this

data highlights the ability of hypoxia to regulate diverse signalling

pathways that are involved in the pro-inflammatory response.

In this study we demonstrate that IL-17A is expressed by

important immune cells including mast cells within the inflamed

synovium. Furthermore, we demonstrate a relationship between in

vivo measures of hypoxia and IL-17A producing cells in the inflamed

joint; however it is unclear whether this effect is direct or indirect.

Materials and Methods

Patient recruitment
Patients with active inflammatory arthritis, RA and PsA, were

recruited from outpatient clinics at Department of Rheumatology,

St. Vincent’s University Hospital (SVUH). All patients fulfilled

diagnostic criteria for RA or PsA [26,27]. This study was approved

by St. Vincent’s University Hospital institutional ethics committee,

and all patients gave their fully informed written consent prior to

inclusion in the study. All patients had active disease despite being

on disease modifying anti-rheumatic drugs (DMARDs), had at

least one inflamed knee joint and were commencing on biologic

therapy. Clinical and laboratory assessment included tender

and swollen joint count, rheumatoid factor, anti-CCP antibody

(ACPA), erythrocyte sedimentation rate (ESR), C-reactive protein

(CRP) and global health visual analogue scale (VAS) obtained on

the same day as the arthroscopy.

Arthroscopy, oxygen measurements and sample
collection

Arthroscopy of the inflamed knee was performed under local

anaesthetic using a Wolf 2.7 mm needle arthroscope, biopsies were

obtained from inflamed synovial membrane and oxygen partial

pressure was measured under direct visualization as previously

described [23]. For future immunohistochemical analysis synovial

biopsies were embedded in OCT (Tissue Tek, The Netherlands)

and stored at 280uC or paraffin embedded. Serum (n = 28) and

matched synovial fluid (n = 19) were collected immediately before

arthroscopy and stored at 280uC.

IL-17A Immunohistochemistry
IL-17A immunohistochemistry was performed using 3 mm

paraffin ST sections. The sections were deparaffinised in xylene

and rehydrated in alcohol and deionised water. Antigen retrieval

was performed by heating sections in solution (10mM citrate

buffer, pH 6.0) in a pressure cooker. Slides were washed with

TBS-Triton 3 times and one time with TBS for 5 minutes. Non-

specific binding was blocked using Dako Protein Block (Dako,

Glostrup, Denmark) for 5 minutes. The blocking buffer was then

removed and sections were incubated with a polyclonal anti-IL-

17A antibody (R&D Systems, Wiesbaden-Nordenstadt, Germany).

Control experiments were performed with (i) an isotype control;

and (ii) an anti-IL-17A antibody block using recombinant IL-17A

(R&D Systems). After incubation overnight at 4uC and washing,

the sections were incubated with biotinylated rabbit anti-goat IgG

antibody diluted in Dako Real Antibody Diluent (Dako) for 30

minutes at room temperature, followed by strepavidin-peroxidase

complex (Dako, Glostrup, Denmark) for 30 minutes at room

temperature. Following washing the slides were visualised by

reacting for 10–15 minutes with Fast Red Substrate-Chromagen

System (Dako). Nuclear counterstaining was performed using

Mayer’s haematoxylin; the sections were then dehydrated, and

mounted in glycerol gelatine. For the quantification of IL-17A

expressing cells in the RA and PsA synovium, 10 high power fields

(HPFs) of one section were analysed per patient and the absolute

number was divided by 10 to obtain the average number of those

cells per HPF. Cell specific markers for CD68 and CD3 cells were

previously quantified in this cohort [23]. In brief sections were

incubated with primary antibodies against mouse-monoclonal

anti-CD68, anti-CD3, (DAKO, Glostrup, Denmark) at room

temperature for 1 hour. A routine three-stage immunoperoxidase

labelling technique incorporating avidin-biotin-immunoperoxi-

dase complex (DAKO, Glostrup, Denmark) was used. Colour

was developed in solution containing diaminobenzadine-tetrahy-

drochloride, counterstained with haematoxylin and mounted.

Slides were analysed using a well established semi-quantitative

scoring method ranging from 0–4 (0 = no staining, 1 = ,25%,

2 = 25–50%, 3 = 50–75%, 4 = .75% staining)[23] .

IL-17A Co-localisation to Synovial cells
Immunohistochemistry of paraffin embedded ST was per-

formed to detect tryptase+ mast cells with a monoclonal anti-

human antibody (clone AA-1) and CD15+neutrophils with an

anti-CD15 antibody (clone MMA, Acris, Herfordt, Germany).

Dual immunofluorescent staining was performed to identify IL-

17A expressing cells using a polyclonal anti-IL-17A antibody.

Sections were prepared as above then incubated overnight with

primary antibodies to (1) goat polyclonal anti-IL-17/rabbit poly-

clonal Myeloperoxidase (Thermo/Lab Vision), (2) goat polyclonal

anti-IL-17/mouse monoclonal anti-Mast cell-Tryptase (DAKO,

UK) and (3) goat polyclonal anti-IL-17/mouse monoclonal CD4.

Sections were then washed and incubated with secondary

antibodies against, Donkey anti-rabbit AlexaFluor 488 (invitrogen)

or donkey anti-mouse Alexa Fluor 488 (Invitrogen) and Donkey

anti-goat Nothern Light 577 (RnDsystems, UK). Slides were

counterstained with Dapi nuclear stain and mounted with antifade

fluorescent mounting media. The scoring was initially performed

by microscope analysis at high power and then dual immuno-

flourescent staining was performed for validation. IL-17A, CD4,

CD15 and MPO quantification was assessed in ten random high-

powered fields (HPF) of one section per patient. Specificity of the

IL-17A antibody was further tested by pre-incubation of this

antibody with recombinant human IL-17A in blocking experiments,

as well as by obtaining the expected pattern of IL-17, CD4, CD15

IL-17A Is Produced by Synovial Immune Cells
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and MPO-staining in the positive control tissues, tonsil and lymph

node. All the immunofluor- doublestains were performed in the

positive control tissues. Furthermore isotype-matched control anti-

bodies for IL-17, CD4, CD15 and MPO, were performed as

negative controls.

Cytokine measurement by Multiplex Assay
The MSD multiplex assay was used to quantify IL-17A in

synovial fluids and culture supernatants. IL-6 in synovial fluids and

culture supernatants was quantified by MSD multiplex or ELISA

(R&D systems, Cambridge, UK). The samples and standards were

prepared on multiplex assay plates or ELISA plates in accordance

with the manufacturer’s instructions. The Sector Imager 2400

instrument and software were used to read the multiplex plate, and

absorbance was measured at 450nm in a microtiter plate spectro-

photometer (Dynatech MR4000, Alexandria, VA) for ELISA.

Isolation of peripheral blood mononuclear cells (PBMCs)

and Neutrophils. Peripheral blood mononuclear cells (PBMCs)

from healthy donors were isolated by Ficoll-Metrizoate density

gradient centrifugation (Lymphoprep; Nycomed, UK). Human

neutrophils were purified from healthy donors by dextran sedimen-

tation and Ficoll gradient centrifugation followed by hypotonic lysis of

contaminating erthryocytes. Neutrophils were resuspended in 1%

EGM medium prior to experiments. Cells were seeded in 98-well

plates, at a cell density of approximately 500,000 cells/ml in full

RPMI 1640 medium, and cultured under 3% hypoxic or normoxic

conditions for 24hrs. Supernatants were harvested and IL-17 and IL-

6 were quantified by MSD assays and ELISA.

Statistical Analysis
SPSS12 system for windows was used for statistical analysis. Non-

parametric Wilcoxon Signed Rank test, Mann-Whitney U test and

Spearman correlation coefficient were used for analysis of non-

parametric data. p,0.05 was determined as statistically significant.

Results

Localized production of IL-17A within the inflammatory
joint

Serum and SF samples (n = 22) were analyzed by IL-17A MSD

assay. Serum IL-17 levels were [1.5pg/ml (0.8–2.8)]. When we

compared matched serum and SF levels, we demonstrated that SF

IL-17A levels [6.9pg/ml (0.9–156)] were significantly higher than

serum IL-17A levels [1.5pg/ml (0.8–2.8)] (p,0.001) (Figure 1A).

Immunohistochemical analysis of IL-17A in ST sections detects

IL-17A positive cells in the sublining layer of all patients; no lining

Figure 1. IL-17A expression is localized to the inflamed joint. IL-17A protein levels were measured by MSD Assay in paired serum/synovial
fluid samples (n = 20) (A). Synovial fluid levels were significantly higher than serum levels. Values expressed as median 6 range, *p,0.01, significance
level. Immunohistochemistry was performed in synovial tissue sections from patients with inflammatory arthritis (n = 19). (B).The number of
mononuclear cells (white bars) staining for IL-17A was higher than the number of IL-17A positive polymorphonuclear cells (grey bars). Results are
expressed as the number of IL-17A positive cells per high powered field (HPF). (C) Representative images of IL-17A expression in RA (i) vs. PsA (ii) and
mononuclear IL-17A expression (iii) and polymorphonuclear IL-17A expression (iv).
doi:10.1371/journal.pone.0024048.g001
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layer expression was observed (Figure 1B and C). IL-17A

immunostaining was observed in both mononuclear and poly-

morphonuclear (PMN) cells (Figure 1C). The number of IL-17A

positive cells in each patient were quantified (Figure 1B). The

number of IL-17A positive mononuclear cells tended to be higher

compared to PMN cells [2.9 cells/HPF (0.7–11.4) vs. 0.8cells/

HPF (0–18.10)]. IL-17A positive cells were then categorized by

patient diagnosis – RA or PsA .RA patients (n = 11) had more IL-

17A positive mononuclear than PMN cells [2.7cells/HPF (0.7–

11.4) vs. 1.3 cells/HPF (0–7.2)]. A similar trend was also observed

for PsA patients (n = 8) [2.9 cells/HPF (0.7–6.30) vs. 0.7 cells/HPF

(0–18.1)]. Furthermore no significant differences were observed in

IL-17A positive cell numbers between RA and PsA cohorts.

Representative images of IL-17A positive cells in RA (i) vs. PsA (ii)

and high power images of IL-17A on MNCs (iii) and PMN (iv) are

shown in Figure 1C.

Production of IL-17A by the innate immune cells – mast
cells and neutrophils

Dual-immunofluorescence staining was performed to identify

the precise phenotype of the IL-17A positive PMN cells identified

within the inflamed synovium. Using dual immunofluorescence

staining we demonstrate IL-17A positive cells co-localised with

tryptase identifying IL-17A positive mast cells (Figure 2A) and

CD15 neutrophils (Figure 2B). Consistent with previous work we

also show IL-17A positive cells co-localised with CD4+ T cells

(Figure 2C). Table 1 shows the % IL-17A positivity on the

different cell types. Percentage was quantified by (i) % double

staining positivity of whole IL-17A cell count or (ii) % double

staining of tryptase +, CD15+ or CD4+ cells. Table 1 shows that

using both quantifications, IL-17A+ expression was highest on

neutrophils, mast cells and CD4 T cells respectively.

Intra-articular pO2 levels and IL-17A production
Synovial tissue pO2 was quantified using a Licox probe and

demonstrated profound levels of hypoxia within the joint as

recently described [22,23,28,29]. When patients were grouped

into those with low pO2 (,20mmHg) or those with high pO2

(.20mmHg) as previously described (23), higher levels of IL-

17A positive mononuclear and PMN cells were associated with

lower tpO2, no difference was observed in SF levels of IL-17A

(Figure 3A,B). Patients with tpO2 ,20mmHg had significantly

more IL-17A positive mononuclear cells than those with

tpO2.20mmHg [3.9 cells/HPF (0.7–6.3) vs. 1.7 cells/HPF (0.7–

11.4)] (p,0.05) (Figure 3B). Patients with tpO2 ,20mmHg also had

a higher number of IL-17A positive PMN cells than those with tpO2

levels .20mmHg [1.3 cells/HPF (0–18.1) vs. 0.15 cells/HPF (0–

5.10), however this did not reach significance. IL-17A positive

Figure 2. Localisation of IL-17A to neutrophils and mast cells within the inflamed synovium. Representative images of RA synovial tissue
section stained with antibodies against tryptase, CD15 and IL-17A. Merged images indicating co-localisation – yellow.
doi:10.1371/journal.pone.0024048.g002

Table 1. Results are expressed as mean (standard deviation) percentage.

Percentage of cell subtypes expressing
IL-17+/ total IL-17+ cells

Percentage of IL-17+ expressing
cells/ cell subtype

Tryptase+/analysis (n = 10) 27.36 (29.09) 78.91 (12)

CD15+/analysis (n = 10) 81.08 (29.8) 78.91(29.9)

CD4+/analysis (n = 10) 1.28 (4.86) 1.65 (2.54)

doi:10.1371/journal.pone.0024048.t001
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mononuclear cells were significant higher than IL-17A positive

PMN cells in patients with tpO2 levels .20mmHg (p,0.05)

(Figure 3C). When PMNs were examined separately for CD15+IL-

17A+ and Tryptase+IL-17A+ cells, higher levels of CD15+IL-17A+
were demonstrated in patients with tpO2 ,20mmHg, however no

significant difference was observed for mast cells.

IL-17A and IL-6 expression and inflammatory infiltrate
The relationship of IL-17A expression within the inflammatory

joint with markers of inflammation and cellular infiltrate was

assessed. Levels of IL-17A correlated with SF IL-6 levels

(r = 0.675, p,0.01). SF IL-17A levels also correlate with the

CD3+ T cell infiltration in the ST lining layer (r = 0.545, p,0.05).

The relationship between IL-17A positive cells and inflammatory

cellular infiltrate was also assessed. Neither cell type correlated

with CD3+ T cell expression however the expression of IL-17A

PMN cells correlated with the sublining expression of CD68+
macrophages (r = 0.618, p,0.01).

The effect of hypoxia on IL-17A production in PBMC and
neutrophil cultures.

IL-17A was measured in mononuclear cell and neutrophils

following exposure to 3% hypoxia. No significant difference in

IL-17A levels under normoxic or hypoxic conditions was observed

(Figure 4 A, C). In contrast IL-6 levels were significantly induced

in mononuclear cells (Figure 4B) (p,0.05) with no significant

difference observed in neutrophils (Figure 4D).

Discussion

In this study we demonstrate in vivo the presence of IL-17A

expressing -neutrophils, mast cells and T–cells within the inflamed

synovium. Percentage positivity of IL-17A was highest on neutro-

phils, followed by mast cells and then CD4+T cells. We demonstrate

that IL-17A is highly expressed in the inflamed joint and is associated

with the expression of IL-6 and inflammatory cell infiltrate.

Furthermore, we demonstrate tissue mononuclear cell expression

of IL-17A is significantly higher in patients with low in vivo tissue pO2

levels. Finally no difference in IL-17A levels was observed following

exposure to hypoxia in vitro. Expression of IL-17A on CD15+neu-

trophils and tryptase+ mast cells in addition to CD4+T-cells further

supports the concept that IL-17A plays a key role in the pathogenesis

of inflammatory arthritis. This association with hypoxia, is most

likely an indirect effect due to induced infiltration of inflammatory

immune cells into the synovial pannus [22,28].

IL-17A expression is significantly higher in inflammatory

arthritis SF compared to serum levels, suggesting IL-17A

Figure 3. Increased systemic expression of IL-17A at low pO2. (A) Patient synovial fluid samples (n = 22) were assessed by MSD assay for the
expression of IL-17A. Cytokine levels were then grouped according to patient tpO2 levels or .20mmHg. No significant difference in synovial fluid levels
was observed between the two groups. (B) Synovial tissue pO2 levels (n = 18) were also examined in relation to the expression of IL-17A positive
mononuclear (white bars) and polymorphonuclear cells (grey bars). Patients with tpO2 levels ,20mmHg (n = 9) had significantly more IL-17A positive
mononuclear cells than those with tpO2 levels .20mmHg (n = 9) (p,0.05). Patients with tpO2 levels ,20mmHg (n = 9) also had a higher number of IL-
17A positive polymorphonuclear cells than those with tpO2 levels .20mmHg (n = 9). This difference was not statistically different.
(C) Representative images of IL-17A expression on mononuclear cells from a patient with high tpO2 levels vs a patient with low tpO2 levels are shown.
doi:10.1371/journal.pone.0024048.g003
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production is predominantly localized within the joint consistent

with our previous findings [13]. Furthermore, IL-17A expression

within the joint has been shown to strongly correlate with disease

activity and inflammation [13,30]. Immunohistochemical analysis

of ST from inflammatory arthritis patients demonstrated sublining

expression of IL-17A, particularly in areas of lymphoid infiltration.

In previous reports these cells were mainly mononuclear [16]

although we now demonstrate, IL-17A+ synovial PMN cells co-

localizing IL-17A with tryptase+ mast cells and CD15+ neutro-

phils. Murine mast cells and neutrophils have been previously

shown to express IL-17A following specific stimulation; however, it

has not been well established in human tissue [30,31]. Further-

more, these cells have are known to be a key source of proin-

flammatory cytokines in human RA ST [31], and interact with RA

synovial fibroblast cells via the production of soluble mediators to

enhance IL-6 secretion [32]. Here we demonstrate mast cells and

neutrophils expressing IL-17A within the inflamed synovium. Both

cell types have been implicated in the pathogenesis of CIA and

other models of experimental arthritis [33,34,35].

Our data supports Hueber et al [20], who demonstrated the

majority of IL-17A expressing cells in RA synovial tissue were co-

localised to mast cell [20]. Furthermore they showed that pro-

inflammatory stimuli such as TNFa,C5 and LPS alone and in

combination induce RORC-dependant IL-17A production from

mast cells in vitro. This data suggests that mast cells are a major

source of IL-17A in the inflamed synovium, which can be induced

by the pro-inflammatory microenvironment of the joint. In our

study we showed that IL-17A expression was localized to tryptase+
mast cells, CD15+ neutrophils and CD4+T cells, with highest

expression observed on CD15+ neutrophils. The expression of IL-

17A on several cell subtypes within the synovium, suggest it plays

an important immune-modulatory role. Our data is consistent

with recent reports in psoriasis skin biopsies showing similar IL-

17A expression patterns [36,37].

Furthermore, IL-17A+ PMN cells correlated with sublining

CD68 expression which again supports previous studies that

demonstrate mast cells can activate resident synovial macrophages

via the production of various proinflammatory mediators and

recruit both neutrophils and monocytes into the joint. Mast cells

and neutrophils have both been implicated in the initiation and

progression of arthritis [10,38]. IL-17A is a well established

mediator of angiogenesis and inflammatory cell influx via the

production of cytokines and chemokines [39,40,41]. The expres-

sion of IL-17A by these cells further implicates the pivotal role IL-

17A plays in the pathogenesis of RA.

In addition we demonstrated that in vivo measures of hypoxia

were associated with synovial mononuclear IL-17A expression.

This is supported by previous studies demonstrating the effect of

Figure 4. The effect of 3% hypoxia on IL-17A and IL-6 in vitro. Peripheral blood mononuclear cells (n = 12) and neutrophils (n = 6) were
cultured for 24hrs under 3% hypoxic conditions and normoxia. Hypoxia had no effect on IL-17A expression (A), but significantly induced IL-6
expression in mononuclear cells (B). Hypoxia had no effect on IL-17A(C) or IL-6 (D) in neutrophils. Data expressed as the mean 6 SEM. P,0.05
significantly different from normoxic conditions.
doi:10.1371/journal.pone.0024048.g004
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hypoxia on immune cells. Studies in both human and murine

tissue have shown T cell accumulation in hypoxic tissue [42,43],

and its expression has been previously shown to be associated with

hypoxia. Exposure of murine CD3+ T cells to hypoxia enhances T

cell expression, proliferation and activation in a HIF-1a dependent

manner. We have previously shown that low hypoxia is inversely

associated with synovial mononuclear cell infiltrates [23], vascu-

larity [22] and others have shown that HIF1a is co-localised to

synovial mononuclear cells in the joint [44], and with potent

chemotactic factors macrophage inflammatory protein CCL20

(MIP3a) and Stromal cell derived factor-1 (SDF-1) and angiogen-

esis [45]. Hypoxia enhances amyloid beta peptide induced IL-17A

production and TH-17 differentiation in PBMC cultures [46].

Normally neutrophils have a short half-life and rapidly undergo

apoptosis; however following exposure to hypoxia neutrophil

apoptosis can be suppressed [47,48,49].

While we found no increase in the number of IL-17A+ mast

cells in patients with low tpO2 levels, previous studies suggest mast

cells respond early to hypoxic insult in rat models of cerebral

ischemia [50,51]. Exposure to hypoxia has increased production of

MMPs and tryptase by mast cells leading to tissue degradation

[52]. The expression of IL-17A and its receptor are upregulated in

both murine and human ischemic tissue compared to non ischemic

tissue [53]. Murine mast cells have been shown to produce IL-17A

in response to stimulation with TLR2 ligands [54]. Furthermore,

human mast cells have been shown to stimulate activated T cells

suggesting a potential role in TH-17 differentiation. Mast cells have

been shown to be early responders to a hypoxic insult and

degranulation of mast cells can be detected histologically 1–2 hours

after the initiation of arthritis in the K/BxN model [8,50,51,52].

In this study while IL-17A expression was associated with low

pO2 levels and hypoxia induced IL-6 expression in vitro, no effect

on IL-17A expression in vitro was observed. This suggests that the

association between hypoxia and IL-17 is indirect and possibly due

to the effect of hypoxia on several pro-inflammatory pathways and

influx of inflammatory immune cells into inflamed joint. Hypoxia

did induce IL-6 levels in monocyte, suggesting that hypoxia

induces differential cytokine signaling pathways which may

depend on cell-type. This is consistent with our previous work in

which we demonstrated that patients with low in vivo measures of

tpO2 were significantly associated with high CD3+T cells and

CD68 macrophages infiltrates and increased expression of TNFa,

IL-1b, IFN-c and MIP-3a [23]. The effect of hypoxia on pro-

inflammatory mediators has been demonstrated by several in vitro

studies [55,56,57] showing induction of TNFa, IL-1b, VEGF.

Induction of macrophage inflammatory protein CCL20 (MIP-3a)

in SF monocytes and ICAM in lymphocytes following exposure to

hypoxia has also been demonstrated [23,50,58]. Whether hypoxia

is driving the increase of IL-17A expression in the joint or whether

it is due to increased inflammation is unclear. The association of

hypoxia with inflammatory cells and MIP-3a induction would

support a role for a hypoxia-induced influx of inflammatory

immune cells as MIP-3a is involved in attracting IL-17A positive

cells to the joint. However, several studies have suggested that TH-

17 cells do not acquire a fully activated phenotype until they are

resident within the inflammatory joint [59,60] where the presence

of soluble mediators and cell-cell interactions influence their

differentiation [18,61,62,63].

In conclusion we have localised IL-17A expression to neutro-

phils and mast cells in inflamed human synovium, with highest

positivity demonstrated on neutrophils. The expression of IL-17A

in the serum, SF and tissue of inflammatory arthritis patients was

associated with inflammation and cellular infiltrate. While no

direct relationship between hypoxia and IL-17A production was

established, hypoxia may influence IL-17A expression by upregu-

lating production of various soluble mediators [23], in addition to

induction of leukocyte influx into the synovium inflammatory

processes.

Author Contributions

Conceived and designed the experiments: EMM JS HA UF DJV.

Performed the experiments: EMM CTN RH JM. Analyzed the data:

EMM JS HA UF DJV. Wrote the paper: EMM JS HA UF DJV.

Performed arthroscopies: TPS.

References

1. Combe B (2009) Progression in early rheumatoid arthritis. Best Pract Res Clin
Rheumatol 23: 59–69.

2. Gabriel S, Michaud K (2009) Epidemiological studies in incidence, prevalence,

mortality, and comorbidity of the rheumatic diseases. Arthritis Research &
Therapy 11: 229.

3. Veale DJ, Maple C (1996) Cell adhesion molecules in rheumatoid arthritis.
Drugs Aging 9: 87–92.

4. Brennan FM, McInnes IB (2008) Evidence that cytokines play a role in

rheumatoid arthritis. J Clin Invest 118: 3537–3545.

5. Iwamoto T, Okamoto H, Toyama Y, Momohara S (2008) Molecular aspects of

rheumatoid arthritis: chemokines in the joints of patients. FEBS Journal 275:

4448–4455.

6. Gurish MF, Bryce PJ, Tao H, Kisselgof AB, Thornton EM, et al. (2004) IgE

enhances parasite clearance and regulates mast cell responses in mice infected
with Trichinella spiralis. J Immunol 172: 1139–1145.

7. Eklund KK (2007) Mast cells in the pathogenesis of rheumatic diseases and as

potential targets for anti-rheumatic therapy. Immunol Rev 217: 38–52.

8. Lee DM, Friend DS, Gurish MF, Benoist C, Mathis D, et al. (2002) Mast cells: a

cellular link between autoantibodies and inflammatory arthritis. Science 297:

1689–1692.

9. Corr M, Crain B (2002) The role of FcgammaR signaling in the K/B x N serum

transfer model of arthritis. J Immunol 169: 6604–6609.

10. Nigrovic PA, Lee DM (2005) Mast cells in inflammatory arthritis. Arthritis Res
Ther 7: 1–11.

11. Shin K, Nigrovic PA, Crish J, Boilard E, McNeil HP, et al. (2009) Mast Cells
Contribute to Autoimmune Inflammatory Arthritis via Their Tryptase/Heparin

Complexes. J Immunol 182: 647–656.

12. Kolls JK, Linden A (2004) Interleukin-17 Family Members and Inflammation.
Immunity 21: 467–476.

13. Moran EM, Mullan R, McCormick J, Connolly M, Sullivan O, et al. (2009)

Human rheumatoid arthritis tissue production of IL-17A drives matrix and

cartilage degradation: synergy with tumour necrosis factor-alpha, Oncostatin M
and response to biologic therapies. Arthritis Res Ther 11: R113.

14. Joosten LAB, Radstake TRD, Lubberts E, van den Bersselaar LAM, van Riel P,
et al. (2003) Association of interleukin-18 expression with enhanced levels of

both interleukin-1 and tumor necrosis factor alpha in knee synovial tissue of
patients with rheumatoid arthritis. Arthritis & Rheumatism 48: 339–347.

15. Zrioual S, Ecochard R, Tournadre A, Lenief V, Cazalis M-A, et al. (2009)

Genome-Wide Comparison between IL-17A- and IL-17F-Induced Effects in

Human Rheumatoid Arthritis Synoviocytes. J Immunol 182: 3112–3120.

16. Chabaud M, Durand JM, Buchs N, Fossiez F, Page G, et al. (1999) Human
interleukin-17: A T cell-derived proinflammatory cytokine produced by the

rheumatoid synovium. Arthritis & Rheumatism 42: 963–970.

17. Yue C, You X, Zhao L, Wang H, Tang F, et al. (2009) The effects of

adalimumab and methotrexate treatment on peripheral Th17 cells and IL-17/
IL-6 secretion in rheumatoid arthritis patients. Rheumatol Int.

18. Miossec P, Korn T, Kuchroo VK (2009) Interleukin-17 and type 17 helper T

cells. N Engl J Med 361: 888–898.

19. Mills KHG (2008) Induction, function and regulation of IL-17-producing T
cells. European Journal of Immunology 38: 2636–2649.

20. Hueber AJ, Asquith DL, Miller AM, Reilly J, Kerr S, et al. (2010) Cutting Edge:
Mast Cells Express IL-17A in Rheumatoid Arthritis Synovium. The Journal of

Immunology 184: 3336–3340.

21. Distler JH, Wenger RH, Gassmann M, Kurowska M, Hirth A, et al. (2004)
Physiologic responses to hypoxia and implications for hypoxia-inducible factors

in the pathogenesis of rheumatoid arthritis. Arthritis Rheum 50: 10–23.

22. Kennedy A, Ng CT, Biniecka M, Saber T, Taylor C, et al. (2010) Angiogenesis

and blood vessel stability in inflammatory arthritis. Arthritis Rheum 62:
711–721.

23. Ng CT, Biniecka M, Kennedy A, McCormick K, FitzGerald O, Bresnihan B,

Buggy D, Taylor CT, O’Sullivan J, Fearon U, Veale JD (2009) Synovial Tissue

Hypoxia and Inflammation in vivo. Ann Rheum Dis.

IL-17A Is Produced by Synovial Immune Cells

PLoS ONE | www.plosone.org 7 August 2011 | Volume 6 | Issue 8 | e24048



24. Sivakumar B, Akhavani MA, Winlove CP, Taylor PC, Paleolog EM, et al. (2008)

Synovial hypoxia as a cause of tendon rupture in rheumatoid arthritis. J Hand

Surg Am 33: 49–58.

25. Oliver KM, Garvey JF, Ng CT, Veale DJ, Fearon U, et al. (2009) Hypoxia

activates NF-kappaB-dependent gene expression through the canonical signaling

pathway. Antioxid Redox Signal.

26. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, et al. (1988) The

American Rheumatism Association 1987 revised criteria for the classification of

rheumatoid arthritis. Arthritis Rheum 31: 315–324.

27. Veale D, Rogers S, FitzGerald O (1994) CLASSIFICATION OF CLINICAL

SUBSETS IN PSORIATIC ARTHRITIS. Rheumatology 33: 133–138.

28. Biniecka M, Kennedy A, Fearon U, Ng CT, Veale DJ, et al. (2009) Oxidative

damage in synovial tissue is associated with in vivo hypoxic status in the arthritic

joint. Ann Rheum Dis. pp ard.2009.111211.

29. Kennedy A, Ng CT, Chang TC, Biniecka M, O’Sullivan JN, et al. (2011) Tumor

necrosis factor blocking therapy alters joint inflammation and hypoxia. Arthritis

& Rheumatism 63: 923–932.

30. Gullick NJ, Evans HG, Church LD, Jayaraj DM, Filer A, et al. Linking Power

Doppler Ultrasound to the Presence of Th17 Cells in the Rheumatoid Arthritis

Joint. PLoS ONE 5: e12516.

31. Sandler C, Lindstedt KA, Joutsiniemi S, Lappalainen J, Juutilainen T, Kolah J,

Kovanen PT, Eklund KK (2007) Selective activation of mast cells in rheumatoid

synovial tissue results in production of TNF-alpha, IL-1beta and IL-1Ra.

Inflamm Res 56: 230–239.

32. Mu R, Xu DM, Li ZG (2008) [Mast cells and fibroblast-like synoviocytes co-

culture increases interleukin-6 secretion in rheumatoid arthritis]. Zhonghua Yi

Xue Za Zhi 88: 1202–1205.

33. Fantone JC, Ward PA (1985) Polymorphonuclear leukocyte-mediated cell and

tissue injury: oxygen metabolites and their relations to human disease. Hum

Pathol 16: 973–978.

34. Xu D, Jiang H-R, Kewin P, Li Y, Mu R, et al. (2008) IL-33 exacerbates antigen-

induced arthritis by activating mast cells. Proceedings of the National Academy

of Sciences 105: 10913–10918.

35. Eyles JL, Hickey MJ, Norman MU, Croker BA, Roberts AW, et al. (2008) A key

role for G-CSF-induced neutrophil production and trafficking during inflam-

matory arthritis. Blood 112: 5193–5201.

36. Lin AM, Rubin CJ, Khandpur R, Wang JY, Riblett M, et al. Mast Cells and

Neutrophils Release IL-17 through Extracellular Trap Formation in Psoriasis.

The Journal of Immunology 187: 490–500.

37. Res PCM, Piskin, Gamze, de Boer, Onno J, van derLoos, Chris M, Teeling,

Peter, Bos, Jan D, Teunissen, Marcel BM (2010) Overrepresentation of IL-17A

and IL-22 Producing CD8 T Cells in Lesional Skin Suggests Their Involvement

in the Pathogenesis of Psoriasis. PLoS ONE 5: e14108.

38. Wipke BT, Allen PM (2001) Essential Role of Neutrophils in the Initiation and

Progression of a Murine Model of Rheumatoid Arthritis. J Immunol 167:

1601–1608.

39. Pickens SR, Volin MV, Mandelin AM, Kolls JK, Pope RM, et al. (2010) IL-17

Contributes to Angiogenesis in Rheumatoid Arthritis. The Journal of

Immunology 184: 3233–3241.

40. Shahrara S, Pickens SR, Mandelin AM, Karpus WJ, Huang Q, et al. (2010) IL-

17-Mediated Monocyte Migration Occurs Partially through CC Chemokine

Ligand 2/Monocyte Chemoattractant Protein-1 Induction. The Journal of

Immunology 184: 4479–4487.

41. Moran EM, McCormick J, Connolly M, Kennedy A, Fearon U, Veale JD (2009)

IL-17A upregulates angiogenesis, cytoskeletal rearrangement and cell migration

in a chemokine dependent manner [abstract]. Annals of the Rheumatic Diseases

60(Suppl10);1157.

42. Makino Y, Nakamura H, Ikeda E, Ohnuma K, Yamauchi K, et al. (2003)

Hypoxia-Inducible Factor Regulates Survival of Antigen Receptor-Driven T

Cells. J Immunol 171: 6534–6540.

43. Rausch ME, Weisberg S, Vardhana P, Tortoriello VD (2008) Obesity in

C57BL/6J mice is characterized by adipose tissue hypoxia and cytotoxic T-cell
infiltration. Int J Obes (Lond) 32: 451–463.

44. Hollander AP, Corke KP, Freemont AJ, Lewis CE (2001) Expression of hypoxia-

inducible factor 1alpha by macrophages in the rheumatoid synovium:
implications for targeting of therapeutic genes to the inflamed joint. Arthritis

Rheum 44: 1540–1544.
45. Paleolog EM (2009) The vasculature in rheumatoid arthritis: cause or

consequence? International Journal of Experimental Pathology 90: 249–261.

46. Yin Y, Wen S, Li G, Wang D (2009) Hypoxia enhances stimulating effect of
amyloid beta peptide (25-35) for interleukin 17 and T helper lymphocyte subtype

17 upregulation in cultured peripheral blood mononuclear cells. Microbiol
Immunol 53: 281–286.

47. Derouet M, Thomas L, Cross A, Moots RJ, Edwards SW (2004) Granulocyte
macrophage colony-stimulating factor signaling and proteasome inhibition delay

neutrophil apoptosis by increasing the stability of Mcl-1. J Biol Chem 279:

26915–26921.
48. Hannah S, Mecklenburgh K, Rahman I, Bellingan GJ, Greening A, et al. (1995)

Hypoxia prolongs neutrophil survival in vitro. FEBS Lett 372: 233–237.
49. Cross A, Barnes T, Bucknall RC, Edwards SW, Moots RJ (2006) Neutrophil

apoptosis in rheumatoid arthritis is regulated by local oxygen tensions within

joints. J Leukoc Biol 80: 521–528.
50. Jin Y, Silverman AJ, Vannucci SJ (2009) Mast Cells Are Early Responders After

Hypoxia-Ischemia in Immature Rat Brain. Stroke.
51. Strbian D, Kovanen PT, Karjalainen-Lindsberg ML, Tatlisumak T,

Lindsberg PJ (2009) An emerging role of mast cells in cerebral ischemia and
hemorrhage. Ann Med. pp 1–13.

52. Maxova H, Novotna J, Vajner L, Tomasova H, Vytasek R, et al. (2008) In vitro

hypoxia increases production of matrix metalloproteinases and tryptase in
isolated rat lung mast cells. Physiol Res 57: 903–910.

53. Wang DD, Zhao YF, Wang GY, Sun B, Kong QF, et al. (2009) IL-17
potentiates neuronal injury induced by oxygen-glucose deprivation and affects

neuronal IL-17 receptor expression. J Neuroimmunol 212: 17–25.

54. Mrabet-Dahbi S, Metz M, Dudeck A, Zuberbier T, Maurer M (2009) Murine
mast cells secrete a unique profile of cytokines and prostaglandins in response to

distinct TLR2 ligands. Exp Dermatol 18: 437–444.
55. Sivakumar B, Akhavani MA, Winlove CP, Taylor PC, Paleolog EM, et al. (2008)

Synovial hypoxia as a cause of tendon rupture in rheumatoid arthritis. J Hand
Surg [Am] 33: 49–58.

56. Berse B, Hunt JA, Diegel RJ, Morganelli P, Yeo K, et al. (1999) Hypoxia

augments cytokine (transforming growth factor-beta (TGF-beta) and IL-1)-
induced vascular endothelial growth factor secretion by human synovial

fibroblasts. Clin Exp Immunol 115: 176–182.
57. Hitchon CA, El-Gabalawy HS (2004) Oxidation in rheumatoid arthritis.

Arthritis Res Ther 6: 265–278.

58. Theoharides TC, Kempuraj D, Kourelis T, Manola A (2008) Human mast cells
stimulate activated T cells: implications for multiple sclerosis. Ann N Y Acad Sci

1144: 74–82.
59. Page G, Sattler A, Kersten S, Thiel A, Radbruch A, Miossec P (2004) Plasma

Cell-Like Morphology of Th1-Cytokine-Producing Cells Associated with the
Loss of CD3 Expression. Am J Pathol 164: 409–417.

60. Egan PJ, van Nieuwenhuijze A, Campbell IK, Wicks IP (2008) Promotion of the

local differentiation of murine Th17 cells by synovial macrophages during acute
inflammatory arthritis. Arthritis & Rheumatism 58: 3720–3729.

61. Brennan F, Foey A (2002) Cytokine regulation in RA synovial tissue: role of T
cell/macrophage contact-dependent interactions. Arthritis Res 4: S177–S182.

62. Lundy SK, Sarkar S, Tesmer LA, Fox DA (2007) Cells of the synovium in

rheumatoid arthritis. T lymphocytes. Arthritis Res Ther 9: 202.
63. Evans HG, Gullick NJ, Kelly S, Pitzalis C, Lord GM, Kirkham BW, Taams SL

(2009) In vivo activated monocytes from the site of inflammation in humans
specifically promote Th17 responses. Proceedings of the National Academy of

Sciences 106: 6232–6237.

IL-17A Is Produced by Synovial Immune Cells

PLoS ONE | www.plosone.org 8 August 2011 | Volume 6 | Issue 8 | e24048


