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Abstract
Introduction Interleukin (IL)-17 is a pro-inflammatory cytokine in
rheumatoid arthritis (RA) and collagen-induced arthritis (CIA).
Since interferon (IFN)-γ inhibits Th17 cell development, IFN-γ
receptor knockout (IFN-γR KO) mice develop CIA more readily.
We took advantage of this model to analyse the mechanisms of
action of IL-17 in arthritis. The role of IFN-γ on the effector
mechanisms of IL-17 in an in vitro system was also investigated.
Methods IFN-γR KO mice induced for CIA were treated with
anti-IL-17 or control antibody. The collagen type II (CII)-specific
humoral and cellular autoimmune responses, myelopoiesis,
osteoclastogenesis, and systemic cytokine production were
determined. Mouse embryo fibroblasts (MEF) were stimulated
with IL-17, tumor necrosis factor (TNF)-α and the expression of
cytokines and chemokines were determined.
Results A preventive anti-IL-17 antibody treatment inhibited CIA
in IFNγR KO mice. In the joints of anti-IL-17-treated mice,
neutrophil influx and bone destruction were absent. Treatment
reduced the cellular autoimmune response as well as the

splenic expansion of CD11b+ cells, and production of
myelopoietic cytokines such as granulocyte macrophage
colony-stimulating factor (GM-CSF) and IL-6. IL-17 and TNF-α
synergistically induced granulocyte chemotactic protein-2
(GCP-2), IL-6 and receptor activator of NFκB ligand (RANKL) in
MEF. This induction was profoundly inhibited by IFN-γ in a
STAT-1 (signal transducer and activator of transcription-1)dependent way.

Conclusions In the absence of IFN-γ, IL-17 mediates its proinflammatory effects mainly through stimulatory effects on
granulopoiesis, neutrophil infiltration and bone destruction. In
vitro IFN-γ profoundly inhibits the effector function of IL-17.
Thus, aside from the well-known inhibition of the development of
Th17 cells by IFN-γ, this may be an additional mechanism
through which IFN-γ attenuates autoimmune diseases.

CFA: complete Freund's adjuvant; CHO: Chinese hamster ovary; CIA: collagen-induced arthritis; CII: collagen type II; DTH: delayed type hypersensitivity; ELISA: enzyme-linked immunosorbent assay; EMEM: Eagle's minimal essential medium; FCS: fetal calf serum; FITC: fluorescein isothiocyanate; GCP-2: granulocyte chemotactic protein-2; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte macrophage colonystimulating factor; IFN: interferon; IFN-γR KO: interferon-γ receptor knock-out; IL: interleukin; IP-10: interferon-gamma-induced protein; IRF: interferon
regulatory factor; ITAC: interferon-inducible T cell alpha chemoattractant; KC: keratinocyte-derived chemokine; MCP: monocyte chemotactic protein;
M-CSF: macrophage colony-stimulating factor; MEF: mouse embryo fibroblasts; MIG: monokine induced by gamma interferon; MIP: macrophage
inflammatory protein; PBS: phosphate buffered saline; PCR: polymerase chain reaction; PE: phycoerythrin; RA: rheumatoid arthritis; RANKL: receptor
activator of nuclear factor-κB ligand; RANTES: Regulated upon Activation, Normal T-cell Expressed, and Secreted; STAT: signal transducer and activator of transcription; TGF-β: transforming growth factor-β; TNF-α: tumor necrosis factor-α.
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Introduction
IL-17 is a pro-inflammatory cytokine produced by activated
CD4+ T cells distinct from Th1 or Th2 cells, designated as
Th17 cells [1-3]. IL-17 promotes inflammation by enhancing
production of cytokines such as IL-1β, TNF-α, IL-6 and receptor activator of nuclear factor-κB ligand (RANKL), as well as
chemokines such as macrophage inflammatory protein (MIP)2 and IL-8 [4-6]. Factors that promote Th17 cell differentiation
and/or expansion are transforming growth factor (TGF)-β, IL-6
and IL-23 [7]. Interferon (IFN)-γ, as a contrast, strongly inhibits
development of Th17 cells both in vitro and in vivo [1,3,8].
Anti-IFN-γ added during in vitro Th17 differentiation causes
increased IL-17 expression, and treated cells display
increased expression of the IL-23 receptor (R) [3]. This,
together with the observation that IFN-γ decreases the expression of IL-23R in IFN-γ-deficient CD4+ T cells differentiated
towards a Th17 phenotype, indicates that IFN-γ is able to
inhibit expression of the IL-23R. Additionally, IFN-γ-deficient
mice have increased numbers of IL-17-producing T cells following mycobacterial infection as compared with wild-type
mice, and exogenous IFN-γ reduces the frequency of IL-17producing T cells in IFN-γ-deficient mice [9].
There is considerable evidence that IL-17 contributes to the
inflammation associated with rheumatoid arthritis (RA). IL-17
is spontaneously produced by RA synovial membrane cultures
and high levels of IL-17 were detected in the synovial fluid of
patients with RA [10,11]. In collagen-induced arthritis (CIA),
an animal model reminiscent in several aspects to RA, treatment with neutralizing anti-IL-17 antibody after the onset of
arthritis reduces joint inflammation, cartilage destruction and
bone erosion [12]. Authors proposed that the mechanisms
responsible for slowing the disease are suppression of proinflammatory cytokines, such as IL-1β, TNF-α and IL-6, and
elimination of the additive/synergistic effects between IL-17
and these pro-inflammatory cytokines. In addition, mice genetically deficient in IL-17 or IL-17R were found to be less susceptible for induction of CIA [13]. In contrast, local IL-17
overexpression accelerates the onset of CIA and aggravates
synovial inflammation [14]. Evidence that IFN-γ regulates susceptibility to CIA through suppression of IL-17 comes from the
observation that mice of the prototypical CIA-susceptible
strain DBA/1 demonstrate a high IL-17 and low IFN-γ cytokine
profile as compared with CIA-resistant C57BL/6 mice [15]. In
addition, knocking out the IFN-γ gene renders the C57BL/6
mice susceptible to disease and switched their CD4+ T cell
differentiation towards Th17.
Despite the exciting new knowledge about Th17 cells and IL17, their mechanisms of action in the pathogenesis of arthritis
are still unclear. In the present study we investigated proinflammatory characteristics of IL-17 using the CIA model. As
IFN-γ is counteracting the development of Th17 cells, we
chose to induce CIA in IFN-γR knock out (KO) mice. Through
neutralization of IL-17 using monoclonal anti-IL-17 antibody,
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we tested the effect of endogenous IL-17 on various potential
effector targets of CIA, such as autoimmune cellular and
humoral responses, production of cytokines and chemokines,
stimulation of hematopoiesis and osteoclastogenesis. We
found a clear-cut inhibition of CIA by treatment with anti-IL-17
antibody and the protection was associated with profound
inhibition of myelopoiesis and production of myelopoietic
cytokines. Extensive myelopoiesis is a well-described phenomenom in IFN-γR KO mice challenged with (auto)antigen in
complete Freund's adjuvant (CFA; reviewed in [16,17]), so in
an in vitro system using murine embryo fibroblast (MEF) cells
we verified whether IL-17 may directly be involved in the induction of myelopoietic cytokines and/or chemokines and whether
IFN-γ may influence this process.

Materials and methods
Antibodies and cytokines
Recombinant mouse IFN-γ was derived from the supernatant
fluid of Mick cells, a Chinese hamster ovary (CHO) cell line
developed in our laboratory [18]. IFN-γ was purified by affinity
chromatography to a specific activity of 108.5units/mg as
described [19].

Anti-IL-17A antibody MM17F3 (IgG1-K) was derived from
C57Bl/6 mice immunized with IL-17A-ovalbumin complexes
as described [20]. Murine IgG1 monoclonal antibody (9E10),
that recognizes part of the human c-myc protein, and is produced by the MYC1-9E10.2 (ATCC CRL 1729) hybridoma,
was used as control antibody [21].
Mice, induction, evaluation and treatment of CIA
Generation and basic characteristics of the mutant mouse
strain (129/Sv/Ev) with a disruption in the gene encoding for
the α-chain of the IFN-γ R (IFN-γR KO) have been described
[22]. These IFN-γR KO mice were backcrossed with wild-type
DBA/1 mice for 10 generations to obtain IFN-γR KO DBA/1
mice. Homozygous IFN-γR KO mice were identified by PCR as
described [23]. Wild-type and IFN-γR KO DBA/1 mice were
bred in the Experimental Animal Centre of the Rega Institute
for Medical Research at Leuven.

The generation and basic characterization of IFN-γ-deficient
mice of the 129 × BALB/c strain have been described [24].
These mice were backcrossed for eight generations to the
parental BALB/c strain. The signal transducer and activator of
transcription (STAT)-1-/- and interferon regulatory factor (IRF)1-/- mice, on a C57BL/6 background, were from Dr. David E.
Levy of the New York University School of Medicine (New
York, USA) and from Dr. Tak Mak of the Ontario Cancer Institute (Ontario, Canada), respectively. The generation and characteristics of these mice have been described [25,26].
C57BL/6 mice (Harlan, Zeist, the Netherlands) were used as
wild-type controls.
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Chicken collagen type II (CII; Sigma-Aldrich, St Louis, MO,
USA) was dissolved at 2 mg/ml in PBS containing 0.1 M acetic acid by stirring overnight at 6°C and emulsified in an equal
volume of CFA (Difco Laboratories, Detroit, MI, USA) with
added heat-killed Mycobacterium butyricum (1.5 mg/ml). Mice
were sensitized with a single intradermal injection at the base
of the tail with 100 μl of the emulsion on day 0, and treated
with 0.2 mg of neutralizing anti-IL-17 or control antibody (in
250 μl PBS) once a week. Clinical and histological severity of
arthritis were recorded following a scoring system as
described [27,28].
All animal experiments were approved by the local ethical committee (University of Leuven).
Measurement of total and anti-CII IgG antibodies and
delayed-type hypersensitivity to CII
Blood samples were taken from the orbital sinus and were
allowed to clot at room temperature for one hour and at 4°C
overnight. Individual sera were tested for antibodies directed
to chicken CII by ELISA as described [27]. For the determination of CII-specific IgG1, IgG2a and IgG2b antibody, plates
were incubated for two hours with biotinylated rat antibody to
mouse IgG1, IgG2a or IgG2b (Zymed Laboratories, San Francisco, CA, USA), followed by a one-hour incubation with
streptavidin-conjugated peroxidase. For measurement of total
IgG antibody, plates were coated with goat anti-mouse IgG
(Jackson Immunoresearch Laboratories, West Grove, PA,
USA; 10 μg/ml; 100 μl/well), followed by the same procedure
as described in [27].

For evaluation of delayed-type hypersensitivity (DTH) reactivity, CII/CFA-immunized mice were subcutaneously injected
with 20 μg of CII/20 μl PBS in the left ear and with 20 μl PBS
in the right ear. DTH response was calculated as the percentage swelling (the difference between the increase of thickness
of the left ear and the right ear, divided by the thickness of the
right ear, multiplied by 100).
Isolation of splenocytes and mouse embryo fibroblasts
Spleens were harvested, gently cut into small pieces and
passed through cell strainers (Becton Dickinson Labware,
Franklin Lakes, NJ, USA). Red blood cells were lysed by two
consecutive incubations (5 and 3 minutes at 37°C) of the suspension in NH4Cl (0.83% in 0.01 M Tris-HCl, pH 7.2).
Remaining cells were washed and counted.

To exclude any interference from endogenous IFN-γ, MEF
were from IFN-γ KO BALB/c origin (unless otherwise mentioned). MEF were isolated from mouse embryos between 16
and 18 days of gestation, as described [28]. Two times 105
MEF in a total volume of 300 μl Eagle's minimal essential
medium (EMEM) containing 2% heat-inactivated FCS were
seeded in chamber slides (LAB-TEK Brand Products, Nalge
Nunc International, Naperville, IL, USA). After an incubation of

48 hours, cells were stimulated with IL-17 (20 ng/ml) (R&D
systems, Abingdon UK) and/or TNF-α (20 ng/ml) (R&D systems, Abingdon UK) in the presence or absence of IFN-γ (100
units/ml) for 48 hours. Supernatants were collected and cells
were harvested using a cell scraper (LAB-TEK Brand Products, Nalge Nunc International, Naperville, IL, USA). Cells
were washed and pellets were used for PCR.
Flow cytometry
Single-cell splenocyte suspensions (0.5 × 106 cells) were
incubated for 15 minutes with the Fc-receptor-blocking antibodies anti-CD16/anti-CD32 (BD Biosciences Pharmingen,
San Diego, CA, USA). Cells were washed with PBS (2%
FCS) and stained with the indicated fluorescein isothiocyanate (FITC)-conjugated antibodies (0.5 μg) for 30 minutes,
washed and incubated with the indicated phycoerythrin (PE)conjugated antibodies for 30 minutes. FITC-conjugated antiCD25 (7D4) and FITC-conjugated anti-B220 were purchased
from BD Biosciences Pharmingen, San Diego, CA, USA).
FITC-conjugated anti-CD11b (M1/70), FITC-conjugated antiCD8 (53-6.7), PE conjugated anti-CD4 (L3T4), and PE-conjugated anti-Gr-1 (RB6-8C5) were from eBioscience (ImmunoSource, Halle-Zoersel, Belgium). Cells were washed, fixed
with 0.37% formaldehyde in PBS and flowcytometric analysis
was performed on a FACScan flow cytometer with Cell
Quest® software (Becton Dickinson, San Jose, CA, USA).
Detection of cytokines by quantitative PCR and ELISA
MEF were obtained as described above. RNA was extracted
using the Micro-to-Midi Total RNA Purification System (Invitrogen Life Technologies, Carlsbad, CA, USA) in accordance
with the manufacturer's instructions. cDNA was obtained by
reverse transcription using Superscript II Reverse Transcriptase and random primers (Invitrogen Life Technologies,
Carlsbad, CA, USA), in accordance with the manufacturer's
instructions. For real-time PCR we used a TaqMan® Assayson-Demand™ Gene expression Product from Applied Biosystems (Foster City, CA, USA). Expression levels of granulocyte
chemotactic protein-2 (GCP-2) (assay ID Mm00436451_g1,
Applied Biosystems, Foster City, CA, USA), IL-6 (assay ID
Mm00446190_m1, Applied Biosystems, Foster City, CA,
USA), RANKL (assay ID Mm00441908_m1, Applied Biosystems, Foster City, CA, USA), IP-10 (assay ID
Mm99999072_m1) and granulocyte macrophage colonystimulating factor (GM-CSF; assay ID Mm99999059_m1)
were normalized for 18S RNA (Cat. No. 4319413E, Applied
Biosystems, Foster City, CA, USA) expression. Analysis was
performed in an ABI Prism 7000 apparatus (Applied Biosystems, Foster City, CA, USA) under the following conditions:
inactivation of possible contaminating amplicons by AmpErase uracil-N-glycosylase at 50°C for two minutes, initial denaturation at 95°C for 10 minutes, followed by 40 thermal cycles
of 15 seconds at 95°C and 90 seconds at 60°C. The relative
gene expression was assessed using the 2-ΔΔCT method [29].
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Expression of cytokines (i.e. IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10,
GM-CSF, IFN-γ and TNF-α) was determined by the Bio-Plex
200 system, Bio-plex Mouse Cytokine 8-plex assay and Bioplex Mouse IL-6 Assay (Bio-Rad, Hercules, CA). IL-17, IP-10
and GM-CSF levels were measured by ELISA (R&D systems,
Abingdon UK). GCP-2 was detected by an ELISA developed
in our laboratory, as described [28].

Results
Increased levels of IL-17 in CII/CFA-immunized IFN-γR
KO mice
IFN-γR KO mice develop CIA more readily than wild-type controls: symptoms of arthritis usually appear in IFN-γR KO mice
from day 16 onwards compared with day 30 in wild-type ani-

mals [30]. In a first experiment, we confirmed the inhibitory
activity of IFN-γ on the production of IL-17. Thus, IFN-γR KO
and wild-type mice were immunized with CII in CFA. At day 21,
a time point when the differences in disease symptoms
between both groups are most pronounced, mice were
injected with anti-CD3 and sera were collected. As expected,
levels of IL-17 were more than four times higher in the sera of
immunized IFN-γR KO mice as compared with those of wildtype counterparts (Figure 1a, in vivo). Similarly, anti-CD3-stimulated lymphocytes of immunized IFN-γR KO mice produced
levels of IL-17 that were more than 10 times higher than those
of wild-type mice (Figure 1a, in vitro). Therefore, to study the
effector functions of IL-17 in arthritis, we chose IFN-γR KO
mice for the induction of arthritis.

Figure 1

Treatment with anti-IL-17 antibody prevents CIA in IFN-γR KO mice.
mice (a) Interferon-γ receptor knock-out (IFN-γR KO) and wild-type mice were immunized with collagen type II (CII) in complete Freund's adjuvant (in vivo). At day 21 post immunization, five IFN-γR KO and six wild-type mice were
challenged with 10 μg anti-CD3 antibody and serum levels of IL-17 were determined 1.5 hours later. Bars represent averages ± standard error of
the mean (SEM). In vitro: lymph nodes were isolated at day 35 post immunization, and lymphocytes were stimulated with 3 μg/ml anti-CD3 antibody.
Supernatants were collected after 72 hours and tested for IL-17 expression. Bars represent averages ± SEM of triplicate cultures. * P < 0.05 for
comparison with IFN-γR KO mice (Mann-Whitney U-test). (b, c) Immunized IFN-γR KO mice were injected with anti-IL-17 or control antibody. (b)
Cumulative incidence of arthritis and (c) mean arthritic score of mice are shown. Error bars indicate SEM. Data are representative for three independent experiments. * P < 0.05 (day 19) and 0.005 (from day 20 onwards) for comparison with control-treated mice (Mann-Whitney U-test). (d)
The mean arthritic score on day 21 of arthritic mice only is shown for three experiments. Error bars indicate SEM. The number of arthritic mice to the
total number of mice in each group is shown in brackets.

Page 4 of 13
(page number not for citation purposes)

Available online http://arthritis-research.com/content/11/4/R122

Neutralization of IL-17 inhibits arthritis development in
IFN-γR KO mice
CII/CFA-immunized IFN-γR KO mice were injected with neutralizing anti-IL-17 or control antibody once a week starting
from day 0 (day of immunization). In control-treated IFN-γR KO
mice, symptoms of arthritis appeared from day 14 and reached
a cumulative incidence of approximately 92%. In contrast,
mice treated with anti-IL-17 antibody developed a significantly
less severe form of arthritis with a lower incidence (25%) than
control mice (Figures 1b, c). This protective effect was confirmed in two independent experiments. When the analysis
was restricted to only arthritic mice, severity of arthritis was still
lower in anti-IL-17-treated mice compared with control-treated
mice (Figure 1d). In one such experiment, mice were sacrificed
on day 25 for histological examination of the joints. As evident
from data in Figure 2a, the reduced severity of arthritis in antiIL-17-treated mice was associated with inhibition of infiltration
of mono- and polymorphonuclear cells, hyperplasia and pannus formation (measured as the fraction of synovial inflammatory tissue, which has invaded bone tissue and forms bone
erosion). In the control-treated group, several multinucleated
osteoclast-like cells were detected at sites of bone erosion.
Osteoclast-like cells and polymorphonuclear cells were completely absent in sections of anti-IL-17-treated mice. Figures
2b and 2c show light microscopy on hematoxylin-stained sections of both groups of mice.

Reduced humoral and cellular auto-immune responses
in IFN-γR KO mice treated with anti-IL-17 antibodies
Pathogenesis of CIA is generally considered to depend in part
on both humoral and cellular immune responses against CII.
We wanted to define whether the protection against CIA by
anti-IL-17 antibodies results from modulation from either of
these. Total IgG and anti-CII IgG, IgG1, IgG2a and IgG2b
were determined in the sera of anti-IL-17- and control-treated
IFN-γR KO mice on day 22 post-immunization. No differences
in total IgG serum content were detected in the sera of anti-IL17- and control-treated animals (Figure 3a). Titers of anti-CII
antibodies were found to be reduced in the sera of anti-IL-17treated mice, although values did not reach statistical significance (Figure 3b). As to subtypes of anti-CII IgG, no differences in anti-CII IgG1 and IgG2b could be detected.
However, levels of anti-CII IgG2a were significantly lower in
sera of anti-IL-17-treated IFN-γR KO mice as compared with
control-treated mice (Figure 3c). DTH was tested on day 25
after immunization by injecting 20 μg of CII in the left ears and
vehicle in the right ears. Bars in Figure 3d represent the percentages of swelling in the CII-challenged ears, normalized to
the swelling of the PBS-challenged ears. A significantly lower
DTH response to CII was observed in the anti-IL-17-treated
mice as compared with that in control mice. Thus, the reduced
severity of arthritis in anti-IL-17-treated mice appeared to be
associated with reduced cellular immune responsiveness to
CII.

Figure 2

Absence of infiltration of neutrophils and bone destruction in the joints of anti-IL-17-treated mice.
mice In experiment 1 of Figure 1d, histological analysis
of the joints was performed. On day 25, four mice of each group were sacrificed and sections of the fore limbs, hind limbs and ankles were scored
for three parameters of arthritis following hematoxylin staining. (a) Histograms represent averages ± standard error of the mean (SEM). * P < 0.005
for comparison with control-treated mice (Mann-Whitney U-test). (b, c) Pictures of the hematoxylin-stained paraffin sections of the joints of controltreated (b, a representative mouse) and anti-IL-17-treated (c, mice with the most severe symptoms) mice are shown. In control-treated mice, a severe
hyperplasia and infiltration of immunocompetent cells in the synovium and pannus formation that penetrates into the bone can be seen. (b1, 2) Detail
of the area indicated by respectively the left and right box in b. Note the presence of osteoclast-like multinucleated giant cells (arrows in b1), and the
presence of polymorphonuclear cells in b2. (c1) Detail of the area indicated by the right box in c showing a moderate infiltration of mononuclear cells
and hyperplasia. Scale bars represent (b, c) 50 μm and (b1, b2 and c1) 500 μm.
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Figure 3

Reduced humoral and cellular immune response following treatment of CII/CFA immunized IFN-γR KO mice with anti-IL-17 antibodies
antibodies. Interferon-γ
receptor knock-out (IFN-γR KO) mice were immunized and injected intraperitoneally with 0.2 mg of neutralizing anti-IL-17 or control antibody once a
week. (a, b) On day 22, sera of individual mice were analyzed for (a) total IgG, (b) anti- collagen type II (CII) IgG and (c) anti-CII IgG1, IgG2a and
IgG2b. Histograms represent averages ± standard error of the mean (SEM). (d) 25 days after immunization, mice in each group were challenged
with 20 μg of CII in the left ear and vehicle in the right ear. Delayed type hypersensitivity responses were measured as the percentage of swelling
(i.e. 100 × the difference between the increase of thickness of the left and the right ears, divided by the thickness of the right ear) at the indicated
time points. Histograms represent averages ± SEM. * P < 0.05 for comparison with control-treated mice (Mann-Whitney U-test). CFA = complete
Freund's adjuvant.

Inhibition of arthritis in IFN-γR KO mice is associated
with reduced expansion of CD11b+ cells
The more severe form of arthritis in IFN-γR KO mice as compared with wild-type mice is accompanied with an extramedullary hemopoiesis and expansion of the CD11b+ cell population
[31]. These expanding CD11b+ splenocytes, containing
mostly immature mononuclear phagocytes and neutrophils,
can act as a source of osteoclasts and may thus indirectly
account for bone destruction in CIA [23] or may contribute to
neutrophil inflammation in the joints. IL-17 is known to stimulate granulopoiesis in vivo [32] and to induce the production
of hematopoietic cytokines such as IL-6, IL-8 and G-CSF in
vitro [5], so we analysed the effect of IL-17 neutralization on
the expansion of the CD11b+ cell expansion. Therefore,
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spleens were isolated from anti-IL-17-treated and controltreated IFN-γR KO mice on day 21 after immunization. The
mean number of splenocytes was significantly lower in mice
treated with anti-IL-17 as compared with control antibody (Figure 4a). To characterize these splenocytes, flowcytometric
analysis was performed. Figure 4b shows that the anti-IL-17
antibodies inhibit the expansion of the CD11b+ cell population. In fact, treatment with anti-IL-17 antibodies resulted in
significantly lower net numbers of CD11b+Gr-1high neutrophils
in the spleen. Numbers of CD4+ and CD8+ T cells were also
significantly lower in anti-IL-17-treated mice, although to a
lesser degree. B220+ cell numbers were comparable in both
groups of mice. These data were confirmed by cytospin
splenocyte preparations (Figure 4c). Significantly lower num-
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Figure 4

of myelopoietic
myelopoietic cytokines.
cytokines Interferon-γ recepAnti-IL-17 antibody treatment reduces the splenic CD11b+ cell expansion and the systemic production of
tor knock-out (IFN-γR KO) mice were immunized and injected intraperitoneally with anti-IL-17 or control antibody once a week. (a to c) On day 21,
spleens of individual mice were isolated and splenocytes were counted. (a) Bars represent the mean number of splenocytes ± standard error of the
mean (SEM). (b) Splenocytes were characterized by flow cytometry and the percentage of CD11b+ cells, CD11b+Gr-1high cells, B220+ cells, CD4+
cells and CD8+ cells was analyzed. Bars represent the mean net numbers of three independent experiments, each consisting of three to four mice
per group ± SEM. (c) The percentage of lymphocytes, (immature) neutrophils and macrophages was assessed on cytospin splenocyte preparations
of six anti-IL-17- and six control-treated mice, and the net numbers were calculated. Bars represent net numbers ± SEM. (d) At day 21 post immunization, mice were challenged with 10 μg anti-CD3 antibody and serum levels of granulocyte macrophage colony-stimulating factor (GM-CSF), IL-6,
IL-12 and IFN-γ were determined 1.5 hours later. Bars represent the mean of two independent experiments, each consisting of four to five mice per
group ± SEM. * P < 0.05 and ** P < 0.005 for comparison with control-treated mice (Mann-Whitney U-test).

bers of immature and mature neutrophils were observed in the
spleen of anti-IL-17-treated as compared with control-treated
mice. Although to a lesser degree, a significant reduction in
the number of macrophages in the splenocyte population of
anti-IL-17-treated mice was also seen. Treatment with anti-IL17 antibodies did not significantly affect the number of lymphocytes in the splenocyte preparations.
Anti-IL-17 treatment in IFN-γR KO mice decreases the
production of hemopoietic cytokines
The reduced expansion of the CD11b+ cell population following treatment with anti-IL-17 antibodies might result from inhibition of the production of hemopoietic cytokines. Therefore,
sera of anti-CD3-challenged IFN-γR KO mice treated with anti-

IL-17 or control antibodies were collected on day 21 and
tested for the presence of cytokines. Levels of GM-CSF, IL-6
and IL-12, known to stimulate hemopoiesis, were significantly
reduced in the sera of mice treated with anti-IL-17 antibodies
as compared with control-treated mice (Figure 4d), possibly
providing an explanation for the reduced expansion of
CD11b+ cells in the spleen of anti-IL-17-treated mice. Expression of IFN-γ, known to inhibit the CFA-induced expansion of
CD11b+ cells, was also found to be significantly reduced upon
treatment with anti-IL-17. However, as IFN-γR KO mice were
used, levels of IFN-γ have no effect in our model. With regard
to the expression of other cytokines, levels of the pro-inflammatory cytokine TNF-α were slightly reduced upon treatment
with anti-IL-17 antibodies (1133.3 ± 658.6 and 721.9 ±

Page 7 of 13
(page number not for citation purposes)

Arthritis Research & Therapy

Vol 11 No 4

Kelchtermans et al.

562.3 pg/ml for the control- and anti-IL-17-treated mice,
respectively), and expression of all other tested cytokines (IL2, IL-4, IL-5 and IL-10) were comparable in the sera of both
groups of mice (data not shown).
IL-17 induces the production of IL-6, RANKL and GCP-2 in
mouse embryo fibroblasts, and this induction is potently
inhibited by IFN-γ
In a next set of experiments, we verified whether the absence
of bone destruction and reduced influx of neutrophils in the
joints, as well as the reduced production of hematopoietic
cytokines such as IL-6 upon anti-IL-17-antibody treatment, is
indirectly due to the reduced inflammation seen in these mice
or may directly result from neutralization of IL-17. As to the inhibition of bone destruction, we compared the osteoclastogenic
capacity of splenocyte populations of immunized anti-IL-17treated and control-treated mice. Thus, splenocytes from both
groups of mice were stimulated with macrophage colony-stimulating factor (M-CSF) and RANKL for induction of osteoclastogenesis. We found similar numbers and activity of
osteoclasts in both groups of mice (data not shown), indicating that osteoclast precursors are present in both splenocyte
populations. Possibly, the migration of these osteoclast precursors to the joints or the production of osteoclast stimulating
factors such as RANKL in the joints is disturbed in anti-IL-17treated mice. As fibroblasts are an important source of
RANKL, IL-6 and the neutrophil-specific chemokine GCP-2
([28]and our unpublished results), and because of the limited
source of mouse synovial fibroblasts, we chose to use MEF for
in vitro stimulation. Cells were stimulated with IL-17 in the
absence or presence of TNF-α for 48 hours, and mRNA levels
were measured using quantitative PCR. In addition, we tested
the effect of IFN-γ on the induction of RANKL, IL-6 and GCP2. As shown in Figure 5a, IL-17 induced the expression of
GCP-2 mRNA in MEF. Moreover, a synergy between IL-17
and TNF-α in the induction of GCP-2 mRNA could be
observed. These findings were confirmed at the protein level,
using a GCP-2-specific ELISA (Figure 5b). IL-17 and TNF-α
were also found to synergistically induce the expression of IL6 mRNA (Figure 5c), IL-6 protein (Figure 5d) and RANKL
mRNA (Figure 5e). These data indicate that IL-17 is able to
induce the production of neutrophil-specific chemokines such
as GCP-2. Through induction of IL-6 and RANKL, IL-17 can
stimulate hemopoiesis and bone destruction. Importantly,
expression of GCP-2, IL-6 and RANKL was counteracted by
IFN-γ (Figures 5a to 5e). Thus, aside from inhibition of the production of IL-17, IFN-γ can inhibit the effector function of IL-17.
To exclude that IFN-γ non-specifically inhibits cytokine production, we also tested the effect of IFN-γ on the production of
keratinocyte-derived chemokine (KC), macrophage inflammatory protein (MIP)-2, IP-10, Regulated upon Activation, Normal
T-cell Expressed, and Secreted (RANTES), monocyte chemotactic protein (MCP)-1, interferon-inducible T cell alpha chemoattractant (ITAC), and monokine induced by gamma
interferon (MIG). IFN-γ was found to exhibit stimulatory effects
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on the production of MIP-2, IP-10, RANTES, ITAC and MIG
induced by IL-17 and/or TNF-α (Figure 5f and data not
shown). No significant effect of IFN-γ was observed on the
production of M-CSF, KC and MCP-1 (Figure 5f and data not
shown).
Inhibition of the effector function of IL-17 by IFN-γ is
STAT-1- but not IRF-1-dependent
STAT-1 is a major mediator of cell activation by IFN-γ [33].
However, IFN-γ also activates STAT-1-independent pathways,
and it has been proposed that these STAT-1-independent
pathways mediate suppressive activities of IFN-γ. To investigate whether suppression of GCP-2, IL-6 and RANKL expression by IFN-γ was STAT-1-dependent, MEF from wild-type and
STAT-1-/- mice of the C57BL/6 strain were prepared. At the
same time, we investigated whether the inhibition by IFN-γ was
dependent on IRF-1, a transcription factor acting immediately
downstream of STAT-1, by preparing MEF from IRF-1-/C57BL/6 mice. In each of the MEF, IL-17 and TNF-α synergistically induced the expression of GCP-2, RANKL and IL-6
mRNA (data not shown). To evaluate the importance of STAT1 and IRF-1 in the inhibitory action of IFN-γ, the percentage of
inhibition of the expression of GCP-2, RANKL and IL-6 mRNA
induced by synergistic action of IL-17 and TNF-α was calculated and compared. As shown in Figure 6a, the inhibition by
IFN-γ was significantly reduced in STAT-1-/-, but unaffected in
IRF-1-/- MEF, as compared with wild-type MEF. For the inhibition of the expression of GCP-2, these results were confirmed
at the protein level (Figure 6b). These data indicate that the
inhibition by IFN-γ is STAT-1-, but not IRF-1-dependent.

Discussion
IL-17 plays a key inflammatory role in the propagation of RA
and CIA [11,34,35]. IL-17 promotes inflammation through
enhancing the production of inflammatory cytokines, such as
IL-1β, TNF-α and RANKL, as well as neutrophil-specific chemokines such as MIP-2 and IL-8 [4,5,36]. Inhibition of the IFN-γ
signaling enhances development of pathogenic Th17 cells
that can exacerbate autoimmunity [3,9]. IFN-γR KO mice have
been found to experience an accelerated and more severe
form of CIA [30]. Events contributing to this protective effect
of IFN-γ in CIA are inhibition of the CFA-induced myelopoiesis
and osteoclastogenesis, inhibition of the production of GCP2 and thus neutrophil infiltration, and stimulation of Treg cell
activity [23,27,28,31]. Recently, IFN-γ was found to regulate
susceptibility to arthritis through suppression of IL-17 [15,37].
Although Th17 cells and IL-17 have been studied extensively
in previous years, much of their effector functions remain
unknown. To observe maximal effects of IL-17 neutralization in
CIA, we chose to start from IFN-γR KO mice for the induction
of CIA. A preventive treatment with the anti-IL-17 antibodies
(starting from the day of the immunization), almost completely
abrogated arthritis development in IFN-γR KO mice and inhibited the influx of immunocompetent cells (predominantly neutrophils), hyperplasia of the synovial membrane and bone
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Figure 5

Synergy of IL-17 and TNF-α in the induction of GCP-2, RANKL and IL-6 and inhibition by IFN-γ.
IFN-γ (a to d) Mouse embryo fibroblasts (MEF) cells of
interferon-γ ligand knock-out (IFN-γ ligand KO) BALB/c mice were grown to confluence and stimulated for 48 hours with IL-17 (20 ng/ml) and/or
TNF-α (20 ng/ml), or were left untreated in the absence or presence of IFN-γ (100 units/ml). (a, c, e and f) cDNA samples were prepared and subjected to quantitative PCR analysis. The relative quantity of granulocyte chemotactic protein-2 (GCP-2), receptor activator of nuclear factor-κB ligand (RANKL), IL-6, IP-10 and granulocyte macrophage colony-stimulating factor (GM-CSF) mRNA in each sample was normalized to the quantity of
18S RNA. (b, f) GCP-2, interferon-gamma-induced protein (IP-10) and GM-CSF protein present in the supernatants of stimulated MEF was measured by ELISA. (d) IL-6 protein present in the supernatants was quantified by the Bioplex system. Results represent the mean of two cultures ±
standard error of the mean. Results are representative for (a, b) four and (c to f) two independent experiments.
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Figure 6

Inhibition of effector functions of IL-17 by IFN-γ is STAT-1-dependent.
STAT-1-dependent Mouse embryo fibroblasts (MEF) of wild-type, signal transducer and activator
of transcription (STAT)-1-/- and interferon regulatory factor (IRF)-1-/- C57BL/6 mice were grown to confluence and stimulated for 48 hours with IL-17
(20 ng/ml) and TNF-α (20 ng/ml), or were left untreated in the absence or presence of IFN-γ (100 units/ml). (a) cDNA samples were prepared and
subjected to quantitative PCR analysis. The relative quantity of granulocyte chemotactic protein-2 (GCP-2), receptor activator of nuclear factor-κB
ligand (RANKL) and IL-6 mRNA in each sample was normalized to the quantity of 18S RNA. (b) GCP-2 protein present in the supernatants of stimulated MEF was measured by ELISA.(a, b) All cultures were performed in duplicate/triplicate in two independent experiments and the percentage of
inhibition was calculated as 100 × (expression in condition without IFN-γ – expression in condition with IFNγ)/expression in condition without IFN-γ).
Results represent the mean of five cultures ± standard error of the mean. * P < 0.05 for comparison with corresponding wild-type and, except for IL6, IRF-1-/- condition and ** P < 0.05 for comparison with corresponding wild-type and STAT-1-/- condition.

destruction. Lubberts and colleagues found that treatment
with anti-IL-17 antibody after the onset of CIA significantly
reduces the severity of CIA in wild-type mice [12]. In line with
our results, lower numbers of multinucleated cells were
present in the joints of the anti-IL-17-treated mice as compared with control mice.
IL-17 is known to be a potent stimulator of osteoclastogenesis
through induction of RANKL [10,38]. Nonetheless, if splenocytes from immunized anti-IL-17-treated and control mice
were stimulated ex vivo with RANKL and M-CSF for induction
of osteoclastogenesis, in the absence or presence of exogenously added neutralizing anti-IL-17 antibody, no differences
could be observed in the numbers or activity of osteoclasts
(data not shown). More recently, however, Sato and colleagues have demonstrated that IL-17 has no effect on osteoclastogenesis in the RANKL-M-CSF system, but promotes
osteoclast differentiation in the co-culture system through the
induction of RANKL on osteoblastic cells [39].
Joint inflammation in CIA is assumed to depend in part on collagen-specific humoral and cellular immune reactivity. Treatment with anti-IL-17 antibody resulted in reduced, although
not significantly, titers of total anti-CII IgG antibodies. No differences in anti-CII IgG1 and IgG2b could be detected, but
significantly lower levels of anti-CII IgG2a in sera of anti-IL-17treated IFN-γR KO mice were established. As IgG2a and IgG1
kinetics indirectly reflect Th1/Th2 responses, these data are
suggestive for a lower Th1 response after treatment with antiIL-17 antibodies. IL-17 was previously shown to be important
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in the induction of autoreactive humoral immune responses
because a deficiency in this cytokine is associated with a
decline in the autoantibody response in CIA and experimental
autoimmune encephalomyelitis [13,40]. Recently, IL-17 was
found to drive autoimmune responses by promoting the formation of spontaneous germinal centers [41]. With regard to the
cellular immune responses, we found significantly impaired
DTH to CII in IFN-γR KO mice treated with anti-IL-17 antibody.
In IL-17 KO mice, Nakae and colleagues have established significantly reduced proliferative responses of lymph node cells
against CII in comparison with that of wild-type mice [13].
Taken together, these results demonstrate a crucial role for IL17 in the activation of CII-specific cellular responses.
As we reported earlier [31], the increased severity of CIA in
IFN-γR KO mice is associated with an increased CFA-induced
extramedullary expansion of immature CD11b+ macrophages
and neutrophils. In the present study we showed that anti-IL17 antibodies inhibit the expansion of this CD11b+ cell population. Characterization of these CD11b+ splenocytes indicated a significant reduction in the numbers of (immature)
neutrophils. The lower numbers of neutrophils present in the
spleen may provide an explanation for the reduced influx of
neutrophils in the joints of the anti-IL-17-treated mice. IL-17
has been found to act as a stimulatory hematopoietic cytokine
by expanding myeloid progenitors and initiating proliferation of
mature neutrophils [42]. It has been described to induce the
secretion of hematopoietic cytokines such as IL-6 and G-CSF
in fibroblasts, through which these stimulated fibroblasts can
sustain the proliferation of hematopoietic progenitors and their
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preferential maturation into neutrophils [5]. In the same line, IL17R KO mice have impaired hemopoietic recovery following
gamma irradiation; hemopoietic precursors are reduced by
50% and neutrophils by 43% [43]. In the present study, the
reduced granulopoiesis observed in anti-IL-17-treated mice
probably resulted from reduced production of GM-CSF, IL-6
and IL-12. Treatment with neutralizing anti-IL-17 antibodies
after the onset of arthritis has also been demonstrated to result
in significantly reduced systemic IL-6 levels in wild-type mice
[12]. Along the same line, stimulation of various cell types with
IL-17 has been found to induce production of pro-inflammatory mediators such as IL-6 and GM-CSF [4,44,45].
In a previous set of experiments we tested whether the
observed reduced influx of neutrophils in the joints, bone
destruction and hematopoiesis directly result from neutralization of IL-17, or were a reflexion of the reduced inflammation
present in the anti-IL-17-treated mice. In mice, IL-8, the prototype of human CXC chemokines that mainly affect neutrophil
migration, has not been described, but the only neutrophilattracting chemokine recognizing CXCR1 and 2 is GCP-2,
generally considered as the functional equivalent of IL-8 in
humans [46,47]. We found that IL-17 and TNF-α synergistically induce the production of GCP-2, RANKL, IL-6 and GMCSF in MEF, thereby providing an explanation for the observed
phenomena upon neutralization of IL-17. The induction of IL-6
and RANKL by IL-17 has been described [4,48,49]. In addition, studies have already linked IL-17 to induction of neutrophil-specific chemokines such as IL-8 and MIP-2 and the
consequent effects on neutrophil recruitment [5,6,49]. More
recently, IL-17 was shown to promote the selective expression
of ELR+ CXC chemokines in RA synoviocytes, especially in the
presence of TNF-α, highlighting its role in neutrophil recruitment into the joint [49]. Furthermore, IL-17 induces the production of GCP-2 in a preosteoblast cell line and normal
mesenchymal cells [50,51]. Shen and colleagues have shown
that the CXC family chemokines, including KC, MIP-2 and
GCP-2, were dramatically induced by IL-17 and/or TNF-α
[48]. Recently, IL-17 was found to enhance cartilage destruction by increasing the production of KC and MIP-2, and
thereby the influx of Fcγ R-bearing neutrophils [52]. Importantly, we established an inhibition of this production of GCP2, RANKL and IL-6 upon addition of IFN-γ. Levels of other
tested cytokines induced by TNF-α/IL-17 were upregulated or
not affected by IFN-γ, indicating that inhibition was specific.
Although IFN-γ has been described to regulate neutrophil
influx through inhibition of the IL-1β-, TNF-α-driven or mycobacteria-driven production of IL-8 and/or GCP-2
[28,51,53,54], its effect on IL-17-induced gene expression
was so far not investigated. Using STAT-1-/- and IRF-1-/- MEF,
we found that the observed inhibition by IFN-γ is IRF-1-independent, but STAT-1-dependent. Taken together, aside from
the well-known inhibition of the development of Th17 cells by
IFN-γ, we demonstrate that IFN-γ profoundly inhibits the effector function of IL-17 in a STAT-1-dependent way.

As levels of IL-17 were found to be significantly lower in wildtype mice as compared with IFN-γR KO mice and because
IFN-γ profoundly inhibits the effector function of IL-17, we
expected the protective effect of anti-IL-17 in wild-type mice to
be less pronounced. However, a preventive anti-IL-17 antibody treatment significantly inhibited the clinical and histological symptoms of arthritis in wild-type mice (with a total of 16
mice in each group, an incidence was reached of 54% and
13% respectively in control-treated and anti-IL-17-treated
wild-type mice). In an attempt to unravel the mechanism of protection, we analysed the effect of anti-IL-17 treatment on different effector targets. Whereas the CII cellular autoimmune
response (i.e. DTH) was found to be reduced by half upon
treatment with anti-IL-17 antibody, the production of anti-CII
autoantibodies and the splenic expansion of CD11b+ cells
were not affected (data not shown). Thus, although anti-IL-17
antibody is effective in reducing the clinical symptoms of arthritis in both IFN-γR KO and wild-type mice, the mechanism of
endogenous IL-17 in the pathogenesis of CIA appears to be
somewhat different between the two groups of mice.
It is generally accepted that different pathways, such as
humoral and cellular immune responses, myelopoiesis and
osteoclastogenesis are all required to develop CIA. Depending on the presence or absence of IFN-γ, IL-17 mediated several of these processes and it can be speculated that blocking
just one of these pathways, for example DTH, may be sufficient
to prevent symptoms of arthritis. Alternatively, there may exist
a profound effector mechanism of IL-17 in both IFN-γR KO and
wild-type mice that has not been investigated in our study and
still needs to be discovered.

Conclusions
In conclusion, our experiments underscore that IL-17 mediates
its pro-inflammatory role in CIA in IFN-γR KO mice mainly
through stimulatory effects on granulopoiesis, neutrophil infiltration and bone destruction. Importantly, our data reveal also
an additional mechanism through which IFN-γ can attenuate
some autoimmune diseases and autoimmune arthritis in particular. Apart from the inhibition of the production of IL-17, IFN-γ
also abrogates some of the effector functions of IL-17. Thus,
through its inhibition of the IL-17-induced production of IL-6,
GCP-2 and RANKL, IFN-γ can profoundly limit granulopoiesis,
mobilisation of neutrophils, and bone destruction, which are all
important in joint inflammation.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
CU and JVS prepared and evaluated anti-IL-17 antibody. HK,
ES and LG induced and evaluated CIA. PM, HK and ES measured histology, humoral and cellular responses. HK and TM
measured flow cytometry and cytospins. HK, ES, TM, LG and
JVD conducted MEF stimulations, ELISA, quantitative PCR

Page 11 of 13
(page number not for citation purposes)

Arthritis Research & Therapy

Vol 11 No 4

Kelchtermans et al.

and Bioplex. PM, HK and JVS designed the study. All authors
were involved in interpreting the data. HK, PM, JVD and JVS
prepared the manuscript.

Acknowledgements
We thank Chris Dillen and Willy Put for excellent assistance. We are
grateful to Prof. Dr. Ghislain Opdenakker for critical review of the manuscript. This study was supported by grants from the Fund of Scientific
Research Flanders (FWO Vlaanderen), and from the Regional Government of Flanders (GOA program). HK is a postdoctoral research fellow
of the FWO Vlaanderen, and LG holds a fellowship from the FWO
Vlaanderen.

References
1.

2.
3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, Wang Y,
Hood L, Zhu Z, Tian Q, Dong C: A distinct lineage of CD4 T cells
regulates tissue inflammation by producing interleukin 17.
Nat Immunol 2005, 6:1133-1141.
Miossec P: Interleukin-17 in fashion, at last: ten years after its
description, its cellular source has been identified. Arthritis
Rheum 2007, 56:2111-2115.
Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, Weaver CT: Interleukin 17-producing CD4+ effector T
cells develop via a lineage distinct from the T helper type 1 and
2 lineages. Nat Immunol 2005, 6:1123-1132.
Hwang SY, Kim JY, Kim KW, Park MK, Moon Y, Kim WU, Kim HY:
IL-17 induces production of IL-6 and IL-8 in rheumatoid arthritis synovial fibroblasts via NF-kappaB- and PI3-kinase/Aktdependent pathways. Arthritis Res Ther 2004, 6:R120-R128.
Fossiez F, Djossou O, Chomarat P, Flores-Romo L, Ait-Yahia S,
Maat C, Pin JJ, Garrone P, Garcia E, Saeland S, Blanchard D, Gaillard C, Das MB, Rouvier E, Golstein P, Banchereau J, Lebecque S:
T cell interleukin-17 induces stromal cells to produce proinflammatory and hematopoietic cytokines. J Exp Med 1996,
183:2593-2603.
Laan M, Cui ZH, Hoshino H, Lotvall J, Sjostrand M, Gruenert DC,
Skoogh BE, Linden A: Neutrophil recruitment by human IL-17
via C-X-C chemokine release in the airways. J Immunol 1999,
162:2347-2352.
Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner
HL, Kuchroo VK: Reciprocal developmental pathways for the
generation of pathogenic effector TH17 and regulatory T cells.
Nature 2006, 441:235-238.
Feng G, Gao W, Strom TB, Oukka M, Francis RS, Wood KJ, Bushell A: Exogenous IFN-gamma ex vivo shapes the alloreactive
T-cell repertoire by inhibition of Th17 responses and generation of functional Foxp3+ regulatory T cells. Eur J Immunol
2008, 38:2512-2527.
Cruz A, Khader SA, Torrado E, Fraga A, Pearl JE, Pedrosa J,
Cooper AM, Castro AG: Cutting edge: IFN-gamma regulates
the induction and expansion of IL-17-producing CD4 T cells
during mycobacterial infection.
J Immunol 2006,
177:1416-1420.
Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishiyama
S, Saito S, Inoue K, Kamatani N, Gillespie MT, Martin TJ, Suda T:
IL-17 in synovial fluids from patients with rheumatoid arthritis
is a potent stimulator of osteoclastogenesis. J Clin Invest
1999, 103:1345-1352.
Chabaud M, Durand JM, Buchs N, Fossiez F, Page G, Frappart L,
Miossec P: Human interleukin-17: A T cell-derived proinflammatory cytokine produced by the rheumatoid synovium.
Arthritis Rheum 1999, 42:963-970.
Lubberts E, Koenders MI, Oppers-Walgreen B, van den BL,
Coenen-de Roo CJ, Joosten LA, Berg WB van den: Treatment
with a neutralizing anti-murine interleukin-17 antibody after
the onset of collagen-induced arthritis reduces joint inflammation, cartilage destruction, and bone erosion. Arthritis Rheum
2004, 50:650-659.
Nakae S, Nambu A, Sudo K, Iwakura Y: Suppression of immune
induction of collagen-induced arthritis in IL-17-deficient mice.
J Immunol 2003, 171:6173-6177.

Page 12 of 13
(page number not for citation purposes)

14. Lubberts E, Joosten LA, Loo FA van de, Schwarzenberger P, Kolls
J, Berg WB van den: Overexpression of IL-17 in the knee joint
of collagen type II immunized mice promotes collagen arthritis
and aggravates joint destruction.
Inflamm Res 2002,
51:102-104.
15. Chu CQ, Swart D, Alcorn D, Tocker J, Elkon KB: Interferongamma regulates susceptibility to collagen-induced arthritis
through suppression of interleukin-17. Arthritis Rheum 2007,
56:1145-1151.
16. Billiau A, Matthys P: Interferon-gamma: a historical perspective.
Cytokine Growth Factor Rev 2009, 20:97-113.
17. Kelchtermans H, Billiau A, Matthys P: How interferon-gamma
keeps autoimmune diseases in check. Trends Immunol 2008,
29:479-486.
18. Dijkmans R, Volckaert G, Van Damme J, De Ley M, Billiau A, De
Somer P: Molecular cloning of murine interferon gamma
(MuIFN-gamma) cDNA and its expression in heterologous
mammalian cells. J Interferon Res 1985, 5:511-520.
19. Heremans H, Van Damme J, Dillen C, Dijkmans R, Billiau A: Interferon gamma, a mediator of lethal lipopolysaccharide-induced
Shwartzman-like shock reactions in mice. J Exp Med 1990,
171:1853-1869.
20. Uyttenhove C, Van Snick J: Development of an anti-IL-17A autovaccine
that
prevents
experimental
auto-immune
encephalomyelitis. Eur J Immunol 2006, 36:2868-2874.
21. Zhou N, Paemen L, Opdenakker G, Froyen G: Cloning and
expression in Escherichia coli of a human gelatinase B-inhibitory single-chain immunoglobulin variable fragment (scFv).
FEBS Lett 1997, 414:562-566.
22. Huang S, Hendriks W, Althage A, Hemmi S, Bluethmann H, Kamijo
R, Vilcek J, Zinkernagel RM, Aguet M: Immune response in mice
that lack the interferon-gamma receptor. Science 1993,
259:1742-1745.
23. De Klerck B, Carpentier I, Lories RJ, Habraken Y, Piette J, Carmeliet G, Beyaert R, Billiau A, Matthys P: Enhanced osteoclast
development in collagen-induced arthritis in interferon-γ
receptor knock-out mice as related to increased splenic
CD11b+ myelopoiesis. Arthritis Res Ther 2004, 6:R220-R231.
24. Tagawa Y, Sekikawa K, Iwakura Y: Suppression of concanavalin
A-induced hepatitis in IFN-gamma(-/-) mice, but not in TNFalpha(-/-) mice: role for IFN-gamma in activating apoptosis of
hepatocytes. J Immunol 1997, 159:1418-1428.
25. Durbin JE, Hackenmiller R, Simon MC, Levy DE: Targeted disruption of the mouse Stat1 gene results in compromised innate
immunity to viral disease. Cell 1996, 84:443-450.
26. Matsuyama T, Kimura T, Kitagawa M, Pfeffer K, Kawakami T,
Watanabe N, Kundig TM, Amakawa R, Kishihara K, Wakeham A:
Targeted disruption of IRF-1 or IRF-2 results in abnormal type
I IFN gene induction and aberrant lymphocyte development.
Cell 1993, 75:83-97.
27. Kelchtermans H, De Klerck B, Mitera T, Van Balen M, Bullens D,
Billiau A, Leclercq G, Matthys P: Defective CD4+CD25+ regulatory T cell functioning in collagen-induced arthritis: an important factor in pathogenesis, counter-regulated by endogenous
IFN-gamma. Arthritis Res Ther 2005, 7:R402-R415.
28. Kelchtermans H, Struyf S, De Klerck B, Mitera T, Alen M, Geboes
L, Van Balen M, Dillen C, Put W, Gysemans C, Billiau A, Van
Damme J, Matthys P: Protective role of IFN-gamma in collageninduced arthritis conferred by inhibition of mycobacteriainduced granulocyte chemotactic protein-2 production. J Leukoc Biol 2007, 81:1044-1053.
29. Livak KJ, Schmittgen TD: Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25:402-408.
30. Vermeire K, Heremans H, Vandeputte M, Huang S, Billiau A, Matthys P: Accelerated collagen-induced arthritis in IFN-gamma
receptor-deficient mice. J Immunol 1997, 158:5507-5513.
31. Matthys P, Vermeire K, Mitera T, Heremans H, Huang S, Schols D,
De Wolf-Peeters C, Billiau A: Enhanced autoimmune arthritis in
IFN-gamma receptor-deficient mice is conditioned by mycobacteria in Freund's adjuvant and by increased expansion of
Mac-1+ myeloid cells. J Immunol 1999, 163:3503-3510.
32. Schwarzenberger P, La RV, Miller A, Ye P, Huang W, Zieske A,
Nelson S, Bagby GJ, Stoltz D, Mynatt RL, Spriggs M, Kolls JK: IL17 stimulates granulopoiesis in mice: use of an alternate,
novel gene therapy-derived method for in vivo evaluation of
cytokines. J Immunol 1998, 161:6383-6389.

Available online http://arthritis-research.com/content/11/4/R122

33. Ramana CV, Gil MP, Schreiber RD, Stark GR: Stat1-dependent
and -independent pathways in IFN-gamma-dependent
signaling. Trends Immunol 2002, 23:96-101.
34. Lubberts E, Koenders MI, Berg WB van den: The role of T-cell
interleukin-17 in conducting destructive arthritis: lessons from
animal models. Arthritis Res Ther 2005, 7:29-37.
35. McInnes IB, Schett G: Cytokines in the pathogenesis of rheumatoid arthritis. Nat Rev Immunol 2007, 7:429-442.
36. Jovanovic DV, Di Battista JA, Martel-Pelletier J, Jolicoeur FC, He Y,
Zhang M, Mineau F, Pelletier JP: IL-17 stimulates the production
and expression of proinflammatory cytokines, IL-beta and
TNF-alpha, by human macrophages.
J Immunol 1998,
160:3513-3521.
37. Irmler IM, Gajda M, Brauer R: Exacerbation of antigen-induced
arthritis in IFN-gamma-deficient mice as a result of unrestricted IL-17 response. J Immunol 2007, 179:6228-6236.
38. Lubberts E, van den BL, Oppers-Walgreen B, Schwarzenberger P,
Coenen-de Roo CJ, Kolls JK, Joosten LA, Berg WB van den: IL-17
promotes bone erosion in murine collagen-induced arthritis
through loss of the receptor activator of NF-kappa B ligand/
osteoprotegerin balance. J Immunol 2003, 170:2655-2662.
39. Sato K, Suematsu A, Okamoto K, Yamaguchi A, Morishita Y,
Kadono Y, Tanaka S, Kodama T, Akira S, Iwakura Y, Cua DJ, Takayanagi H: Th17 functions as an osteoclastogenic helper T cell
subset that links T cell activation and bone destruction. J Exp
Med 2006, 203:2673-2682.
40. Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, Kakuta S,
Sudo K, Iwakura Y: IL-17 plays an important role in the development of experimental autoimmune encephalomyelitis. J
Immunol 2006, 177:566-573.
41. Hsu HC, Yang P, Wang J, Wu Q, Myers R, Chen J, Yi J, Guentert
T, Tousson A, Stanus AL, Le TV, Lorenz RG, Xu H, Kolls JK, Carter
RH, Chaplin DD, Williams RW, Mountz JD: Interleukin 17-producing T helper cells and interleukin 17 orchestrate autoreactive germinal center development in autoimmune BXD2 mice.
Nat Immunol 2008, 9:166-175.
42. Schwarzenberger P, Kolls JK: Interleukin 17: an example for
gene therapy as a tool to study cytokine mediated regulation
of hematopoiesis. J Cell Biochem Suppl 2002, 38:88-95.
43. Tan W, Huang W, Zhong Q, Schwarzenberger P: IL-17 receptor
knockout mice have enhanced myelotoxicity and impaired
hemopoietic recovery following gamma irradiation. J Immunol
2006, 176:6186-6193.
44. Katz Y, Nadiv O, Beer Y: Interleukin-17 enhances tumor necrosis factor alpha-induced synthesis of interleukins 1,6, and 8 in
skin and synovial fibroblasts: a possible role as a "fine-tuning
cytokine" in inflammation processes. Arthritis Rheum 2001,
44:2176-2184.
45. Kehlen A, Thiele K, Riemann D, Langner J: Expression, modulation and signalling of IL-17 receptor in fibroblast-like synoviocytes of patients with rheumatoid arthritis. Clin Exp Immunol
2002, 127:539-546.
46. Wuyts A, Haelens A, Proost P, Lenaerts JP, Conings R, Opdenakker G, Van Damme J: Identification of mouse granulocyte
chemotactic protein-2 from fibroblasts and epithelial cells.
Functional comparison with natural KC and macrophage
inflammatory protein-2. J Immunol 1996, 157:1736-1743.
47. Wuyts A, D'Haese A, Cremers V, Menten P, Lenaerts JP, De Loof
A, Heremans H, Proost P, Van Damme J: NH2- and COOH-terminal truncations of murine granulocyte chemotactic protein-2
augment the in vitro and in vivo neutrophil chemotactic
potency. J Immunol 1999, 163:6155-6163.
48. Shen F, Ruddy MJ, Plamondon P, Gaffen SL: Cytokines link osteoblasts and inflammation: microarray analysis of interleukin17- and TNF-alpha-induced genes in bone cells. J Leukoc Biol
2005, 77:388-399.
49. Zrioual S, Toh ML, Tournadre A, Zhou Y, Cazalis MA, Pachot A,
Miossec V, Miossec P: IL-17RA and IL-17RC receptors are
essential for IL-17A-induced ELR+ CXC chemokine expression in synoviocytes and are overexpressed in rheumatoid
blood. J Immunol 2008, 180:655-663.
50. Ruddy MJ, Shen F, Smith JB, Sharma A, Gaffen SL: Interleukin17 regulates expression of the CXC chemokine LIX/CXCL5 in
osteoblasts: implications for inflammation and neutrophil
recruitment. J Leukoc Biol 2004, 76:135-144.
51. Vandercappellen J, Noppen S, Verbeke H, Put W, Conings R,
Gouwy M, Schutyser E, Proost P, Sciot R, Geboes K, Opdenakker

G, Van Damme J, Struyf S: Stimulation of angiostatic platelet
factor-4 variant (CXCL4L1/PF-4var) versus inhibition of angiogenic granulocyte chemotactic protein-2 (CXCL6/GCP-2) in
normal and tumoral mesenchymal cells. J Leukoc Biol 2007,
82:1519-1530.
52. Grevers LC, van Lent PL, Koenders MI, Walgreen B, Sloetjes AW,
Nimmerjahn F, Sjef VJ, Berg WB van den: Different amplifying
mechanisms of interleukin-17 and interferon-gamma in
Fcgamma receptor-mediated cartilage destruction in murine
immune complex-mediated arthritis. Arthritis Rheum 2009,
60:396-407.
53. Wuyts A, Struyf S, Gijsbers K, Schutyser E, Put W, Conings R,
Lenaerts JP, Geboes K, Opdenakker G, Menten P, Proost P, Van
Damme J: The CXC chemokine GCP-2/CXCL6 is predominantly induced in mesenchymal cells by interleukin-1beta and
is down-regulated by interferon-gamma: comparison with
interleukin-8/CXCL8. Lab Invest 2003, 83:23-34.
54. Williams AS, Richards PJ, Thomas E, Carty S, Nowell MA, Goodfellow RM, Dent CM, Williams BD, Jones SA, Topley N: Interferon-gamma protects against the development of structural
damage in experimental arthritis by regulating polymorphonuclear neutrophil influx into diseased joints. Arthritis Rheum
2007, 56:2244-2254.

Page 13 of 13
(page number not for citation purposes)

