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Interleukin-1 Drives Pathogenic Th17 Cells
During Spontaneous Arthritis in
Interleukin-1 Receptor Antagonist—Deficient Mice

Marije I. Koenders,' Isabel Devesa,' Renoud J. Marijnissen,' Shahla Abdollahi-Roodsaz,'
Annemieke M. H. Boots,” Birgitte Walgreen,' Franco E. di Padova,” Martin J. H. Nicklin,*
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Objective. Interleukin-1 receptor antagonist—
deficient (IL-1Ra~’~) mice spontaneously develop an
inflammatory and destructive arthritis due to unop-
posed excess IL-1 signaling. In this study, the role of
Th17 cells and the effect of neutralization of IL-17, IL-1,
and tumor necrosis factor « (TNFa) were investigated
in this IL-1-driven murine arthritis model.

Methods. T cells isolated from IL-1Ra~’~ and
wild-type (WT) mice were stained for IL-17 and
interferon-y, with results assessed by fluorescence-
activated cell sorting analysis. To investigate the contri-
bution of IL-1 and IL-17 in further progression of
arthritis in this model, mice were treated with neutral-
izing antibodies after the onset of arthritis.

Results. Compared with WT mice, IL-1Ra™/~
mice had similar levels of Thl cells but clearly enhanced
levels of Th17 cells; this increase in the number of Th17
cells was evident even before the onset of arthritis, in
young, nonarthritic IL-1Ra~’~ mice. The percentage of
Th17 cells increased even more after the onset of
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arthritis and, similar to the serum levels and local
messenger RNA levels of IL-17, the percentage of IL-
17+ Thl17 cells clearly correlated with the severity of
arthritis. Anti-IL-17 treatment prevented any further
increase in inflammation and bone erosion, whereas
blocking of TNFa after the onset of arthritis had no
effect. In contrast, neutralization of IL-1 resulted in a
complete suppression of arthritis. Interestingly, this
anti-IL-1 treatment also significantly reduced the per-
centage of IL-174+ Thl17 cells in the draining lymph
nodes of these arthritic mice.

Conclusion. Increased levels of Th17 cells can be
detected in IL-1Ra™'~ mice even preceding the onset of
arthritis. In addition, the results of cytokine-blocking
studies demonstrated that IL-17 contributes to the
inflammation and bone erosion in this model, which
suggests that IL-1 is the driving force behind the
IL-17-producing Th17 cells.

Rheumatoid arthritis (RA) is an autoimmune
disease with unknown etiology, characterized by pro-
gressive inflammation and destruction of multiple joints.
Cytokines are important mediators in the arthritic pro-
cess, driving the synovial inflammation and contributing,
directly or indirectly, to degradation of cartilage and
bone. Tumor necrosis factor « (TNFa) and interleukin-1
(IL-1) are considered to be key cytokines in the RA
process (1,2), and their actions can be effectively
blocked with biologic agents such as etanercept (En-
brel), infliximab (Remicade), adalimumab (Humira),
and anakinra (Kineret) (2). Despite the very good
results obtained with these biologic agents in the treat-
ment of RA, not all RA patients respond well to these
therapies, although the reason for this nonresponsive-
ness is unclear. Immune reactions against the biologic
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agent or a limited half-life of the compound can result in
suboptimal blocking of the targeted cytokine (3,4). In
addition, RA is a widely heterogeneous disease, indicat-
ing that the relative role of a specific cytokine can have
great individual variation.

Animal models of arthritis offer the possibility of
studying the relative role of specific cytokines in a
simplified setup. IL-1 receptor antagonist—deficient (IL-
1Ra~/") mice form an elegant model of an IL-1-driven
experimental arthritis in which the role of a variety of
cytokines in the arthritic process can be studied. In
IL-1Ra~’~ mice, the absence of IL-1Ra results in spon-
taneous arthritis due to excess IL-1 signaling (5). Cross-
ing of these mice with TNFa '~ mice results in a
crossbred strain that exhibits reduced incidence and
severity of spontaneous arthritis (6), indicating that
TNFa is important in the development of arthritis in this
model.

In a study using 2 different approaches (6), it was
shown that T cells are also very important in this arthritis
model, since spontaneous arthritis did not develop when
the mice had no functional T (and B) cells, and arthritis
could be transferred by T cells to naive nude mice (6). In
another study, IL-1IRa~’~ mice showed increased levels
of IL-17 after stimulation of splenic T cells (7), and thus
the role of IL-17 in this model was explored by crossing
the IL-1Ra™/~ mice with IL-17/~ mice; this additional
IL-17 deficiency completely blocked the onset of the
disease (7), indicating a crucial role for IL-17 in the
development of arthritis in this murine model.

IL-17 is a proinflammatory cytokine that is
present in the synovial tissue and synovial fluid of RA
patients (8-12). IL-17 has always been regarded as a
cytokine that is mainly produced by activated T cells, but
it was only recently assigned its own unique T cell subset,
the Th17 cells (13,14). Th17 cells originate from naive
precursor T helper cells and are driven by various
cytokines, such as IL-6 and transforming growth factor
B, IL-23, and IL-1 (15-17). Th17 cells express the
specific transcription factor retinoic acid-related orphan
receptor yT (18) and are characterized by the selective
production of IL-17 (19). IL-17 can induce expression of
IL-1 and TNF« (19), but can also act on inflammation
and destruction independent of these cytokines (20,21).
IL-17 has been shown to contribute to inflammation and
destruction in vitro (22-24) and in mouse models (25—
28), and promising effects of IL-17 blockade in animal
models of arthritis have resulted in the first clinical trials
with neutralizing anti-IL-17 antibodies.

Blocking of IL-17 in mice with collagen-induced
arthritis (CIA) reduced the inflammation and destruc-
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tion of the joints, even in the late stages after onset of
the disease (29), and effects were even more pro-
nounced when IL-17 was neutralized in the T cell-driven
flare reaction of antigen-induced arthritis (30). In this
study, we investigated the role of Th17 cells and the
effect of neutralization of IL-17, relative to that of IL-1
or TNFe, in the progression of a strongly IL-1-driven
experimental arthritis, by blocking these cytokines after
the onset of arthritis in IL-1Ra~’~ mice.

MATERIALS AND METHODS

Animals. IL-1Ra™/~ mice on the BALB/c background
were kindly supplied by Dr. M. Nicklin (Sheffield, UK), and
were generated as described previously (31). The IL-1Ra™/~
mice were backcrossed onto the arthritis-susceptible strain
BALBY/c for at least 8 generations; BALB/c mice from Charles
River (Wilmington, MA) were used as wild-type (WT) con-
trols. All mice were housed in filter-top cages under specific
pathogen—free conditions, and a standard diet and water were
provided ad libitum. The mice used for antibody treatment
were between 10 weeks and 14 weeks of age. All animal
procedures were approved by the institutional ethics commit-
tee.

Arthritis score. The clinical severity of arthritis (arthri-
tis score) was macroscopically graded on a scale of 0-2 for each
paw (nonarthritic = macroscopic score 0, mild arthritis =
macroscopic score 0.25-1.25, severe arthritis = macroscopic
score 1.5-2.0). This macroscopic grading system assessed the
extent of changes in redness and swelling of the paws.

Cytokine measurements. To determine levels of the
cytokines IL-18, TNFe, and IL-17 in serum samples, Luminex
multianalyte technology was used in combination with multi-
plex cytokine kits (Bio-Rad, Hercules, CA). Cytokines were
measured in 25 ul of serum, diluted 1:3 in serum diluent
(Bio-Rad). The sensitivity of the multiplex kit was <3 pg/ml.

Fluorescence-activated cell sorter (FACS) staining.
CD3+ T cells from the spleens of mice were isolated using
negative selection with a magnetic sorter and microbeads from
the Pan T Cell isolation kit (Miltenyi Biotec, Sunnyvale, CA).
The purity of the CD3+ T cells was >95%. These isolated
T cells from the spleen and lymph nodes were stimulated
with 50 ng/ml phorbol myristate acetate and 1 ug/ml ionomycin
in the presence of GolgiPlug (catalog no. BD555029) for 5
hours, and then stained with anti-CD4 and fixed and perme-
abilized using BD Cytofix/Cytoperm (BD Biosciences, San
Jose, CA), followed by intracellular staining with anti-IL-17
and anti-interferon-y (anti-IFNv). The antibodies used were
allophycocyanin-labeled rat anti-CD4 IgG2a (catalog no.
BD553051), phycoerythrin-labeled rat anti-IL-17 IgG1 (cata-
log no. BD559502), fluorescein isothiocyanate-labeled rat
anti-IFN+y IgG1 (catalog no. BD554411), and corresponding
isotype controls (all from BD Biosciences).

Study protocol. IL-1Ra /" mice with early (estab-
lished) arthritis (defined as having an arthritis score of 0.75-
1.0) were treated with different cytokine blockers. Mice re-
ceived anticytokine treatment intraperitoneally on day 0 and
day 4 of the study, and the joints were scored macroscopically
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for arthritis on days 2, 4, and 7. On day 7, serum samples were
obtained and ankle joints were isolated for histologic analysis.
In addition, the spleen and lymph nodes were isolated for
FACS analysis.

Anticytokine treatments. IL-17 was neutralized with a
rat anti-mouse IL-17 monoclonal antibody (catalog no.
MAB421; R&D Systems, Minneapolis, MN). IL-18 was neu-
tralized with a rat anti-mouse IL-18 monoclonal antibody
(1400.24.17, MM425; Perbio Science, Bonn, Germany). Injec-
tions were given intraperitoneally. As a control, the same
amount of rat isotype control antibodies was injected. To
neutralize TNF«, mice were treated with dimerically linked
PEGylated soluble p55 TNF receptor I (TNFRI; Amgen,
Boulder, CO) at a dose of 3 mg/kg or 10 mg/kg. Efficacy of this
TNFRI, referred to as TNFbp, has previously been observed in
murine streptococcal cell wall-induced arthritis (32) and CIA
(33).

Histology. For standard histologic assessment, isolated
joints were fixed for 4 days in 10% formalin, decalcified in 5%
formic acid, and subsequently dehydrated and embedded in
paraffin. Standard frontal sections (7 um) of the joint tissue
were mounted on SuperFrost slides (Menzel-Glaser, Braun-
schweig, Germany). Hematoxylin and eosin staining was per-
formed to study joint inflammation. The severity of inflamma-
tion in the joints was scored on a scale of 0-3 (0 = no cells, 1 =
mild cellularity, 2 = moderate cellularity, and 3 = maximal
cellularity).

To study proteoglycan (PG) depletion from the carti-
lage matrix, sections were stained with Safranin O, followed by
counterstaining with fast green. Depletion of PG was deter-
mined using an arbitrary scale of 0-3, ranging from normal,
fully stained cartilage to destained cartilage that was fully
depleted of PG. Bone destruction was graded on a scale of 0-3,
ranging from no damage to the complete loss of bone struc-
ture. Histopathologic changes were scored on 5 semiserial
sections of the joint, with sections spaced 70 wm apart. Scoring
was performed in a blinded manner by 2 independent observ-
ers.

IL-1B immunostaining. Tissue sections (7 wm) were
deparaffinized, rehydrated, and treated with 3% H,O, for
10 minutes at room temperature. Sections were incubated
for 12 minutes in 10 mM of warm citrate buffer (pH 6.0),
and thereafter incubated for 1 hour with rabbit anti-mouse
IL-1B antibodies (H-135) (catalog no. sc-7884; Santa Cruz
Biotechnology, Santa Cruz, CA) or irrelevant primary
isotype-specific IgG antibodies. After rinsing, sections were
incubated for 30 minutes with biotinylated swine anti-rabbit
antibodies (E0431; Dako, Carpinteria, CA), followed by
labeling with streptavidin—horseradish peroxidase (HRP)
(P0397; Dako). Peroxidase was developed with diaminoben-
zidine (DAB) as substrate. Sections were counterstained
with hematoxylin for 1 minute.

Cathepsin K immunostaining. Osteoclast activity was
visualized by immunohistochemical analysis for cathepsin K.
Joint sections (7 um) were deparaffinized, rehydrated, and
incubated with rabbit anti-mouse cathepsin K (a kind gift
from Dr. E. Sakai, Department of Pharmacology, Nagasaki
University School of Dentistry, Nagasaki, Japan) or with
normal rabbit IgG (X0936; Dako) in phosphate buffered
saline containing 5% milk powder, 3% fetal calf serum, and
2% bovine serum albumin. Subsequently, the sections were
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incubated with biotinylated swine anti-rabbit IgG (E0431;
Dako), followed by labeling with streptavidin-HRP (P0397;
Dako). Peroxidase was developed with DAB as substrate.
Sections were counterstained with hematoxylin for 1 minute.

Statistical analysis. Results are expressed as the
mean = SEM. Differences between experimental groups were
tested using the Mann-Whitney U test or one-way analysis of
variance with Dunnett’s multiple comparison test, as appropri-
ate. Correlations were determined using Spearman’s correla-
tion coefficients. P values less than 0.05 were considered
significant.

RESULTS

Development of arthritis in IL-1Ra-deficient
mice. IL-1Ra~/~ mice on the BALB/c background
developed spontaneous arthritis, especially in the
ankle joints of the hind paws (Figure 1). In our colony
of IL-IRa™/~ mice (n = 95), arthritis started to
develop at the age of 3 weeks. At 16 weeks of age,
>70% of the animals had at least 1 arthritic joint. The
incidence of arthritis in the front paws was very low,
with only 4% of the mice having 1 or both front paws
affected. At 16 weeks of age, 45% of the mice had
developed symmetric arthritis, with both hind paws
affected (Figure 1A). The mean period between ar-
thritis onset in 1 hind paw and the development of
symmetric arthritis in both hind paws was 1.5 weeks
(range 0-8 weeks).

Increase in serum and synovial cytokine levels in
arthritic IL-1Ra-deficient mice. Serum and synovial
biopsy samples from arthritic mice and WT BALB/c
mice were collected to determine the systemic and local
expression levels of IL-1, TNFe, and IL-17. First, the
serum levels of these cytokines were analyzed using
Luminex bead array, and subsequently these expression
levels were assessed for correlations with age.

As shown in Figure 1C, the serum levels of IL-1,
IL-17, and TNF« clearly increased during the develop-
ment of spontaneous arthritis in IL-IRa~’~ mice. In
contrast, serum levels in WT BALB/c mice did not
increase or hardly increased over time (Figure 1B). The
results of Spearman’s correlation analyses showed that
the serum levels of all 3 cytokines significantly correlated
with the age of the IL-1Ra™’~ mice (for IL-1, r = 0.810,
P < 0.00001; for IL-17, r = 0.521, P = 0.0032; for TNFa,
r = 0.479, P = 0.0074).

In addition to determining the systemic levels of
these cytokines, synovial biopsy specimens were col-
lected from the knee and ankle joints of IL-IRa~’~ mice
with various degrees of arthritis to assess the expression
of all 3 cytokines. The local messenger RNA (mRNA)
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Figure 1. Incidence of arthritis (A) and correlations of serum cytokine levels with age (B and C) in interleukin-1
receptor antagonist—deficient (IL-1Ra~/~) mice. Development of arthritis was inspected weekly in different joints
of IL-1Ra™"~ mice (n = 95), and the percentage of arthritic mice was determined (A). Arthritis was more common
in the ankle (hind paw) joints than in the front paws, and was expressed symmetrically in the hind paws in almost
two-thirds of the arthritic mice. Serum levels of IL-13, IL-17, and tumor necrosis factor « (TNFa) were determined
in wild-type BALB/c mice (B) and in arthritic IL-1Ra~’~ mice (C), with correlations between serum cytokine levels
and age expressed as Spearman’s correlation coefficients. Squares in B and C represent individual serum samples.

xx = significant P value. NS = not significant.

expression of IL-1, IL-17, and TNF« was determined
using real-time quantitative polymerase chain reaction
(PCR); the results, as shown in Figure 2, are the relative
mRNA expression, determined in relation to the levels
of GAPDH.

In comparison with the IL-1 mRNA levels in
the synovium of noninflamed knee or ankle joints,
IL-1 mRNA levels in arthritic synovium were tremen-

dously up-regulated (Figure 2A), with an increase of
9-13 PCR cycles. A marked up-regulation was also
found for IL-17 mRNA expression in arthritic syno-
vium, which showed an increase of 8-13 PCR cycles as
compared with that in nonarthritic synovium (Figure
2B). Although not as impressive as the findings for
IL-1 or IL-17, an up-regulation of 5-7 PCR cycles was
found for TNFa mRNA expression (Figure 2C). In
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Figure 2. Messenger RNA expression of IL-1 (A), IL-17 (B), and
TNFa (C) in synovial biopsy samples from nonarthritic and arthritic
knee and ankle joints of IL-IRa~/~ mice. Joints were categorized as
nonarthritic (macroscopic score 0) or arthritic (mild = macroscopic
score (.25-1.25, severe = macroscopic score 1.5-2.0). Results are the
relative mRNA expression, determined in relation to GAPDH levels
and calculated as 2744 X 10°. Bars show the mean and SEM results
of 2 experiments with pooled biopsy samples from at least 3 mice per
group. Undet = undetectable expression after 40 polymerase chain
reaction cycles (see Figure 1 for other definitions).

Relative mRNA expression 0

WT BALB/c synovium, mRNA levels for these 3
cytokines were below the limit of detection. These
expression data show that increasing amounts of IL-1,
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IL-17, and TNF« can be found both systemically and
locally during the development of arthritis in IL-
1Ra™/~ mice, suggesting a role for these cytokines in
the inflammatory and destructive processes in this
arthritis model.

Increased numbers of Th17 cells during arthritis
development in IL-1Ra~’~ mice. Since high levels of
IL-17 were found both systemically and locally in the
arthritic IL-1Ra~/~ mice, we next investigated the most
likely source of this cytokine: the IL-17-producing Th17
cell. T cells were isolated from draining lymph nodes and
spleens to study the Th17 (and Thl) cells during the
progression of arthritis. T cells were isolated from WT
BALB/c mice and from IL-1Ra™’~ mice with various
degrees of clinical severity of arthritis (nonarthritic, mild
arthritis, or severe arthritis). The cells were stained for
expression of IL-17 and IFNvy, with results assessed by
FACS analysis.

The percentage of IFNy+ Thl cells in the lymph
nodes and spleens was comparable between the IL-
1Ra~’~ and WT mice, and these levels did not increase
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Figure 3. Fluorescence-activated cell sorter analysis of Th1 (A and B)
and Th17 (C and D) cell subsets in isolated lymphocytes from the
lymph nodes (A and C) and spleens (B and D) of nonarthritic and
arthritic interleukin-1 receptor antagonist-deficient (IL-IRa™/") mice
and wild-type (WT) BALB/c mice. The percentage of Thl cells
remained stable during the development of arthritis in IL-1Ra™/~
mice, whereas that of Th17 cells increased with time and severity of
arthritis. Joints of IL-1Ra™~ mice were categorized as nonarthritic
(macroscopic score 0) or arthritic (mild = macroscopic score 0.25-
1.25, severe = macroscopic score 1.5-2.0). Groups were compared by
one-way analysis of variance with Dunnett’s multiple comparison test.
Bars show the mean and SEM percentage of Thl or Th17 cells.
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Figure 4. Macroscopic arthritis scores (scale 0-2) (A) and histologic
scores for inflammation (B), cartilage proteoglycan (PG) depletion
(C), and bone erosion (D) (scale 0-3 for all) in the arthritic ankle joints
of interleukin-1 receptor antagonist-deficient (IL-IRa~’~) mice
treated with anti-IL-1, anti-IL-17, 2 different doses (3 mg/kg and 10
mg/kg) of PEGylated soluble p55 tumor necrosis factor receptor I
(TNFbp), or control antibodies. Scores for inflammatory cell infiltra-
tion (B), cartilage PG depletion (C), and bone erosion (D) were
assessed 7 days after the start of treatment. Results are the mean and
SEM of at least 8 mice per group. * = P < 0.05; #+ = P < (.01, versus
control antibody-treated group, by Mann-Whitney U test.

significantly during arthritis progression (Figures 3A and
B). In contrast, IL-1Ra~’~ mice showed increasing per-
centages of IL-17+ Th17 cells with further progression
of arthritis, in both the lymph nodes and the spleens, and
even nonarthritic IL-1Ra™’~ mice had significantly
higher IL-17+ Th17 levels than did WT BALB/c mice
(combined data from 6- and 10-week-old nonarthritic
mice versus WT mice, P = 0.0144 in the lymph nodes,
P < 0.0001 in the spleens) (Figures 3C and D).
Suppression of disease severity by blocking of
endogenous IL-17 in arthritic IL-1Ra-deficient mice. To
study the role of IL-17 in comparison with that of IL-1
and TNFa in the progression of spontaneous arthritis in
this murine model, IL-1Ra~/~ mice with early (estab-
lished) arthritis (arthritis score of 0.75-1.0) were treated
with blockers for IL-1, IL-17, or TNFa. Mice received
anticytokine treatment intraperitoneally on day 0 and
day 4 of the study, and joints were scored macroscopi-
cally for arthritis on days 2, 4, and 7. On day 7, the ankle
joints were isolated for histologic analysis. As shown in
Figure 4A, neutralization of TNFa after the first clinical
signs of arthritis had no effect on arthritis severity, even
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after increasing the dose of TNFbp from 3 mg/kg to 10
mg/kg. This indicates that, despite the previously dem-
onstrated role of TNFa in the development of IL-
1Ra~/~ arthritis, TNFa is not important during the
progression of this arthritis in mice.

In contrast, blocking of IL-17 clearly halted fur-
ther progression of this T cell-driven arthritis, although
neutralization of IL-17 did not result in a decrease in the
macroscopic arthritis score (Figure 4A). This finding is
in contrast to that obtained with anti-IL-1 treatment in
arthritic IL-IRa~/~ mice, in which an impressive disap-
pearance of the macroscopic signs of arthritis was ob-
served after blocking of IL-1 (Figure 4A). These results
suggest that IL-17 is crucial not only at the onset of
disease, as was demonstrated by crossing IL-1Ra™’~ with
IL-17"/~ mice (7), but also in the progression of this T
cell-driven arthritis in mice. However, despite the role
of T cells and IL-17, IL-1 remains the driving factor in
this arthritis model.

Reduction of joint inflammation and bone ero-
sion by neutralization of IL-17. Ankle joints of IL-Ra ™/~
mice isolated on day 7 of the study were processed for
histologic analysis and assessed for inflammation and
destruction. Consistent with the lack of change in mac-
roscopic arthritis scores, anti-TNFa treatment after the
onset of arthritis also did not result in a suppression of
inflammation, a decrease in cartilage PG depletion, or a
reduction in bone erosion (Figures 4B-D). In contrast,
neutralization of IL-1 after the onset of arthritis was very
effective in suppressing joint inflammation, and also
markedly reduced cartilage PG depletion and bone
erosion (Figures 4B-D).

Blocking of IL-17 not only halted macroscopic
inflammation (Figure 4A), but also significantly sup-
pressed the influx of proinflammatory cells detected on
histologic analysis (Figure 4B). Cartilage PG depletion
was not significantly suppressed by blocking of IL-17
(Figure 4C), but anti-IL-17 treatment did clearly reduce
bone erosions (Figure 4D). This effect of blocking of
IL-17 on inflammation and bone erosion was accompa-
nied by significantly reduced expression of IL-1 and
cathepsin K, a marker of osteoclast activity, in the
arthritic joints (Figures SA-F). This suggests that IL-17
partially contributes to inflammation and destruction of
the joints in arthritic IL-1Ra™’~ mice, by acting up-
stream of local IL-1 and enhancing synovial expression
of IL-1 and osteoclast differentiation.

Reduction of IL-17+ Th17 cells by anti-IL-1
treatment. Since anti-IL-1 treatment is very powerful in
this IL-1-driven model, and the levels of Th17 cells
clearly correlated with arthritis severity, we next inves-
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Figure 5. Suppression of interleukin-1 (IL-1) expression (B and E) and cathepsin K expression (D
and F) by anti-IL-17 treatment in arthritic ankle joints of IL-1 receptor antagonist—deficient mice.
Images in A-D show representative immunostaining results from a joint section in each group
(original magnification X 200). Controls (A and C) were left untreated. Arrows in C and D indicate
cathepsin K—positive osteoclast-like cells. Results in E and F are the mean and SEM arbitrary score
of immunostaining for IL-1 (E) and cathepsin K (F) in at least 9 mice per group. #* = P < (.01

versus control-treated group, by Student’s 7-test.

tigated the effect of blocking of IL-1 on the Th17 cell
population. T cells were isolated from IL-1Ra~/~ mice
that were treated for 7 days with anti-IL-1 or control
antibodies. FACS analysis of both the Th1 and the Th17
cell populations showed that anti-IL-1 treatment did not
affect the levels of IFNy+ Thl cells (Figures 6A and B).
However, the percentage of IL-17+ Th17 cells in the
draining lymph nodes was significantly suppressed by
neutralization of IL-1 (Figure 6C); a slight, but not

significant, suppressive effect was also observed in the
spleen (Figure 6D). These results support the position of
IL-1 as the driving force behind the IL-17-producing
Th17 cells in this IL-IRa™’~ murine arthritis model.

DISCUSSION

In this study we demonstrated that, in IL-1Ra™’/
mice, TNFa does not contribute to the progression of
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Figure 6. Fluorescence-activated cell sorter analysis of Th1 (A and B)
and Th17 (C and D) cell subsets in the lymph nodes and spleens of
interleukin-1 receptor antagonist-deficient (IL-1Ra™/") mice treated
for 7 days with anti—IL-1 or control antibodies. The percentage of Th1l
cells was not affected by blocking of IL-1, whereas the percentage of
Th17 cells in the draining lymph nodes was significantly suppressed by
anti-IL-1 treatment. Results are the mean and SEM percentage of Th1l
or Th17 cells in 5-6 mice per group. * = P < 0.05 versus control-
treated group, by Student’s 7-test.

IL-1-driven experimental arthritis. In addition, we
showed that an increase in the number of Th17 cells
already preceded the onset of arthritis, and high levels of
IL-17 could be detected both locally and systemically.
Our cytokine-blocking studies demonstrated that IL-17
contributes to the inflammation and bone erosion in this
model, and the results suggest that IL-1 is the main
driving force behind the IL-17-producing Th17 cells.
IL-1Ra~’~ mice develop spontaneous arthritis as
a result of excess IL-1 signaling due to the absence of the
natural inhibitor IL-1Ra (5). Previously, it was shown
that T cells are involved in this arthritic process, and that
TNFa and IL-17 are important for the development of
arthritis in this model (6,7). However, more interest-
ingly, this animal model offers the opportunity to study
the relative role of endogenous TNFa and IL-17 in the
progression of an IL-1-driven experimental arthritis.
During the development of arthritis in IL-1IRa~/~ mice,
the serum levels of IL-1, IL-17, and TNF« correlated
with increasing age. Moreover, in the arthritic joint,
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increased mRNA levels of these cytokines were found,
with a particularly impressive increase in the mRNA
levels of IL-1 and IL-17.

Blocking of these cytokines after the onset of
disease showed that, although TNFa expression was
elevated in the arthritic joints, TNFa did not contribute
significantly to the progression of arthritis. Blocking of
TNFa did not reduce the macroscopic and histologic
scores, even after raising the dose of TNFbp from 3
mg/kg to 10 mg/kg. These findings correspond with those
obtained with anti-TNF« treatment during murine CIA,
in which blocking of TNFa before or early after the
onset of disease reduced the severity of the arthritis, but
neutralization of TNFa in established CIA was not
effective (33,34). In this IL-1-driven arthritis model in
IL-1Ra~’~ mice, the additional TNFa deficiency in the
mice affects disease development, indicating that TNFa«
is important in the development of arthritis (6), but the
results from blocking of TNFa« after disease onset
showed a lack of involvement of TNF« in the progres-
sion of arthritis. These data indicate that TNFa plays an
important role in the early phase of arthritis, but that an
established arthritis driven by IL-1 and involving T (and
B) cells can become nonresponsive to anti-TNFa treat-
ment.

Since T cells play an important role in this
arthritis model (6), and stimulated splenic lymphocytes
produce increased levels of IL-17 in IL-1Ra~/~ mice (7),
a role for IL-17-producing Th17 cells in the progression
of arthritis was suspected. First, we demonstrated that
IL-17 is highly up-regulated in the serum and synovium
of arthritic IL-1Ra™’~ mice. The main source of IL-17,
formed by the Th17 cells, was clearly detectable in the
draining lymph nodes and spleens of these mice. Re-
markably, the increased percentage of Th17 cells even
preceded the clinical onset of arthritis. Blocking of IL-17
resulted in a significant suppression of the macroscopic
arthritis score, in comparison with the effects of control
treatment. However, anti-IL-17 treatment only pre-
vented further progression of arthritis and did not result
in a decrease in the arthritis score. Apparently, the
IL-1-driven arthritis model runs only partially through
IL-17.

Histologic analysis showed that anti-IL-17 treat-
ment significantly reduced inflammation and bone ero-
sion, as compared with that in the control group, and a
reduction in the local expression of cathepsin K and IL-1
accompanied this effect. This suggests that IL-17, ini-
tially driven by excess IL-1 production, contributes to the
arthritic process by even further enhancing IL-1 levels in
the arthritic joint, driving (part of) the local IL-1 pro-
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duction and thereby acting both downstream and up-
stream of IL-1.

Neutralization of IL-1 almost completely reduced
the macroscopic inflammation and was also very potent
in reducing the histologic parameters of inflammation,
cartilage destruction, and bone erosion. Even late after
disease onset, in mice with macroscopic arthritis severity
scores =1.5, anti-IL-1 treatment almost completely sup-
pressed the arthritis in IL-1Ra™~’~ mice (results not
shown).

Previously, IL-1 has been shown to play an essen-
tial role in T cell activation by regulating costimulatory
molecules such as CD40 ligand and OX40 (35). Excess
IL-1 in IL-1Ra~/~ mice might therefore lead to en-
hanced T cell activation and, in combination with the
enhanced IL-23 expression in IL-1Ra™’~ mice (36), this
enhanced T cell activation forms an ideal environment
for Th17 cell formation. In our blocking study using
anti—-IL-1 monoclonal antibodies, this treatment signifi-
cantly reduced the Th17 cell population in the draining
lymph nodes. Moreover, stimulated splenic T lympho-
cytes in anti-IL-1-treated mice showed a reduction in
IL-17 (results not shown). Similar responses were ob-
served in IL-1Ra-treated mice during CIA (results not
shown). This suggests that IL-1 contributes to the for-
mation and/or activation of IL-17-producing T cells
during arthritis, acting upstream of IL-17.

The effect of anti-IL-1 treatment was greater
than expected, in terms of the role of T cells and IL-17+
T cells in this arthritis model. Although the initiation of
the spontaneous arthritis in this model is undoubtedly
driven by uncontrolled excess IL-1 production, the de-
velopment of IL-17-producing T cells would potentially
make this murine arthritis less dependent on IL-1.
However, even after the onset of arthritis, IL-1 blocking
led to almost complete remission, as assessed by macro-
scopic scoring of the ankle joints, and also resulted in an
impressive reduction in inflammation, cartilage PG de-
pletion, and bone erosion. This suggests that, apart from
activated T cells and IL-17, other mediators drive the
continuous IL-1 production in IL-1Ra™’~ mice.

Results from recent studies suggest that Toll-like
receptor 4 (TLR-4) and endogenous TLR ligands, in-
cluding bacterial flora and damage-associated tissue
components, might be involved in continuation of the
arthritic process in IL-IRa~/~ mice (37). Endogenous
TLR-4 ligands might play an important role in the
progression of this arthritis. TLR-4 ligands have been
found in RA synovial fluid, and Th17 cell numbers and
IL-17 production are controlled by TLR-4 via the induc-
tion of IL-23 and IL-1 (37). This local cytokine environ-
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ment involving IL-1 and IL-23 might explain the more
pronounced inhibitory effects of anti-IL-1 treatment on
the Th17 cell numbers in the draining lymph nodes
compared with the spleens. High synovial IL-1 produc-
tion in the arthritic IL-1Ra /" joint promotes local Th17
cell differentiation and activation. Blocking of this local
IL-1 production already affected the Th17 cells in the
draining lymph nodes after 1 week of treatment, as
shown in Figure 6C. Although the effects of anti-IL-1 on
splenic Th17 cells were not significant, it is expected that
prolonged blocking of IL-1 will also lead to significant
suppression of Th17 cell numbers in the spleen.

Our findings in IL-1Ra™’~ mice demonstrate that
IL-1-driven experimental arthritis will not be blocked by
neutralization of TNFa in later stages, during estab-
lished disease, and that IL-17 produced by Th17 cells
contributes to the progression of inflammation and
destruction in this T cell-driven model. These data
suggest that excess production of IL-1 during RA pro-
gression might result in nonresponsiveness to anti-TNFa
treatment, and that IL-1-induced Th17 cell differentia-
tion and activation will result in enhancement of IL-17
production, which contributes to increased inflammation
and destruction of the joints.
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