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SUMMARY

The effect of blocking IL-12, a potent inducer of interferon-gamma (IFN-g) and promoter of Th1 cell
responses, during the induction phase of CIA was investigated. Arthritis was elicited in male DBA/1
mice by immunizing with type II collagen (CII) in Freund’s complete adjuvant. Neutralizing anti-IL-12
antibodies were administered twice weekly from CII immunization. It was found that administration of
anti-IL-12 from immunization until the onset of clinical arthritis did not lower the incidence of arthritis,
but dramatically attenuated the severity of the disease, both clinically and histopathologically. This
regime was associated with reduced IFN-g levels produced byex vivoCII-stimulated draining lymph
node cells, and with diminished spontaneousex vivoproduction of tumour necrosis factor (TNF), IL-6
and IL-10 by freshly isolated synovial cells. Total anti-CII antibody serum levels in these mice were
lower than in the controls, but there was no change in the IgG2a/IgG1 ratio. These findings confirm that
IL-12 has a major role in the induction of murine CIA and suggests that this disease is propagated, in
part, by cells of the Th1 phenotype.
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INTRODUCTION

IL-12 is a heterodimeric cytokine, consisting of a p40 and a p35
subunit, with potent immunoregulatory properties, primarily
released by antigen-presenting cells, dendritic cells, and mono-
cytes/macrophages in response to bacterial products and immune
signals (reviewed in [1]). It enhances natural killer (NK)-mediated
cytotoxicity and induces interferon-gamma (IFN-g) production by
NK cells and T lymphocytes [2,3]. IL-12 plays a key role in
promoting Th1 immune responses, as demonstrated bothin vitro
[4] and in vivo [5,6]. Accordingly, antibodies against IL-12 have
been used to beneficial effect in experimental models for auto-
immune diseases that are Th1-driven, such as experimental allergic
encephalomyelitis (EAE) [7] and 2,4,6-trinitrobenzene sulphonic
acid (TNBS)-induced chronic intestinal inflammation in mice, a
model for human inflammatory bowel disease [8]. In TNBS-treated
mice, administration of anti-IL-12 after induction of colitis led to a
striking improvement of established disease, clinically and histo-
pathologically, associated with a decrease in IFN-g production by
ex vivostimulated lamina propria CD4þ cells. Similarly, anti-IL-
12 treatment in C3H mice infected withBorrelia burgdorferi
significantly reduced the severity of Lyme arthritis, accompanied
by a decrease in IFN-g serum levels [9].

Murine CIA is an experimental model for rheumatoid arthritis
(RA) that can be induced in genetically susceptible DBA/1 mice by
immunization with heterologous native type II collagen (CII)
emulsified in Freund’s complete adjuvant (FCA) [10]. The clinical
course of the disease is characterized by an acute arthritis affecting
several limbs, resulting in joint destruction and deformities.
Pathologically, there is massive infiltration of the synovium by
immunocompetent cells, formation of an invasive pannus, and
subsequent cartilage and bone erosion. The immune response to
CII involves both cellular and humoral mechanisms [11] and CD4þ

cells have been strongly implicated in the induction phase of the
disease [12].

It has been recently demonstrated that IL-12 can replace
Mycobacterium tuberculosiswhen immunizing DBA/1 mice with
CII in oil, resulting in severe arthritis, associated with enhanced
IFN-g production byex vivoCII-stimulated spleen cells, and an
increased collagen-specific IgG2a antibody response [13]. Consis-
tent with this observation, a study from our laboratory investigated
the role of Th1/Th2-type responses in the development of CIA, and
found that IFN-g production dramatically increased at the time of
disease onset and subsequently declined throughout the disease and
the remission phase [14].

In view of the association between a Th1 response and the
onset of arthritis, we explored the role of IL-12 in the pathogenesis
of CIA, by administration of a neutralizing anti-IL-12 MoAb
during the induction phase of the disease. We report here that
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the blockade of IL-12 is not able to prevent disease onset, but
dramatically attenuates the severity of the arthritis.

MATERIALS AND METHODS

Induction of arthritis
Bovine CII was purified from hyaline cartilage, as previously
described [15]. Male DBA/1 mice (8–12 weeks old) were immu-
nized with 100mg of CII emulsified in FCA (Difco, Detroit, MI) by
intradermal injection at the base of the tail.

Administration of anti-IL-12 antibody
The rat IgG2b anti-mouse IL-12p40 MoAb, designated 10F6 [16],
was used to treat mice immediately after immunization with CII.
Doses of 500mg in 100ml PBS/injection, were given twice weekly
until onset of clinical arthritis. At the doses used this antibody has
previously been found to have potent neutralizing activityin vitro
and in preliminaryin vivo studies (Gately and Presky, unpublished
results). This MoAb is able to block endotoxin-induced IFN-g

production and antigen (keyhole limpet haemocyanin (KLH))-
induced Th1 responses with a potency comparable to that of the
polyclonal goat anti-mouse IL-12 IgG described previously
[17,18]. In three experiments, a total of 42 mice were treated
with anti-IL-12, and 27 mice were treated with PBS alone, while
eight received an equal dose of rat IgG2b isotype control antibody
directed against aChlamydomonasglycoprotein, AFRC MAC1
(European Collection of Animal Cell Cultures, Salisbury, UK).

Monitoring of arthritis
From day 15 after immunization mice were examined daily for
onset of disease using two clinical parameters: paw swelling and
clinical score [15]. Paw swelling was assessed by measuring the
thickness of the first affected hind paw with callipers. For the
clinical score, 0¼ normal; 1¼ slight swelling and erythema; 2¼
pronounced oedema; 3¼ joint rigidity. Each limb was graded,
resulting in a maximal clinical score of 12 per animal. Unless
otherwise specified, arthritis was monitored over 10 days, after
which the mice were killed. Clinical monitoring was performed in
a blinded manner.

Anti-collagen antibody ELISA
Mice were killed after 3 or 10 days of arthritis and bledpost
mortem. Serum levels of total IgG anti-CII antibodies, and of anti-
CII antibodies of the IgG1 and IgG2a subclasses, were measured
by modification of an ELISA for the detection of human IgG [15].
Briefly, microtitre plates were coated with 2mg/ml native bovine
CII, blocked, and then incubated with serially diluted test sera.
Bound IgG was detected by incubation with alkaline phosphatase-
conjugated goat anti-mouse IgG (Jackson ImmunoResearch,
Luton, UK), or sheep anti-mouse IgG1, or IgG2a (The Binding
Site, Birmingham, UK) followed by substrate (dinitrophenyl phos-
phate). Plates were washed between steps with 0·01% Tween–
PBS. Optical density (OD) was read at 405 nm. To obtain anti-CII
antibody concentrations, serum samples were titred in parallel to a
sample of affinity-purified anti-CII-IgG of known concentration.

Lymph node cell culture
Mice were killed at day 6 after immunization, and at day 3 and day
10 after disease onset. Inguinal lymph nodes were excised, teased
apart to make a single-cell suspension, washed and then cultured in
96-well plates at a density of 1×106 cells/ml (200ml/well) in RPMI

(Bio-Whittaker, Verviers, Belgium) containing heat-inactivated
fetal calf serum (FCS; 10% v/v), 2 mM glutamine, penicillin
100 U/ml, streptomycin 100mg/ml, and 2-mercaptoethanol
(2×10–5

M). Cells were cultured alone, or in the presence of
bovine CII (50mg/ml in Tris-buffered saline). Supernatants were
collected after 72 h and stored at –208C until measured for
cytokines.

Synovial cell culture
Mice were killed at the aforementioned time points and knee joints
were removed. Synovial membranes were excised under a dissect-
ing microscope and digested with collagenase A (1 mg/ml) (Boeh-
ringer-Mannheim UK, Lewes, UK) and DNAse type IV (150mg/
ml; Sigma, Poole, UK) at 378C for 20 min, in the presence of
polymyxin B (33mg/ml). The cells were pooled for a given
treatment group, washed extensively and cultured in 96-well
plates at a density of 4×106 cells/ml (100ml/well) in RPMI,
supplemented with the additives mentioned above. Supernatants
were collected after 24 h and stored at –208C until cytokine
measurement.

Cytokine assays
For determination of tumour necrosis factor (TNF) levels, a
bioassay was performed using the WEHI 164 cell line [19], as
previously described [20]. All other cytokines were detected by
ELISA, as described previously [14]. The antibody pairs used were
as follows (listed by capture/detection MoAb): IL-6, 20F3/32C11;
IL-10, 2 A5/SXC-1; IFN-g, R4-6 A2/XMG1.2. These antibodies
were obtained from the ATCC, courtesy of Dr J. Abrams (DNAX,
Palo Alto, CA). The antibody pair for a heterodimer-specific
mouse IL-12 ELISA was 9A5/5C3 and the detection limit was
15 pg/ml. The detection limits for all other ELISAs were 40 pg/ml.

Histological analysis
Hind paws were removedpost mortemon day 10 of arthritis, fixed
in formalin and decalcified in 5% EDTA. Paws were then
embedded in paraffin, sectioned and stained with haematoxylin
and eosin (H–E). Arthritic changes in the ankle, the metatarso-
phalangeal joints, the proximal interphalangeal and the distal
interphalangeal joints were scored blindly as mild (mild synovial
hyperplasia); moderate (pannus formation and erosions limited to
the cartilage–pannus junction); or severe (extended bone and
cartilage erosions with loss of joint architecture).

Statistical analysis
The Mann–WhitneyU-test for comparing non-parametric data for
statistical significance was applied on all clinical results. Thex2

test was applied for analysis of histological data.

RESULTS

Treatment with anti-IL-12 attenuates the severity of arthritis
Neutralization of IL-12 during the entire induction phase of CIA
did not affect the incidence or the time of onset of arthritis, as
depicted in Table 1. Figure 1a,b shows the clinical course of
arthritis in one representative experiment. The additive value for
paw thickness over the course of arthritis (day 1 to day 10) was
significantly lower in the treated group than in the controls
(P¼ 0·0005) (Fig. 1a), as was the clinical score (P¼ 0·0001)
(Fig. 1b). Pooled data from the three experiments showed that the
arthritis was dramatically attenuated by anti-IL-12 administration,
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as assessed by maximal paw thickness (P< 0·0001) and by maxi-
mal clinical score (P¼ 0·0001). Inflammation of the front paws did
not occur in the treated animals, but was present in 45% of the
control mice. No differences in clinical severity were observed
between the IgG2b isotype control antibody-treated mice and the
PBS-treated mice (not shown).

Histological findings confirm the clinical data
Ten days after onset of arthritis, the mice were killed and the hind
paws were removed for histological processing. Microscopic
analysis of H–E-stained paw sections showed that more joints
were only mildly affected in the anti-IL-12-treated group than in
the control group (P< 0·05;x2) (Fig. 2). In most control mice, the
joints of the hind paw were completely destroyed, with loss of joint
architecture (Fig. 3a). Only 20% of the control animals had joints
with mild lesions (Fig. 2). Eighty percent of the anti-IL-12-treated
mice showed either mild or moderate joint lesions (Fig. 2). Typical
lesions found in these mice consisted of small erosions limited to
the cartilage–pannus junction (Fig. 3b).

The effect of anti-IL-12 on serum levels of anti-CII antibodies
Total IgG anti-CII antibody levels in the serum after 10 days of
arthritis were slightly lower in the anti-IL-12-treated mice than in
controls (Fig. 4). IL-12 affects the development of Th1 cells, and
hence the Th1-dependent IgG subclass, IgG2a, might have dimin-
ished by anti-IL-12 therapy. However, the ratio of serum IgG2a/
IgG1 subclasses varied widely between 1 and 6 in all the experi-
ments, and no effect of anti-IL-12 administration on this ratio was
found.

The effect of anti-IL-12 on spontaneousex vivo cytokine
production by synovial cells
The most critical site of cytokine expression in arthritis is within
the joint itself, and in particular within the synovium [21]. We
evaluated the effect of anti-IL-12 treatment on the balance between
production of pro- and anti-inflammatory cytokines in the syno-
vium and compared this with the severity of clinical disease. For
this purpose, knee joints were removed before disease onset (6 days
after immunization), 3 days after onset of arthritis and 10 days after
onset of arthritis, and synovial cells were counted and cultured as
described. To obtain sufficient material for cytokine study syno-
vium from mice of a given treatment group was pooled. Synovial
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Table 1.Incidence and time of onset of CIA after treatment with anti-IL-12

Incidence Day of onset

PBS control 24/27 (89%) 23·56 3·5
Isotype-treated group 8/8 (100%) 25·16 1·8
Anti-IL-12-treated group 39/42 (93%) 26·26 4·8

Effect of anti-IL-12 administration on the incidence and time of onset of
CIA. Mice were injected with anti-IL-12 or with PBS, or with an IgG2b
isotype control antibody, twice weekly until onset of disease. Results of
three separate experiments are shown as pooled.
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Fig. 1. (a) Paw thickness, expressed in mm, of a representative experiment,
measured daily over 10 days of arthritis. Mice were injected with anti-IL-12
or with PBS (control) from the time of immunization onwards, twice
weekly until onset of arthritis. Controls,n¼ 11 (W); anti-IL-12-treated
animals,n¼ 21 (X). Results are the mean ofn mice 6 s.e.m. (b) Clinical
score of a representative experiment, measured daily over 10 days of
arthritis. Mice were injected with anti-IL-12 or with PBS (control) from
the time of immunization onwards, twice weekly until onset of arthritis.
Controls,n¼ 11 (W); anti-IL-12-treated animals,n¼ 21 (X). Results are
the mean ofn mice 6 s.e.m.
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Fig. 2. Histological findings after administration of PBS controls (n¼ 17
mice) or anti-IL-12 (n¼ 34 mice). Arthritis in the joints from hind paw
sections was assessed histologically 10 days after the onset of clinical
arthritis and was scored as mild (A), moderate (B), or severe (B), as
described in Materials and Methods.



hyperplasia was not observed in the anti-IL-12-treated animals,
whereas the knee synovial cell count increased two- to three-fold in
the controls (Table 2). This was reflected in the spontaneous
production of cytokinesin vitro (Table 2), with control animals
producing some bioactive TNF before disease onset (1·9 U/ml) and
increased levels after onset of clinical arthritis (4 U/ml at day 3 and
10 U/ml at day 10 of arthritis). TNF secretion was markedly
reduced by synovial membrane cells from mice treated with anti-
IL-12 at day 6 after immunization (0·5 U/ml), and TNF production

was virtually absent after onset of disease. A similar pattern of
response was found for IL-6 production. IL-10 was produced by
synovial membrane cells from control animals after disease onset
(43 pg/ml at day 3 of arthritis and 112 pg/ml at day 10), but not by
synovial cells from treated animals (<40 pg/ml). IL-12 could not
be detected in the controls, or in any of the treated mice, using an
ELISA for murine IL-12p70, with a sensitivity of 15 pg/ml (data
not shown). The results in Table 2 are from culture supernatants
derived from cultures of standardized cell numbers, thus the
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Fig. 3. (a) Haematoxylin and eosin staining of the metatarsophalangeal joint of a DBA/1 mouse, killed after 10 days of clinical arthritis
(×100). Infiltration by inflammatory cells is extensive (left), with total destruction and loss of joint architecture. (b) In mice treated with anti-
IL-12, severely damaged lesions were rarely seen, as shown in this figure of the most extensively damaged joints of this treatment group,
which has only mild synovitis and erosions of the cartilage–pannus junction. (×250).



potential for the in vivo local cytokine concentrations in the
synovium of the control mice may be far greater due to the
increased number of leucocytes in these tissues.

The effect of anti-IL-12 on CII-stimulatedex vivo IFN-g produc-
tion by draining lymph node cells
Inguinal lymph nodes were excised 6 days after immunization, and
at days 3 and 10 after disease onset. Cell counts increased three-
fold by day 3 of arthritis in the control animals, while treated mice
with mild arthritis showed only a limited increase in lymph node
cell counts (Table 3). IFN-g was produced by inguinal lymph node
cells only when stimulated with CIIin vitro (Table 3). Control
mice produced IFN-g 6 days after immunization, reaching peak
levels at day 3 of arthritis. By day 10 of arthritis, IFN-g secretion
had fallen below detection limits (<40 pg/ml). Anti-IL-12 admin-
istration effectively prevented IFN-g production before disease
onset and IFN-g was undetectable at any stage of disease in the
mice that received anti-IL-12. We have previously shown that
IFN-g production in this system can be abrogated by anti-CD4
[22].

DISCUSSION

The data presented in this study suggest an important role for IL-12
in the development of CIA, as neutralization by MoAb during the
induction phase of arthritis caused dramatic effects on the severity
of the disease. This effect is most likely to be due to the suppres-
sion of the generation of CII-specific Th1 cells, a hypothesis which
is supported by the reduction, or absence, of IFN-g production by
CII-stimulated lymph node cellsin vitro. The enhancement of Th2
cytokines, such as IL-4 or IL-10, was not found (data not shown).

Humoral responses to CII are required for the manifestation of
CIA [11]. Successful anti-IL-12 treatment was associated with
lower serum levels of total anti-IgG anti-CII antibody levels (Fig.
4), but a reproducible effect on the ratio of IgG2a/IgG1 subclasses
was not observed. Humoral responses developing under Th1 or
Th2 conditions are characterized by IgG2a/2b/3 and IgG1/IgE
antibodies, respectively [23]. IL-12 has been shown to promote the
synthesis of antigen-specific IgG2a antibodiesin vivo [24], and up-
regulates IgG2a anti-CII antibodies when used to induce CIA with
Freund’s incomplete adjuvant (FIA) [13]. Nevertheless, we could
not demonstrate the selective down-regulation of IgG2a antibodies
to CII following IL-12 blockade. The reason for this variability in
IgG subclass expression is not clear. Similar findings have been
obtained in IL-12-deficient DBA/1 mice, where the anti-CII-anti-
body titres were reduced in comparison with the wild-type con-
trols, although there was no shift in the IgG2a/IgG1 ratio [25].

Anti-IL-12 did not reduce the incidence of arthritis. This could
be the result of an incomplete neutralization of IL-12, but it has to
be noted that in a recent study with IL-12p40 knock-out mice on
the DBA/1 background a proportion of mice still developed
arthritis (20%) upon CII immunization [25]. These two observa-
tions suggest that although IL-12 plays an important role in the
development of CIA, there are other possible pathways for the
induction of CIA. The arthritis that developed after anti-IL-12
administration was not only clinically mild, with limited oedema
and inflammation of the affected paws, and restricted to one or two
hind limbs, but the histological damage was also less extensive
than in the controls. Concordantly, synovial hyperplasia was
limited. FACS analysis of synovial cell suspensions showed that
there was a reduced influx of leucocytes, in particular of neutro-
phils (data not shown), a finding which is consistent with reports
that IL-12 is chemotactic for polymorphonuclear cells [26]. Spon-
taneous production of the proinflammatory cytokines TNF and IL-
6 by cultured synovial cells was low throughout the course of the
mild disease, compared with control arthritis. Interestingly,
detectable IL-10 was not found in these synovia, whereas the
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Fig. 4. Serum levels of total IgG anti-collagen type II (CII) antibodies,
10 days after onset of clinical arthritis, in control animals (n¼ 11) and anti-
IL-12-treated animals (n¼ 23). Error bars represent 1 s.d.

Table 2. Cytokine production by cultured synovial cells

Pre-onset (day 6) Day 3 of arthritis Day 10 of arthritis

Cell count TNF IL-6 IL-10 Cell count TNF IL-6 IL-10 Cell count TNF IL-6 IL-10
(×103) (U/ml) (ng/ml) (pg/ml) (×103) (U/ml) (ng/ml) (pg/ml) (×103) (U/ml) (ng/ml) (pg/ml)

Control 320 1·910 0·650 <40 790 4·070 6·613 43 720 10·30 4·196 112
Anti-IL-12 380 0·560 0·425 <40 300 <0·040 <0·04 <40 360 0·850 1·259 <40

Cytokine production by cultured synovial cells. Six control mice and six of the anti-IL-12-treated mice group were killed at day 6 after immunization
treatment (i.e. before onset of arthritis) and also at day 3 and day 10 after disease onset (n¼ 3 mice per time point). For each time point synovial cells were
isolated from both knee joints of the mice, counted, pooled and cultured, adjusted for cell numbers, as described in Materials and Methods. Cytokines were
measured in culture supernatant after 24 h.



controls, which had more severe arthritis, released considerable
amounts of this cytokine. This is compatible with evidence that
proinflammatory cytokines (IL-1b, TNF) are involved in the up-
regulation of IL-10 production [27,28]. IL-10 inhibits the synthesis
of IL-1b, TNF, IL-6, IL-8 and granulocyte-macrophage colony-
stimulating factor (GM-CSF) by monocytes [29,30] and is pro-
duced in abundance in rheumatoid synovium [31]. IL-10 has been
postulated to be part of a homeostatic regulatory mechanism that
partially controls the inflammatory response [32]. In this context it
is interesting to note that IL-12 has been reported to be important in
the production of IL-10 [33]. Diminished IL-12 may thus lead to
less IL-10, which may reduce the benefit of IL-12 blockade, thus
explaining the arthritic lesions observed in the anti-IL-12-treated
mice.

The present study shows that anti-IL-12 blocks one of the
prominent Th1 responses to CII and thus dramatically attenuates
CIA. This attenuation did not appear to be caused by a shift in the
Th1/Th2 balance, as the up-regulation of Th2 responses was not
observed with the treated mice. We conclude that IL-12 has a
major role in the induction of CIA and is involved in mediating a
vigorous Th1 immune and inflammatory response to CII.
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