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Rheumatoid arthritis is a T lymphocyte-mediated disorder, but the
precise nature of T cell involvement remains unclear. In the K/BxN
mouse model of inflammatory arthritis, T cells initiate disease by
providing help to B cells to produce arthritogenic autoantibodies.
Here, we have characterized an additional, nonhumoral role for T cells
in promoting autoantibody-induced arthritis. Autoreactive KRN T cells
introduced either by direct transfer or bone marrow transplantation
into B-cell-deficient hosts enhanced K/BxN serum-transferred arthri-
tis, an effect that was dependent on expression of the cognate
MHC-molecule/peptide complex. The T cell influence was dependent
on interleukin (IL)-17; in contrast, standard serum-transferred arthri-
tis, unenhanced by the addition of T cells, was unaffected by IL-17
neutralization. An IL-17-producing population of transferred KRN T
cells was identified and found to be supported by the cotransfer of
arthritogenic autoantibodies. IL-17-producing KRN T cells were en-
riched in inflamed joints of K/BxN mice, suggesting either selective
recruitment or preferential differentiation. These results demonstrate
the potential for autoreactive T cells to play two roles in the devel-
opment of arthritis, both driving the production of pathogenic au-
toantibodies and bolstering the subsequent inflammatory cascade
dependent on the innate immune system.

arthritis model � inflammation � Th17 cell

T lymphocytes are critical players in the pathogenesis of rheu-
matoid arthritis (RA) (1, 2). This notion is supported by the

genetic association of RA with specific HLA-DR alleles, suggesting
that arthritis requires presentation of a restricted set of antigens to
T cells, and by the efficacy of therapies presumably targeting T cells,
such as CTLA4-Ig. In animal models, a dependence on T cells has
been demonstrated for arthritis induced by adjuvants (e.g., com-
plete Freund’s adjuvant, pristane), by immunization with joint
antigens [type II collagen, glucose-6-phosphate isomerase (GPI),
proteoglycan], and by transgenes or gene mutation (the K/BxN,
human T cell lymphotropic virus type 1 env-px, IL-1ra�/�, gp130
F759, and SKG models) (3). Indeed, joint-reactive T lymphocytes,
usually CD4� T cells expressing the �� T cell receptor (TCR), are
sufficient in many settings to confer arthritis when transferred into
naïve recipients that express the cognate MHC molecule and
antigen (3–6).

On the other hand, the mechanism of action of CD4� T cells
remains conjectural. Two basic models have been proposed to
explain their importance in arthritogenesis. The first posits a direct
local role in the arthritic joint, akin to the likely mechanism of other
autoimmune diseases, such as type 1 diabetes. Autoreactive CD4�

T cells in the arthritic synovium would recognize antigens presented
by synovial antigen-presenting cells (APCs) and respond by orches-
trating myeloid cells, synoviocytes, and osteoclasts to engender
synovitis (1, 2). According to this scenario, cytokines produced by
T cells would be the key drivers of the local effector phase. This local
inflammatory response has been thought to involve cells of the Th1
phenotype, although recent observations have argued for a protec-
tive role for IFN-� and suggested a potential role for T cells
expressing IL-17A (hereafter referred to as IL-17) (1, 2, 7). The
second model contends that the role of T cells is to trigger B cells
to produce pathogenic autoantibodies, which then initiate an
inflammatory cascade via immune complex formation, comple-

ment fixation, and Fc receptors. With autoreactive T cells fueling
the continuous production of these autoantibodies, a chronic
inflammatory response develops, with progressive joint destruction
mediated by neutrophils, synoviocytes, and osteoclasts (3, 8). Ac-
cording to this scenario, autoantibodies would be the key drivers of
the local effector phase. Note that the two models are not mutually
exclusive, allowing for a spectrum of scenarios in which T cells or
autoantibodies would be the primary, but not exclusive, driver of
synovitis.

A central role for humoral immunity in the pathogenesis of
arthritis has been argued by the B-cell dependence of many animal
models and successes in treating RA with antibodies against the B
cell molecule, CD20 (3, 9). In two mouse models of arthritis, K/BxN
and collagen-induced arthritis (CIA), passive administration of
pathogenic immunoglobulins is sufficient to confer disease (10, 11).
The effector phenomena induced by this transfer do not require T
or B lymphocytes, demonstrating that adaptive immunity is not
required for arthritis after the development of arthritogenic auto-
antibodies. However, these results do not rule out the possibility
that autoreactive T cells may contribute, via nonhumoral effector
mechanisms, to the progression of pathology provoked by arthri-
togenic autoantibodies.

We addressed this issue using the K/BxN model of spontaneous
arthritis. These mice carry the KRN transgene, which encodes a
TCR reactive against a peptide from GPI presented by the Ag7

MHC class II molecule (4, 12). When the KRN transgene is crossed
into an Ag7-positive genetic background such as NOD, the auto-
reactive T cells promote the production of vast quantities of
anti-GPI antibodies, which are sufficient to induce arthritis after
transfer into normal recipients (11). T cells are dispensable at this
stage, as arthritis can be induced effectively by transfer of K/BxN
serum into T cell-deficient or alymphoid recipients. On the other
hand, comparison of B-cell-deficient hosts with and without the
KRN transgenes suggested that T cells, although unable to orches-
trate arthritis without B cells, might have an enhancing effect on
autoantibody-induced arthritis (11).

Results
CD4� KRN T Cells Augmented Serum-Transferred Arthritis. We set out
to evaluate T cell effector functions in isolation by modifying the
K/BxN serum-transfer system to incorporate KRN T cells acti-
vated by their cognate MHC-molecule/peptide target (Ag7/
GPI282–294) in the absence of Ag7-positive B cells that would
produce arthritogenic antibodies. Activation of KRN T cells has
been previously shown not to require B cells or anti-GPI (11).
Irradiated BxN Rag�/� mice were reconstituted with a 1:1 mix
of bone marrow (BM) from KRN TCR transgenic mice on the
C57BL/6 (B6) background and BxN Rag�/� mice. The former
are a source of KRN� T cells (and Ag7-negative B cells), while
the latter provide stimulatory Ag7-positive APCs but no Ag7-
positive B cells. Control groups received BM from either OTII
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TCR transgenic mice, which express an irrelevant TCR, or
nontransgenic B6 animals. Arthritis was induced in all three
groups by transfer of K/BxN serum 12 weeks after BM recon-
stitution. Recipients that had received KRN BM showed more
severe arthritis than did either of the control groups, demon-
strating that KRN T cells can augment arthritis provoked by
arthritogenic antibodies (Fig. 1A). The engrafted KRN cells
were in an animated state (CD44hi62Llo), unlike the grafted
control cells (Fig. 1B).

We then tested whether KRN T cells could potentiate arthritis
in the context of a short-term assay. These experiments used as
recipients BxN �MT�/� mice, which are devoid of B cells but
have a largely normal T cell compartment, thereby avoiding the
potential confounding effects of homeostatic proliferation (13).
KRN T cells were transferred into BxN �MT�/� mice via i.v.
injection of splenocytes from KRN mice. Recipients of KRN
splenocytes had augmented serum-transferred arthritis relative
to recipients of OTII or B6 splenocytes (Fig. 2A). Equivalent
enhancement was observed with purified CD4� T cells from
KRN mice, confirming that other transferred splenocyte popu-
lations were not required. Histological analysis of ankle tissue
obtained from KRN recipients revealed the characteristic fea-
tures of K/BxN arthritis including synovial hyperplasia, leuko-
cyte infiltration, neutrophil-rich synovial effusions, and invasive
pannus formation (Fig. 2B) (4, 11). Again, the engrafted KRN
T cells showed an activated phenotype (Fig. 2C).

To test whether activation of KRN T cells by their cognate
MHC-molecule/peptide target was necessary for their proar-
thritic function, we compared their influence upon transfer into
�MT�/� recipients expressing or lacking Ag7, via introduction
of a congenic interval on the B6 background. KRN splenocytes
augmented arthritis only when the host expressed the stimula-
tory Ag7 allele (Fig. 2D).

A Unique Ability of KRN T Cells to Enhance Arthritis. One possible
interpretation of these findings was that the augmentation of
arthritis by KRN T cells was merely a function of generic activation
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Fig. 1. KRN T cells augment serum-transferred arthritis. Irradiated BxN
Rag�/� mice were reconstituted with a 1:1 mix of KRN (n � 6), OTII (Ctl TCR,
n � 6), or B6 (n � 3) BM and BxN Rag�/� BM. (A) Serum-transferred arthritis
was induced after 12 weeks and assessed by ankle thickening (in millimeters),
represented as mean change from day 0 � SEM. P � 0.002 for KRN vs. OTII
using area under the curve analysis. A side table summarizes the source of T
cells (T) and the MHC genotypes (b/b for B6, g7/b for BxN) of B cells (B) and APCs
in recipient mice. (B) Donor-derived CD4� T cells from cervical lymph nodes
surgically removed at week 11 were stained for CD44 and CD62L.
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Fig. 2. CD4� KRN T cells short-term activated by their cognate MHC-molecule/
peptide complex boost serum-transferred arthritis. (A–C) Twenty million spleno-
cytes from KRN, OTII (Ctl TCR), or B6 mice were transferred into BxN �MT�/�
recipients (n � 5). An additional group received KRN CD4� T cells prepared from
2 � 107 KRN splenocytes enriched by magnetic separation to 80–85% purity. One
control group received medium alone (None). (A) Arthritis was induced in recip-
ient mice 1 day after cell transfer and measured by ankle thickening. P � 3 � 10�5

for KRN vs. Ctl TCR, P � 0.008 for KRN CD4� vs. Ctl TCR, and P � 0.43 for KRN vs.
KRN CD4�. (B) Additional BxN �MT�/� mice receiving KRN splenocytes and
K/BxN serum were killed on day 5 of arthritis. H&E staining demonstrated exten-
sive leukocyte infiltration, synovial hyperplasia with pannus (Pa) formation, and
fibrinous exudates (Ex) (Left magnification, �40); pannus invasion into cartilage
(C) and superficial bone (B) (Middle magnification, �200); and neutrophil accu-
mulation in synovial lining (SL) and synovial fluid (SF) (Right magnification,
�400). (C) Transferred CD4� T cells (identified by the absence of NOD-derived
CD45.1) were isolated from cervical lymph nodes on day 5 and stained for CD44
and CD62L. (D) Twenty million splenocytes from KRN or OTII (Ctl) mice were
transferred into B6.H2g7/b �MT�/� or B6.H2b/b �MT�/� littermates (n � 6).
Arthritis was induced 1 day after cell transfer with a limiting dose of K/BxN serum.
P � 0.02 for KRN3g7/b vs. KRN3b/b.
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of CD4� T cells. To assess this possibility, we introduced TCR
transgenic T cells of two other specificities into mice that ubiqui-
tously expressed the corresponding MHC/peptide agonist. The first
system used the AND TCR transgene, which recognizes the 88–103
peptide from moth cytochrome c (MCC88–103) (14). AND spleno-
cytes were transferred, together with a limiting amount of K/BxN
serum, into E�-MCC mice, which carry a transgene encoding a
fusion protein of MCC88–103 and the invariant chain expressed
under the dictates of the MHC class II E� promoter (15). Rather
than augmenting arthritis, the transferred AND T cells actually
suppressed disease relative to transgene-negative littermate donor
and recipient controls (Fig. 3A). Yet, the transferred AND T cells
transferred into E�-MCC mice were strongly activated, as evi-
denced by up-regulation of CD44 and down-regulation of CD62L
(Fig. 3B).

These AND/E�-MCC transfers used a genetic background
(B10.BR) different from that of the KRN transfer experiments, for
which the recipients were BxN F1 hybrids. We therefore designed
a system in which the effects of KRN or other autoreactive T cells
could be compared directly in identical hosts. BxN �MT�/� mice
were bred to express the Act-mOva transgene, which encodes
ovalbumin (OVA) expressed ubiquitously under the control of a
�-actin promoter (16). The resulting Act-mOva BxN �MT�/�
mice or their transgene-negative littermates were used as recipients
for parallel transfers of KRN (Ag7/GPI-reactive) or OTII (Ab/
OVA-reactive) splenocytes. OTII cells had no effect on arthritis
despite showing an activated phenotype (CD44hiCD62Llo), while
KRN cells enhanced arthritis irrespective of the Act-mOva trans-
gene (Fig. 3 C and D). Thus, enhancement of antibody-induced
arthritis appears to be a particular feature of KRN T cells, one that
is not shared by just any monoclonal T cell population reactive
against a ubiquitous self-antigen.

Augmentation of Arthritis Was IL-17 Dependent. We next investigated
the mechanism by which KRN T cells, when activated by their
cognate MHC-molecule/peptide target, enhanced antibody-
induced arthritis. A reasonable hypothesis was that the transferred
KRN T cells acted via cytokine mediators. The classic proinflam-
matory cytokines, IFN-�, and tumor necrosis factor (TNF)-� were
considered, as was the Th2 cytokine, IL-4, which is produced at high
levels by K/BxN T cells and is essential for the production of high
titers of anti-GPI IgG (17). The KRN transgene was bred onto
IFN-�-, TNF-�-, and IL-4-deficient backgrounds, and the resulting
mice were used as donors for transfers into BxN �MT�/� mice.
Deficiency of these cytokines had no effect on KRN T cell
augmentation of arthritis, demonstrating that none of these medi-
ators were critically involved (Fig. 4 A–C).

There has been considerable interest in the role of IL-17 in a
variety of inflammatory responses, including several murine models
of arthritis (1). To determine whether IL-17 was involved in KRN
T cell augmentation of serum-transferred arthritis, we performed
antibody-inhibition experiments using an anti-IL-17 monoclonal
antibody (mAb) with demonstrated efficacy in experimental auto-
immune encephalomyelitis (18). Anti-IL-17 strongly suppressed the
enhancement of arthritis by KRN T cells, such that disease severity
was close to that of the nonenhanced control (Fig. 4D). IL-17
blockade operated at the level of enhancement by KRN T cells,
rather than through other elements of the arthritic response, as
anti-IL-17 treatment had no effect on arthritis elicited by anti-GPI
antibodies in the absence of transferred T cells (Fig. 4E).

A growing body of literature has suggested that cytokines pro-
duced in inflammatory responses, particularly IL-6 and IL-23, are
capable of promoting differentiation of CD4� T cells toward an
IL-17-producing phenotype (Th17) (19). We assessed the contri-
bution of IL-6 and IL-12p40, the shared subunit of IL-12 and IL-23,
to KRN T cell augmentation of serum-transferred arthritis using
mAbs with demonstrated in vivo activity (20, 21). Neutralization of
IL-6 had no effect whereas inhibition of IL-12p40 increased the
augmentation of disease by transferred T cells (Fig. 4F). IL-12
deficiency was previously shown to have no effect on straight
serum-transferred arthritis (17).

IL-17-Producing KRN T Cells Were Supported by Arthritogenic Auto-
antibodies and Enriched in Arthritic Joints of K/BxN Mice. We hy-
pothesized that the inflammatory response elicited by arthritogenic
antibodies promoted IL-17 production by transferred KRN T cells.
To test this notion, we isolated KRN and OTII T cells 6 days after
cotransfer with K/BxN serum or PBS and performed intracellular
staining for IL-17 and IFN-� (Fig. 5 A and B). IFN-� was clearly
expressed in the introduced KRN (but not control OTII) T cells, in
a proportion that was unaffected by cotransfer of K/BxN serum.
IL-17 was minimally expressed in KRN T cells transferred in the
absence of serum, but the fraction of positive cells was very
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Fig. 3. Monoclonal T cell autoreactivity is not sufficient to augment serum-
transferred arthritis. (A and B) Twenty million splenocytes from AND/CD45.1
B10.BR (AND�) or B10.BR (AND�) mice were transferred into E�-MCC (MCC�)
or transgene-negative B10.BR littermates (MCC�) (n � 7 AND�3MCC�, n � 5
for other groups). (A) Arthritis was induced in recipient mice 1 day after cell
transfer with a limiting dose of K/BxN serum and measured by ankle thicken-
ing. P � 0.008 for AND3MCC� vs. AND3MCC�. (B) Transferred CD4� T cells
(CD45.1�) obtained from cervical lymph nodes surgically removed on day 5 of
arthritis were stained for CD44 and CD62L. (C and D) Twenty million spleno-
cytes from KRN or OTII were transferred into Act-mOva/BxN �MT�/� (OVA�)
or BxN �MT�/� littermates (OVA�) (n � 5). (C) Arthritis was induced in
recipient mice 1 day after cell transfer and measured by ankle thickening. (D)
Transferred CD4� T cells (CD45.1�) obtained from cervical lymph nodes sur-
gically removed on day 5 of arthritis were stained for CD44 and CD62L.
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significantly (P � 0.007) increased by cotransfer of K/BxN serum.
Donor KRN T cells expressed IL-17 at a frequency similar to that
of KRN T cells isolated from mice receiving K/BxN serum (Fig.
5C). Minimal IL-17 was detected in transferred OTII cells irre-
spective of K/BxN serum transfer or in T cells from mice with
straight serum-transferred arthritis (Fig. 5 A–C). These findings
suggested that the Th17 phenotype was maintained or expanded
during serum-transferred arthritis whereas transferred Th17 cells
were largely lost in the absence of arthritogenic autoantibodies.

It proved technically impossible to recover enough transferred
KRN T cells from arthritic joints of boosted mice to address
whether there was local enrichment of the Th17 phenotype. How-
ever, we could examine this point in the straight K/BxN model.
Lymphoid organs and synovial fluid were collected from arthritic
K/BxN mice after approximately 4 weeks of disease (i.e., at 8 weeks
of age). KRN T cells isolated from the spleen and lymph nodes
showed an increased frequency of IL-17 expression relative to that
of T cells from BxN littermate controls (Fig. 6). Synovial fluid was
highly enriched in IL-17-producing T cells, suggesting that cells of
this phenotype were preferentially elicited in or recruited to the
environment of the arthritic joint.

Discussion
Animal models such as K/BxN arthritis have permitted dissection
of the mechanisms by which T cell autoreactivity can lead to
joint-specific inflammatory disease. Previously, we reported a crit-
ical role for autoreactive KRN T cells in the initiation phase of
K/BxN arthritis, eliciting a humoral response that generates arthri-
togenic autoantibodies directed against GPI (11). In this study, we
have demonstrated that this antibody-centric view may not fully
capture the role of T cells in the K/BxN arthritis model, as T cells
can augment antibody-induced arthritis independently of their
influence on antibody production. This enhancement was mediated

by IL-17-producing CD4� KRN T cells activated by their cognate
MHC-molecule/peptide complex (Ag7/GPI282–294).

Intriguingly, IL-17-producing KRN T cells that arose in donor
transgenic mice were selectively maintained in adoptive hosts in the
setting of serum-transferred arthritis. This effect may be mediated
by cytokines that promote the Th17 phenotype. While IL-6 and
IL-23 were found to not be critical for T cell augmentation of
arthritis, others including transforming growth factor (TGF)-�,
IL-1, IL-21, and TNF-� remain possibilities (19, 22–25). A similar
lack of dependence on IL-23 has been described in other contexts
(26). A role for TGF-� is supported by the finding in SKG
lymphocyte-transferred arthritis that anti-TGF� treatment halved
Th17 frequency (27). IL-1 and TNF-�, which are produced in
abundance early in antibody-mediated inflammation, are also
attractive candidate mediators but their contribution would be
difficult to separate from their critical role in the inflammatory
cascade in unaugmented serum-transferred arthritis (23, 24, 28).
The Th17 phenotype may be supported by down-regulation of
certain cytokines. Deficiency of IL-12 was shown in CIA to result
in worsened disease and increased IL-17 production (29). The
enhanced T cell augmentation of arthritis with anti-IL-12p40
treatment may have reflected a shift toward increased IL-17
production by transferred KRN T cells.

IL-17 has been reported to be critical for other arthritis models
including CIA, antigen-induced arthritis (AIA), IL1ra�/� arthritis,
streptococcal-cell-wall-induced arthritis, and SKG-lymphocyte-
transferred arthritis (27, 30–33). It is not known precisely how it
promotes arthritis in these contexts. The IL-17 receptor is widely
expressed by cell types residing in the synovium, including fibro-
blast-like synoviocytes, chondrocytes, monocytes/macrophages,
and osteoclasts (1, 34). In vitro, IL-17 has been shown to induce
synthesis by these cells of numerous proinflammatory mediators,
including cytokines (IL-1, IL-6, TNF-�), chemokines (C-X-C family
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members, monocyte chemoattractant protein-1), granulocyte col-
ony-stimulating factor, vascular endothelial growth factor, cycloox-
ygenase, receptor activator of NF�B ligand, and matrix-metal-
loproteases (1, 34). In vivo, IL-17 induces granulopoiesis, neutrophil
recruitment, cartilage destruction, and bone resorption (34–37).
The documented activities of IL-17 suggest that it must be present
locally to promote an inflammatory response. This notion is
consistent with the finding that in K/BxN serum-transferred arthri-
tis, local administration of IL-17 via intraarticular injection of an
adenovirus vector increases the histologic severity of arthritis (38).

We speculate that IL-17-producing KRN T cells amplify the
inflammatory process in the joints of transgenic K/BxN mice. Their

contribution may be subtle as anti-CD4 antibody depletion of
helper T cells after the onset of full disease in K/BxN mice did not
reduce ankle swelling (4). It may be that in the setting of sufficient
titers of arthritogenic antibody for full expression of ankle disease,
as in K/BxN mice, the true role of Th17 cells is to potentiate disease
in joints—such as elbows, knees, and the spine—that are involved
in K/BxN mice but spared in mice with serum-transferred arthritis
(4, 39). The enrichment of Th17 cells in the synovial fluid of K/BxN
mice is a striking finding given that the majority of synovial T cells
have a Foxp3� phenotype consistent with their being regulatory T
cells (Tregs) (39). Th17 and Treg cell differentiation has been
thought to be antagonistic, with both sharing a dependence on
TGF-�, but with cytokines such as IL-6 promoting differentiation
of one at the expense of the other (22, 25, 40). Simultaneous
enhanced differentiation of both lineages in the same environment
would run counter to this paradigm, suggesting that one if not both
of these populations is recruited to inflamed joints and that only one
population, if any, differentiates in situ. The interplay of Th17 cells
and Tregs in the transgenic model will be an intriguing area of
further study. In K/BxN mice, the absence of Foxp3-dependent
Tregs resulted in an accelerated onset of arthritis and spread of
disease to joints normally unaffected even in mice with longstand-
ing arthritis (39). This effect could not be explained simply by
increased autoantibody titers, indicating that Tregs modulate the
activity of effector cells such as neutrophils, mast cells, monocytes/
macrophages, synoviocytes, and now Th17 cells. It is tempting to
speculate that Th17 cells and Tregs exist in a balance such that in
the absence of Tregs, unopposed Th17 activity amplifies inflam-
matory cascades initiated by GPI/anti-GPI immune complexes in
joints that are typically spared.

We have demonstrated that autoreactive T cells can promote
arthritis through both the generation of arthritogenic autoantibod-
ies and an IL-17-mediated effector response that amplifies inflam-
mation. Studying each of these pathways in isolation poses a
challenge in light of recent evidence that IL-17 is critically involved
in germinal center development (41). T cell-augmented serum-
transferred arthritis separates the contributions of T cells as effector
cells from their role in humoral immunity, allowing for dissection
of the mechanisms by which IL-17-producing T cells can contribute
to antibody-mediated arthritis. We anticipate that the relative
importance of IL-17-producing cells and autoantibodies will vary
greatly among arthritis models. For those that require B cells,
including K/BxN arthritis, CIA and proteoglycan-induced arthritis,
the T cell-dependent humoral response would be the dominating
element and IL-17 would serve as an adjunct amplifier (11, 42, 43).
Others that are unaffected by B-cell deficiency, such as AIA and
gp130 F759 arthritis, would be primarily driven by Th17 effector
activity (5, 6). It is likely that the balance of the humoral and effector
arms of T cell involvement span a similar continuum in human
arthritides, and perhaps even among patients sharing the diagnosis
of RA. This point will be critical to elucidate to direct therapeutic
targeting of T cell-mediated pathways of inflammation.

Materials and Methods
Mice. OTII, Act-mOva, B6.H2g7, Rag�/�, �MT�/�, IFN��/�, IL-4�/�, and
TNF��/� mice were obtained from Jackson Laboratory. KRN, AND, and E�-MCC
mice have been described in refs. 4, 14, and 15. The lines used were of the C57BL/6
background, except AND and E�-MCC, which were of the B10.BR background.
K/BxN mice were generated by crossing KRN TCR transgenic C57BL/6 mice with
NOD mice. All experiments used matched littermate controls generated from
heterozygote or heterozygote/homozygote crosses. Genotypes were assessed by
genomic PCR. Experiments were reviewed by the Institutional Animal Care and
Use Committee, protocols 02956 and 03024.

Serum-Transferred Arthritis. K/BxN serum was collected from 8-week-old K/BxN
mice and pooled for each experiment, which involved its own serum batch,
potentially accounting for disease variability between experiments using genet-
ically equivalent mice. Arthritis was induced by i.p. injection of 150 �L on days 0
and 2; where noted a limiting dose of 37.5 �L was used instead. Ankle thickness

Fig. 5. Transferred IL-17-producing CD4� KRN T cells are supported by
arthritogenic antibodies. (A and B) K/BxN serum or PBS was injected i.p. into
BxN �MT�/� mice 1 and 3 days after transfer of KRN or OTII (Ctl) splenocytes.
Six days after cell transfer, cervical and inguinal lymph nodes were harvested
for flow cytometry. (A) Intracellular staining for IL-17 and IFN� is shown for
transferred CD4� T cells. (B) The bar graphs depict the mean percentage � SEM
of transferred CD4� T cells in each group expressing IL-17 or IFN� (n � 5 for
KRN groups, n � 4 for Ctl groups). (C) Intracellular staining for IL-17 and
surface staining for CCR6, a chemokine receptor expressed on Th17 cells, is
shown for CD4� T cells from donor KRN B6 splenocytes and splenocytes
obtained from B6 mice on day 5 of serum-transferred arthritis.

Fig. 6. IL-17-producing CD4� KRN T cells are enriched in K/BxN transgenic mice,
with greatest concentration in arthritic joints. (A) Intracellular staining for IL-17 and
IFN� is shownforCD4� Tcells fromthespleen(SPL),popliteal lymphnodes(PLN),and
ankle synovial fluid (SF) (K/BxN only) of 8-week-old K/BxN mice and transgene
negative littermates. (B) Thebargraphsdepict themeanpercentage�SEMofCD4�

T cells that express IL-17 in each group (n � 4).
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was measured with a caliper (J15 Blet micrometer), and was reported as ankle
thickening: the change in ankle thickness from day 0. Disease severity was
quantified using the area under the curve of ankle thickening over the first 14
days. Two-tailed Student’s t tests were used to generate p values. Inhibition
experiments used monoclonal antibodies against IL-17 (R&D Systems), IL-6 (BD
Biosciences), and IL-12p40 (C17.8, a kind gift from Giorgio Trinchieri, National
Cancer Institute, Frederick, MD). Control antibodies included a monoclonal iso-
type control antibody (R&D Systems) and purified polyclonal rat IgG (Jackson
Immunoresearch). For histological analysis, ankles were dissected, snap-frozen in
O.C.T.medium(SakuraFinetek), cryosectionedtoathicknessof5�m,andstained
with hematoxylin and eosin.

Cell Transfers. Spleens were dissected from donor mice and squeezed against a
nylon mesh filter to yield a single-cell suspension. Red blood cells were lysed with
ACKbufferandwashedinDMEM.Twentymillioncellsweretransferred inDMEM
into recipient mice by tail-vein injection. CD4� T cell purification was performed
using a commercial kit (Miltenyi Biotec).

BM Transfers. BM was collected from donor mice by flushing dissected tibias
and femurs with PBS. Red blood cells were lysed with ACK buffer, and a
single-cell suspension prepared by passing the BM flush through a nylon mesh
filter. BM cells were stained with biotin-labeled antibodies against CD3, CD4,

and CD8�; treated with magnetic streptavidin-linked beads (Miltenyi Biotec);
and passed through magnetic separation columns. Recipient mice were irra-
diated with 600 Rads and reconstituted with 3 � 106 BM cells in DMEM
transferred by tail-vein injection.

Flow Cytometry. Cells were collected for flow cytometry by filtering crushed
cervical lymph nodes obtained by lymphectomy under ketamine/xylazine anes-
thesia or crushed spleens and lymph nodes harvested from mice. Synovial fluid
was collected by flushing dissected ankles with 1 mM EDTA in PBS. For intracel-
lular staining, cells were incubated for 5 h at 37 °C in the presence of 50 ng/mL
phorbol 12-myristate 13-acetate (Sigma), 1 �M ionomycin (Calbiochem), and
Golgiplug (BD PharMingen) in RPMI medium 1640 � 10% FCS. Staining was done
using Cytofix/Cytoperm (BD PharMingen) per the manufacturer’s instructions.
Cells were run on either the Beckman Coulter or BD LSRII.

ACKNOWLEDGMENTS. We thank V. Tran for managing the K/BxN colony and
R. Obst and E. Venanzi for mice. This work was supported by National
Institutes of Health Grants R01 AR046580, P01 AI065858, and R01 AR055271
(to C.B. and D.M.) and core facilities at the Joslin Diabetes Center (P30
DK36836). J.P.J. received a fellowship from the Howard Hughes Medical
Institute.

1. Lundy SK, Sarkar S, Tesmer LA, Fox DA (2007) Cells of the synovium in rheumatoid
arthritis. T lymphocytes. Arthritis Res Ther 9:202.

2. Skapenko A, Leipe J, Lipsky PE, Schulze-Koops H (2005) The role of the T cell in
autoimmune inflammation. Arthritis Res Ther 7 Suppl 2:S4–14.

3. Monach PA, Benoist C, Mathis D (2004) The role of antibodies in mouse models of
rheumatoid arthritis, and relevance to human disease. Adv Immunol 82:217–248.

4. Kouskoff V, et al. (1996) Organ-specific disease provoked by systemic autoimmunity.
Cell 87:811–822.

5. Sawa S, et al. (2006) Autoimmune arthritis associated with mutated interleukin (IL)-6
receptor gp130 is driven by STAT3/IL-7-dependent homeostatic proliferation of CD4�

T cells. J Exp Med 203:1459–1470.
6. Wong PK, et al. (2006) Interleukin-6 modulates production of T lymphocyte-derived

cytokines in antigen-induced arthritis and drives inflammation-induced osteoclasto-
genesis. Arthritis Rheum 54:158–168.

7. Wu HJ, et al. (2007) Inflammatory arthritis can be reined in by CpG-induced DC NK cell
cross talk. J Exp Med 204:1911–1922.

8. Benoist C, Mathis D (2000) A revival of the B cell paradigm for rheumatoid arthritis
pathogenesis? Arthritis Res 2:90–94.

9. Nandakumar KS, Holmdahl R (2006) Antibody-induced arthritis: Disease mechanisms
and genes involved at the effector phase of arthritis. Arthritis Res Ther 8:223.

10. Kagari T, Doi H, Shimozato T (2002) The importance of IL-1 beta and TNF-alpha, and the
noninvolvement of IL- 6, in the development of monoclonal antibody-induced arthri-
tis. J Immunol 169:1459–1466.

11. Korganow AS, et al. (1999) From systemic T cell self-reactivity to organ-specific auto-
immune disease via immunoglobulins. Immunity 10:451–461.

12. Matsumoto I, Staub A, Benoist C, Mathis D (1999) Arthritis provoked by linked T and B
cell recognition of a glycolytic enzyme. Science 286:1732–1735.

13. KitamuraD,RoesJ,KuhnR,RajewskyK(1991)ABcell-deficientmousebytargeteddisruption
of the membrane exon of the immunoglobulin mu chain gene. Nature 350:423–426.

14. Kaye J, et al. (1989) Selective development of CD4� T cells in transgenic mice expressing
a class II MHC-restricted antigen receptor. Nature 341:746–749.

15. Yamashiro H, Hozumi N, Nakano N (2002) Development of CD25(�) T cells secreting
transforming growth factor-beta1 by altered peptide ligands expressed as self-
antigens. Int Immunol 14:857–865.

16. Faulkner L, et al. (2005) The mechanism of superantigen-mediated toxic shock: Not a
simple Th1 cytokine storm. J Immunol 175:6870–6877.

17. Ohmura K, et al. (2005) Interleukin-4 can be a key positive regulator of inflammatory
arthritis. Arthritis Rheum 52:1866–1875.

18. Park H, et al. (2005) A distinct lineage of CD4 T cells regulates tissue inflammation by
producing interleukin 17. Nat Immunol 6:1133–1141.

19. Weaver CT, Hatton RD, Mangan PR, Harrington LE (2007) IL-17 family cytokines and the
expanding diversity of effector T cell lineages. Annu Rev Immunol 25:821–852.

20. Constantinescu CS, et al. (1998) Antibodies against IL-12 prevent superantigen-induced and
spontaneous relapses of experimental autoimmune encephalomyelitis. J Immunol 161:5097–
5104.

21. Riedemann NC, et al. (2003) Protective effects of IL-6 blockade in sepsis are linked to
reduced C5a receptor expression. J Immunol 170:503–507.

22. Bettelli E, et al. (2006) Reciprocal developmental pathways for the generation of
pathogenic effector TH17 and regulatory T cells. Nature 441:235–238.

23. Sutton C, et al. (2006) A crucial role for interleukin (IL)-1 in the induction of IL-17-producing T
cells that mediate autoimmune encephalomyelitis. J Exp Med 203:1685–1691.

24. Veldhoen M, et al. (2006) TGFbeta in the context of an inflammatory cytokine milieu
supports de novo differentiation of IL-17-producing T cells. Immunity 24:179–189.

25. Korn T, et al. (2007) IL-21 initiates an alternative pathway to induce proinflammatory
T(H)17 cells. Nature 448:484–487.

26. Ivanov II, et al. (2008) Specific microbiota direct the differentiation of IL-17-producing
T-helper cells in the mucosa of the small intestine. Cell Host Microbe 4:337–349.

27. Hirota K, et al. (2007) T cell self-reactivity forms a cytokine milieu for spontaneous
development of IL-17� Th cells that cause autoimmune arthritis. J Exp Med 204:41–47.

28. Ji H, et al. (2002) Critical roles for interleukin-1 and tumor necrosis factor-� in antibody-
induced arthritis. J Exp Med 196:77–85.

29. Murphy CA, et al. (2003) Divergent pro- and antiinflammatory roles for IL-23 and IL-12
in joint autoimmune inflammation. J Exp Med 198:1951–1957.

30. Nakae S, Nambu A, Sudo K, Iwakura Y (2003) Suppression of immune induction of
collagen-induced arthritis in IL-17-deficient mice. J Immunol 171:6173–6177.

31. Koenders MI, et al. (2005) Blocking of interleukin-17 during reactivation of experi-
mental arthritis prevents joint inflammation and bone erosion by decreasing RANKL
and interleukin-1. Am J Pathol 167:141–149.

32. Nakae S, et al. (2003) IL-17 production from activated T cells is required for the
spontaneous development of destructive arthritis in mice deficient in IL-1 receptor
antagonist. Proc Natl Acad Sci USA 100:5986–5990.

33. Lubberts E, et al. (2005) Requirement of IL-17 receptor signaling in radiation-resistant
cells in the joint for full progression of destructive synovitis. J Immunol 175:3360–3368.

34. Kolls JK, Linden A (2004) Interleukin-17 family members and inflammation. Immunity
21:467–476.

35. Chabaud M, et al. (2001) IL-17 derived from juxta-articular bone and synovium con-
tributes to joint degradation in rheumatoid arthritis. Arthritis Res 3:168–177.

36. Schwarzenberger P, et al. (2000) Requirement of endogenous stem cell factor and granulo-
cyte-colony-stimulating factor for IL-17-mediated granulopoiesis. J Immunol 164:4783–
4789.

37. Sato K, et al. (2006) Th17 functions as an osteoclastogenic helper T cell subset that links
T cell activation and bone destruction. J Exp Med 203:2673–2682.

38. Koenders MI, et al. (2006) Interleukin-17 acts independently of TNF-alpha under
arthritic conditions. J Immunol 176:6262–6269.

39. Nguyen LT, Jacobs J, Mathis D, Benoist C (2007) Where FoxP3-dependent regulatory T cells
impinge on the development of inflammatory arthritis. Arthritis Rheum 56:509–520.

40. Mucida D, et al. (2007) Reciprocal Th-17 and regulatory T cell differentiation mediated
by retinoic acid. Science 317:256–260.

41. Hsu HC, et al. (2008) Interleukin 17-producing T helper cells and interleukin 17
orchestrate autoreactive germinal center development in autoimmune BXD2 mice.
Nat Immunol 9:166–175.

42. Svensson L, Jirholt J, Holmdahl R, Jansson L (1998) B cell-deficient mice do not develop
type II collagen-induced arthritis (CIA). Clin Exp Immunol 111:521–526.

43. O’Neill SK, et al. (2005) Antigen-specific B cells are required as APCs and autoantibody-
producing cells for induction of severe autoimmune arthritis. J Immunol 174:3781–3788.

21794 � www.pnas.org�cgi�doi�10.1073�pnas.0912152106 Jacobs et al.


