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Abstract
K/BxN mice develop a spontaneous destructive arthritis driven by T cell dependent anti-
glucose-6-phosphate isomerase (GPI) antibody production. In this study, a modified version of the
K/BxN model, the KRN-cell transfer model (KRN-CTM), was established to determine the
contribution of Th17 cells in the development of chronic arthritis. The transfer of naive KRN T
cells into B6.TCR.Cα−/−H-2b/g7 T cell deficient mice induced arthritis by day 10 of transfer.
Arthritis progressively developed for a period of up to 14 days following T cell transfer, thereafter
the disease severity declined, but did not resolve. Both IL-17A and IFNγ were detected in the
recovered T cells from the popliteal lymph nodes and ankles. The transfer of KRN Th17 polarized
KRN CD4+ T cells expressing IL-17A and IFNγ induced arthritis in all B6.TCR.Cα−/−H-2b/g7

mice however the transfer of Th1 polarized KRN CD4+ T cells expressing IFNγ alone induced
disease in only 2/3 of the mice and disease induction was delayed compared to Th17 transfers.
Th17 polarized KRN/T-bet−/− cells induced arthritis in all mice and surprisingly, IFNγ was
produced demonstrating that T-bet expression is not critical for arthritis induction, regardless of
the cytokine expression. Neutralization of IFNγ in KRN Th17 transfers resulted in earlier onset of
disease while the neutralization of IL-17A delayed disease development. Consistent with K/BxN
mice, naive KRN T cell transfers and Th17 polarized KRN/T-bet−/− transfers induced anti-GPI
IgG1 dominant responses while KRN Th17 cells induced high levels of IgG2b. These data
demonstrate that Th17 cells can participate in the production of autoantibodies that can induce
arthritis.

1. Introduction
Rheumatoid arthritis (RA) is a debilitating autoimmune disease of the synovial joints
characterized by inflammation and ultimate destruction of the joints. The K/BxN murine
model of spontaneous arthritis shares similarities with the human disease in that it is a
progressive disease leading to synoviocyte proliferation, pannus formation, and cartilage and
bone destruction with anarchic remodeling of the joints [1–3]. K/BxN mice are a cross
between KRN TCR transgenic (Tg) and NOD mice and 100% of the progeny develop
chronic arthritis. The KRN transgenic TCR is specific for bovine RNase (42–56)/I-Ak and
the self-derived peptide glucose-6-phosphate isomerase (GPI)/I-Ag7. In K/BxN mice,
autoreactive KRN T cells escape negative selection in the thymus [4] and are activated in the
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periphery by GPI where they provide help to GPI-reactive B cells [5,6]. The resulting
arthritigenic autoantibodies are necessary and sufficient for arthritis to ensue. The transfer of
serum containing anti-GPI antibodies into most strains of mice results in disease [7–9].
These serum transfer studies have elucidated the pathogenesis of the disease and the
requirement for anti-GPI antibody deposition in the joint resulting in the recruitment of
inflammatory mediators into the joint.

RA has often been considered to be a Th1-depedent disease. However, there is conflicting
data concerning the role of IFNγ. Studies exist demonstrating that IFNγ can both increase
and decrease disease severity [10–12]. The Th17 subset is found to be important in the
development of autoimmune diseases such as EAE, colitis, and psoriasis [13–16]. The
detection of IL-17 in the synovial tissues of RA patients [17–20] and the discovery of Th17
cells has caused a re-examination of the corresponding animal models to determine the role
of IL-17 in the pathogenesis of arthritis. It has now been shown that Th17 cells are critical
for pathogenesis in several models of arthritis [21–29]; however, there are a few examples of
arthritis models where Th17 cells are not apparently involved. IL-17−/− mice are susceptible
to the proteoglycan-induced arthritis (PGIA) model of RA [30,31]. A decrease in disease
severity is observed in IFNγ−/− PGIA treated mice supporting a Th1-type response [30,32]
and not a Th17-type response. Glucose 6-phosphate isomerase (GPI)-specific CD4+ T cells
from DBA/1 mice immunized with GPI differentiated in vivo into Th1 and Th17 cells but
not Th2 cells, suggesting a role for both Th1 and Th17 cells in arthritis [33]. In the K/BxN
arthritis model, it has been shown that Th17 cells can promote arthritis when co-injected
with the autoantibodies [34]. Recently, a fascinating relationship has been reported showing
that the K/BxN model requires IL-17 production in the lamina propria, and that filamentous
bacteria in the gut can drive this Il-17 production [35]. Thus, Th17 cells are critical in the K/
BxN arthritis model, but their precise role in B cell help to anti-GPI B cells had not been
directly examined. Kuchroo and colleagues have shown that Th17 cells can act as effective
B cell helpers for an anti-MOG response [36].

To ascertain the role of Th17 cells in B cell help in the K/BxN arthritis model we utilized
our recently developed KRN-cell transfer model (KRN-CTM) of chronic arthritis in which
the timing of arthritis induction and the type of T cells could be controlled [37]. In our
model, KRN T cells were transferred into the T cell deficient B6.TCR.Cα−/−.H-2b/g7

recipients and we were able to analyze the role of different T helper subsets on arthritis
induction. Here we demonstrated that in the KRN-CTM naive T cells or Th17 cells from
KRN or KRN/T-bet−/− mice could induce arthritis and autoantibody production, whereas
KRN Th1 cells were much less efficient. These findings demonstrate that Th17 cells can act
as T helper cells in the production of arthritogenic autoantibodies.

2. Materials and Methods
2.1. Mice

KRN TCR Tg mice on a C57BL/6 background and K/BxN mice have been described [4].
The B6.G7 and BALB/c mouse strains were purchased from The Jackson Laboratory (JAX,
Bar Harbor, ME). B6.TCR.Cα−/− mice used in these studies have been previously described
[38] and were purchased from JAX. B6.TCR.Cα−/− were bred with B6.G7 mice to create
B6.TCR.Cα−/−H-2b/g7 mice. These mice were T cell deficient and expressed H-2b/g7

allowing them to present GPI peptide. T-bet−/− (Tbx21−/−) mice were purchased from JAX
and were crossed with KRN TCR Tg mice. All mice were bred and housed under specific
pathogen-free conditions in the animal facility at the Washington University Medical Center
(St. Louis, MO). Studies were performed in accordance with National Institutes of Health
and Association for Assessment and Accreditation of Laboratory Animal Care guidelines.
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2.2. Arthritis assessment
The two rear ankles of B6.TCR.Cα−/−H-2b/g7 mice were measured starting at day 0 of T cell
transfer. Measurement of ankle thickness was made above the footpad, axially across the
ankle joint by using a Kafer Dial Thickness Gauge J15 (Long Island Indicator Service
Inc.,Hauppauge, NY). Ankle thickness was rounded to the nearest 0.1 mm. Mice were also
given a clinical score of disease where 0 represents no inflamed paws, 1 represents 1
inflamed paw, etc. For histopathology, the rear ankles were fixed in 10% Neutral Buffered
Formalin (NBF) for 24 hours at 20°C, followed by decalcification in Immunocal™ (Decal
Chemical Corporation, Tallman NY) for 7 days at 20°C. Decalcified joints were then
paraffin-embedded with medial aspect down for longitudinal view, sectioned twice (4 µm
each), and stained with hematoxylin & eosin (H&E) for general histopathologic evaluation
or toluidine blue for specific assessment of cartilage changes. The tissues were then
examined by a veterinary pathologist (TPL).

2.3. Adoptive T cell transfer
Naive KRN T cells were isolated from the spleen by using CD4(L3T4) MicroBeads
(Miltenyi Biotec, Auburn, CA) according to the manufacturer’s instructions. By passing the
T cells through a second LS column (Miltenyi), they were purified to >98% T cells. The T
cells were washed extensively with 1X HBSS and resuspended in 1X HBSS at a
concentration of 3.5×106 cells/ml. B6.TCR.Cα−/−H-2b/g7 mice were anesthetized with a
mixture of Ketamine/xylazine and 100 µl of the cell suspension was injected i.v.

2.4. Th differentiation
Naive KRN T cells were isolated from the spleen as described. KRN T cells were cultured in
IMDM supplemented with 10% fetal calf serum, 0.5% gentamicin, 1% glutamax, 1%
HEPES, 1% NEAA, 1% NaPyr, and 1% 2-ME at a ratio of 1:5 with irradiated B6.G7 splenic
APC along with 1.7 mM G7m peptide (GKKVATFVHAGYG). G7m was previously shown
to stimulate KRN T cells with 10–100-fold increased sensitivity compared with GPI(281–
293) [5]. Cells were cultured under Th1 conditions [5 U/ml recombinant murine IL-12
(Peprotech Inc., Rocky Hill, NJ), and 10% 11B11 supernatant containing anti-IL-4] or Th17
conditions [6 ng/ml recombinant human TGF-β1(Peprotech), 40 ng/ml recombinant murine
IL-6 (Peprotech), 10 µg/ml hamster anti-murine IFNγ monoclonal antibody (kindly provided
by R. Schreiber, Washington University), 10% Tosh supernatant containing anti-IL-12 and
anti-IL-4] for 3 weeks. During weeks 2 and 3, 20 ng/ml recombinant mouse IL-23
(eBioscience, San Diego, CA) was also included. Cultures were restimulated each week with
irradiated B6.G7 splenic APC, G7m peptide, and the appropriate Th conditions [39–41]. For
the adoptive T cell transfer of Th differentiated cells, the cells were washed extensively with
1X HBSS and resuspended in 1X HBSS. 10×106 Th cells were injected i.v. into
B6.TCR.Cα−/−H-2b/g7 mice.

2.5. Ankle analysis
Ankles were harvested from mice and the skin removed. Ankle tissue was clipped away
from the bones then digested for 60 min at 37°C in 20 ml of HBSS containing 0.55 Wuensch
units collagenase (Liberase Blendzyme 3; Roche, Indianapolis, IN) and 10 µg/ml DNase I
(Sigma-Aldrich, St. Louis, MO), with vortexing every 10 min. Cells were washed twice in
RPMI 1640 plus 10% FCS, filtered, and resuspended in RPMI 1640 plus 10% FCS.

2.6. Flow cytometry
Spleen, popliteal lymph nodes, or polarized Th1 or Th17 cells (1×106) were first stained
with LIVE/DEAD fixable dead cell stain, near IR fluorescent reactive dye (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. The cells were then surface
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stained according to standard protocols. The following antibodies were used: biotin-
conjugated rat anti-mouse V β6 (previously shown to represent >60% of the TCR in this
model) [42] (BD Pharminogen, San Diego, CA), Streptavidin-Phycoerythrin-Cy7 (BD
Pharmingen) R3-34-FITC Rat IgG1 κ isotype (BD Pharmingen), R35-95-APC Rat IgG2a κ
isotype (BD Pharmingen), R3-34-PE Rat IgG1 κ isotype (BD Pharmingen). All samples
were analyzed on a FACSCanto™ (BD Biosciences, San Diego, CA) using FACSDiva™
software (BD Biosciences) and analyzed using FlowJo software (Tree Star, Inc., Ashland,
OR).

2.7. Intracellular cytokine staining
For intracellular cytokine staining, cells from the popliteal lymph node or ankles were
stimulated for 4 h with 50 ng/ml phorbol myristate acetate (PMA) (Sigma-Aldrich, St.
Louis, MO) and 1 µg/ml ionomycin (Calbiochem, San Diego, CA). For the last 2 h, 10 µg/
ml of Brefeldin A (Sigma) was added to inhibit the export of cytokines. Cells were surface
stained for 30 min at 4°C with LIVE/DEAD fixable dead cell stain (Invitrogen) according to
manufacturer’s instructions and anti-Vβ6 antibodies. For intracellular staining, T cells were
fixed and permeablilized with BD Cytofix fixation buffer (BD Biosciences) according to the
manufacturer’s instructions and stained with Alexa Fluor® 488 anti-mouse IL-17
(BioLegend, San Diego, CA), APC anti-mouse IFNγ (BioLegend), and PE anti- mouse IL-4
(BioLegend). Samples were gated for live/Vβ6+ T cells. Quadrant gates were drawn on
unstained popliteal lymph node samples. All samples were analyzed on a FACSCanto™
(BD Biosciences, San Diego, CA) using FACSDiva™ software (BD Biosciences) and
analyzed using FlowJo software (Tree Star, Inc., Ashland, OR).

2.8. Anti-GPI ELISA
Mice were bled once a week starting day 0 of T cell transfer. Sera were stored at −20°C
before analysis. Sera were plated at an initial dilution of 1:100 and diluted serially 1:5 in
Immulon II plates (Fisher Scientific, Pittsburgh, PA) coated with 5 µg/ml recombinant GPI-
histidine. Donkey anti-rabbit total Ig-horseradish peroxidase (HRP) (Jackson
ImmunoResearch, West Grove, PA), goat anti-mouse IgM-HRP, IgG1-HRP, IgG2b-HRP,
IgG2c-HRP, or IgG3-HRP (Southern Biotechnology Associates, Birmingham, AL) were
used as secondary antibodies. Serum antibody was detected using ABTS substrate (2,2-
azino-di-[3-ethylbenzthiazoline sulfonate] diammonium salt) (Roche Molecular
Biochemicals, Indianapolis, IN). Absorbance was measured at 414 nm. The serum titer was
defined as the reciprocal of the last dilution which gave an OD>3X higher than that of the
background.

2.9. Antibody depletion
The hybridoma 412-79.9 was kindly provided by L. A. Herzenberg (Stanford University).
This hybridoma produces an anti-IgG1 antibody that reacts with Igh-C[b] haplotype. The
mAb was coupled to Cyanogen bromide (CNBr) Sepharose 4B beads (Sigma) according to
the manufacture’s instructions and serum from Th17 induced arthritic mice was applied to
the column to deplete IgG1. After depletion the serum was dialyzed against PBS, pH 7.4
before use. Depletion was monitored by ELISA assay.

2.10. Statistical analysis
Statistical significance was determined by using the Mann-Whitney nonparometric test or
the Kaplan-Meir survival curve using GraphPad Prizm (GraphPad Software, La Jolla, CA).
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3. Results
3.1. Th17 and Th1 cells are found in the K/BxN arthritis model

To determine the role of T helper subsets in the K/BxN arthritis model, we analyzed what
Th subsets were found in the K/BxN mice. Previous work demonstrated that ankle swelling
in K/BxN mice became measurable at age 4 weeks and all mice expressed full disease by
day 35 [43]. Popliteal lymph nodes from K/BxN mice aged day 21, 28, 35, or 55 were
harvested and stimulated for 4 h in the presence of PMA + ionomycin. Intracellular cytokine
staining showed that both IL-17A and IFNγ were detected while there was little IL-4 (Fig.
1a), as has been reported [34]. The cytokine profiles were similar for diseased mice in each
age group. There were 6–27% of the T cells producing IL-17A, 10–22% producing IFNγ,
and <1% producing IL-4 (Table I). IL-17A, IFNγ and IL-4 were also present in the ankles
(Fig. 1a). Thus, the presence of T helper cells in the draining lymph nodes and at the site of
inflammation suggests a role for both Th17 and Th1 cells in the K/BxN arthritis model.

3.2. Naive KRN T cells induce arthritis in T cell deficient mice
To study the role of different Th subsets in the development of arthritis, we developed a cell
transfer model, referred to as KRN-CTM [37], based upon the established approach of
transferring autoreactive T cells into lymphopenic hosts [44,45]. We used the T cell
deficient mice B6.TCR.Cα−/− H-2b/g7 which permitted the GPI autoantigen to be presented
by I-Ag7, and the host to be histocompatibile with the transferred KRN T cells (H-2b).
Purified naive KRN T cells were transferred i.v. into the recipient strain
B6.TCR.Cα−/−H-2b/g7 and the development of arthritis monitored by clinical score, rear paw
thickness, and histopathology. The arthritis which developed was nearly identical to that
described for the K/BxN mice. The disease initiated by day 7–10, continued to increase in
severity through day 24 and chronic arthritis was maintained throughout the life of the
animal [37]. At day 28, popliteal lymph nodes and ankles were harvested. Recovered T cells
were stimulated for 4 h in the presence of PMA + ionomycin then assayed for cytokine
production. Both IL-17A (0.5–0.8%) and IFNγ (2.9–4.3%) were present in the draining
lymph nodes and ankles (Fig. 1b) of all naive T cell transfer mice and there was little IL-4
expression. The presence of IL-17A and IFNγ suggests that the transferred naive T cells
polarized into Th17 or Th1 cells, similar to what was observed in the K/BxN mice (Fig. 1a).

The development of arthritis in the K/BxN mouse model is dependent on antibodies directed
against the ubiquitously-expressed protein GPI. Therefore, we assayed for total anti-GPI IgG
by ELISA. Anti-GPI IgG expression preceded the measurable increase in ankle swelling in
all recipients receiving naive KRN T cells (Fig. 1c). Furthermore, an increase in antibody
titer paralleled the increase in ankle thickness, and total anti-GPI remained high for > 7
weeks, or until the animal was sacrificed. Thus, like in K/BxN arthritis, naive KRN T cell
induced arthritis produced anti-GPI IgG.

3.3. Th17 and Th1 polarized cells induced arthritis
The presence of IL-17A and IFNγ in the K/BxN and KRN-CTM models led us to investigate
whether Th1 or Th17 cells alone could induce arthritis. We purified naive CD4+ T cells
from spleens of KRN mice and stimulated them in vitro with G7m peptide (a strongly
stimulating mimic of the GPI epitope) [5] and B6.G7 splenocytes along with IL-12 and anti-
IL-4 to trigger Th1 differentiation or TGFβ, IL-6, anti-IL-4, anti-IL-12, and anti-IFNγ to
trigger Th17 differentiation. After polarizing the cells for 3 weeks, we stimulated the cells
for 4 h with PMA + ionomycin and assessed their expression of IL-17A, IFNγ, (Fig. 2a) and
IL-4 (data not shown) by intracellular cytokine staining to evaluate the polarization. KRN T
cell cultures primed in Th1-inducing conditions generated T cells that exclusively produced
IFNγ. T cells cultured with Th17-inducing conditions generated cells producing IL-17A and
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a small population of IFNγ and IL-17A/IFNγ producing cells, similar to what was observed
by others [41,46,47]. There was no IL-4 detected. Cytokine bead array analysis (CBA) of
these cultures confirmed that little IFNγ was produced in the Th17 cultures and that higher
levels of IL-17A were produced compared to IFNγ in the Th17 cultures (data not shown).

To determine whether Th1 or Th17 cells alone could induce disease, we transferred the Th1
or Th17 polarized cells into B6.TCR.Cα−/−H-2b/g7 mice. Transfer of Th17 cells induced
disease in all of the recipient mice. In contrast, Th1 cells induced a delayed disease in only
2/3 of the mice (Fig. 2b and c). The Th17 induced arthritis initiated between days 5 and 9,
and the severity continued to increase up to day 14 and was maintained for at least 28 days,
or until the animal was sacrificed. Histologic assessment of hind paws 28 days post Th17
cell transfer revealed a severe, destructive polyarthritis. There were high numbers of
pleomorphic inflammatory cells entering the paws via the synovium, with infiltration into
the joint space and extraarticular soft tissues. In addition, there was moderate to severe
damage to articular cartilage with loss of chondrocytes and their matrix as well as numerous
areas of focal to expansive ulceration. Lastly, there was moderate to severe osteoclast-
mediated bone resorption affecting the distal tibia and numerous metatarsal and phalangeal
bones, with correlative fibrovascular stromal (pannus) invasion of their medullary space
(data not shown and [37]). Thus, in vitro polarized Th17 KRN T cells were able to induce
arthritis, similar to that observed in KRN-CTM.

At day 28, popliteal lymph nodes and ankles were harvested. The samples were stimulated
for 4 h in the presence of PMA + ionomycin and assayed for cytokine production (Fig. 2d).
In the Th17 transferred mice, both IL-17A and IFNγ were present in the draining lymph
nodes and ankles. IL-17A and IFNγ were also produced in the draining lymph nodes of mice
transferred with Th1 cells (data not shown). It has been previously reported that
restimulation of Th17 cells with antigen can induce IFNγ production in an EAE model [48].
These findings indicate that Th17 cells are able to induce arthritis in the KRN-CTM, but
neither the Th17 nor Th1 phenotypes are completely stable in vivo.

3.4. In vivo neutralization of IFNγ exacerbates Th17 induced arthritis
The presence of IFNγ producing cells in the Th17 T cell transfers raised the possibility that
IFNγ was involved in the development of the arthritogenic antibodies. To address this issue,
Th17 polarized cells were transferred into B6.TCR.Cα−/−H-2b/g7 mice that were injected
with neutralizing anti-IFNγ or control antibody (both kindly provided by Robert Schreiber)
at day 0 and arthritis development was monitored. The mice that received anti-IFNγ
developed arthritis slightly earlier than those receiving Th17 cells alone and the disease was
more severe (Fig. 3a and b). Disease development, as measured by clinical score, was found
to be statistically different between the IFNγ and control treated groups using the Kaplan-
Meir curve (Fig. 3b). Thus, in the KRN-CTM, as has been observed by others, IFNγ is
acting as an inhibitory cytokine. Overall, these findings indicated that IFNγ was not
contributing to the initiation of disease induced by transfer of Th17 cells.

Anti-IL-17A treatment delays onset of arthritis induction by Th17 cells—To
assess the role of the Th17 cell signature cytokine IL-17A in the development of arthritis,
Th17 polarized cells were transferred into B6.TCR.Cα−/−H-2b/g7 mice that were injected
with 500 µg anti-IL-17A or control antibody. The mice were subsequently injected every
three days with 250 µg of anti-IL-17A or control antibody. In three separate experiments, in
vivo neutralization of IL-17A delayed disease onset by 2–5 days as measured by clinical
score (Fig. 4b), which was statistically significant using the Kaplan-Meir curve. Eventually
all of the mice did develop arthritis (Fig. 4a and b). Wu et al. reported in K/BxN mice that
anti-IL-17 neutralization blocked the spontaneous arthritis induction [35]. Our ability to
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observe less of an inhibitory effect of anti-IL-17 may reflect differences in the spontaneous
K/BxN and our KRN-CTM models, and the robust and synchronized induction in the KRN-
CTM model. The results in this study suggest that IL-17A has a significant early but
redundant role in the development of Th17 induced KRN-CTM arthritis.

3.5. Role of T-bet in the differentiation of KRN T cells and arthritis induction
In vivo, there is emerging evidence of the plasticity of the Th17 cells, consistent with our
finding of IFNγ producing cells in the Th17 cell transfer recipients [49,50]. The T-box
transcription factor T-bet drives the expression of IFNγ in Th1 cells. To better determine the
contribution of IFNγ and Th1 cells in arthritis induction in our model, KRN/T-bet−/− mice
were generated. Naive KRN/T-bet−/− T cells cultured in Th17 inducing conditions generated
Th17 cells that produced more IL-17A and less IFNγ than KRN/T-bet+/+ T cells (Fig. 5a).
Interestingly, when the Th17 cultured cells were stimulated with PMA alone there was less
IFNγ detected than in the presence of PMA + ionomycin. This suggests that PMA +
ionomycin is such a potent stimulant that it may not be a fair comparison to what occurs in
vivo to the natural GPI stimulant. The Th17 cultures also express IL-17F (Fig. 5b), another
Th17 associated cytokine. There was no IL-21 or IL-22 detected in any of the Th17 cultures
(data not shown).

The transfer of KRN/T-bet−/− Th17 cells induced arthritis in B6.TCR.Cα−/−H-2b/g7 mice
(Fig. 5c). On day 16 popliteal lymph nodes were harvested and stimulated for 4 h in the
presence of PMA or PMA + ionomycin and cytokine production was determined.
Surprisingly, recovered KRN/T-bet−/− Th17 cells produced not only IL-17A but IFNγ
despite the lack of T-bet. IFNγ was detected in transferred cells as early as day 1 post
transfer (Fig. 5e). The transfer of naive KRN/T-bet−/− T cells induced arthritis (Fig. 6a and
b) and IL-17A and IFNγ were also detected after T cell recovery (Fig. 6c). Thus knocking-
out T-bet expression did not inhibit arthritis induction. Also, the production of IFNγ in this
model is T-bet independent.

3.6. Th17 cells direct autoantibody responses
It has been previously shown in the K/BxN mouse model, that anti-GPI IgG1 was the
dominant isotype and essential for arthritis induction [4,51]. In general Th1-type responses
are IgG2a dominant whereas Th2-type responses are IgG1 dominant. Mitsdoerffer et al. have
shown that Th17 cells are able to promote class switching to IgG1, IgG2a, IgG2b, and IgG3.
Therefore, we were interested in determining the isotype usage in Th17 induced anti-GPI
responses. Surprisingly, there were high levels of IgG2b anti-GPI antibodies in mice where
disease was induced by KRN Th17 cell transfer, and much less IgG1 (Fig. 7a). In 6 of 10
mice there was little to no IgG1 expression (Fig. 7a), even when the disease was at its most
severe stage. In all 10 mice, IgG2b was the dominant isotype at all time points tested. It is
intriguing that despite having the capacity to induce class switch for all of the IgGs, the
KRN Th17 cells predominantly produced IgG2b. Mice treated with or without IFNγ
neutralizing antibody had similar levels of antibody expression (data not shown). GPI
specific IgM was detected in all mice at day 7 before there was a noticeable change in ankle
thickness (data not shown). IgG2c was also present at moderate levels and no IgG3 was
detected (data not shown).

The pattern of anti-GPI expression in KRN-CTM when naive T cells were transferred was
similar to what was previously reported for K/BxN mice [4,51]. When naive KRN T cells
were transferred into B6.TCR.Cα−/−H-2b/g7 mice, arthritis developed and IgG1 was
dominant in all mice, but there was also substantial expression of IgG2b (Fig. 7b). Like naive
T cells transfers, the transfer of Th17 KRN/T-bet−/− induced a dominant IgG1 response (Fig.
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7c). These data suggest that the dominant isotype is dependent on the type of T cell that
induced KRN arthritis.

To determine if GPI-specific IgG2b isotype alone could induce arthritis we separated the
various isotypes from K/BxN serum by fractioning on a protein A-sepharose column [52].
Injection of 500 µg of purified IgG2b on day 0 or 500 µg on day 0 and day 1 did not induce
arthritis in BALB/c mice (data not shown). However, injection of purified GPI-specific IgG1
did induce disease (data not shown). To address whether IgG1 was absolutely required for
arthritis induction we depleted recovered serum from KRN Th17 induced arthritis of IgG1.
BALB/c mice were injected with 500 µg of IgG1 depleted serum on day 0, 1, and 2. IgG1
depleted serum did not induce arthritis (Fig. 7 d and e), supporting the finding of Maccioni
et al. [51]. Therefore, the dominance of IgG2b in arthritic mice induced by KRN Th17 cells
appears not to be involved in arthritis induction. The simplest explanation for the lack of
detection of IgG1 anti-GPI antibodies in the serum of Th17 cell recipients is that there are
low levels of IgG1 produced and all of it is present in the joint and/or bound to FcR bearing
cells.

4. Discussion
To study the role of T helper subsets in the development of RA, we used the KRN-CTM, a
chronic yet synchronized version of the K/BxN mouse which relies upon transfer of
autoreactive T cells into lymphopenic host. Through this approach we demonstrated that
either naive T cells or Th17 cells could induce chronic arthritis and autoantibody production
whereas Th1 cells were much less efficient. When the transferred naive T cells were
recovered on day 28 from the popliteal lymph node and ankles, the presence of IL-17A and
IFNγ suggested that they polarized into Th17 and Th1 cells, similar to what was observed in
K/BxN mice. Transfer of Th17 cells induced disease in all of the recipient mice. In contrast,
Th1 cells induced a delayed disease in only 2/3 of the mice. Neutralization of IFNγ resulted
in earlier onset of arthritis while IL-17A inhibition delayed disease onset. Also, T-bet
expression is not crucial for arthritis induction. Overall these findings indicate that IFNγ did
not contribute to the initiation of the disease while IL-17A had a significant role in Th17
induced KRN-CTM arthritis. Furthermore, we demonstrated that Th17 cells direct
autoantibody responses.

We hypothesized that at least one KRN T helper subsets would be sufficient for arthritis
induction. Our data indicate that Th17 cells alone were indeed able to induce arthritis in the
KRN-CTM, with disease developing between days 5–9 after transfer and progressing to a
point by day 28 which was histologically consistent with the KRN-CTM after naive T cell
transfer. GPI-specific autoantibodies were detected as early as day 7, thereby suggesting that
the transferred Th17 cells provided the initial switch factors necessary for B cell help and
autoantibody production. In KRN-CTM neither Th17 nor Th1 phenotypes were completely
stable in vivo. After transfer the host’s environment influenced the cells to express other
cytokines demonstrating that in vitro cultured cells have a tremendous amount of plasticity
once injected in vivo [53]. This inherent plasticity of the polarized cells made it impossible
to draw conclusions from the transferred cells at later stages of the disease in KRN Th17
transferred arthritis [49,50]. The inability to polarize KRN T cells to strictly IL-17A-
producing cells has been observed by others in different model systems [41,46,47]. It is still
unclear if T cells producing both IL-17A and IFNγ are truly Th17 cells or if they have not
polarized completely to one subset.

Historically IFNγ is viewed as a proinflammatory factor. In the current study, we initiated
IFNγ inhibitory studies to verify whether IL-17A or IFNγ was the mediator of arthritis
induction. In the presence of anti-IFNγ Th17 cells induced disease, thereby demonstrating
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that IL-17A mediates arthritis induction. Surprisingly arthritis developed earlier when anti-
IFNγ was combined with Th17 cell transfers. This suggests that in KRN-CTM IFNγ acts as
an inhibitory cytokine; thus, IFNγ may have a protective role in K/BxN arthritis rather than
a pathogenic role. However, Th1 cell transfer did induce disease which seems contradictory
to the fact that blocking IFNγ production caused disease to develop earlier. Perhaps with
time the production of other cytokines such as IL-17A in Th1 cell transfers allowed limited
disease to develop. It has also been reported that DBA/1 IFNγ receptor knock-out mice
develop CIA [54,55]. Furthermore, Chu et al. observed that IFNγ can play an anti-
inflammatory role. They found that C57BL/6 mice were resistant to CIA by IFNγ-mediated
suppression of IL-17 [29]. In a two-year prospective study of RA patients, those patients that
had higher levels of IFNγ were protected against progressive joint damage [19]. These
observations suggest that IFNγ plays a beneficial role during the development of arthritis,
perhaps by regulating IL-17 signaling. Harrington et al. demonstrated that IFNγ may be
inhibiting IL-23R expression on Th17 cells thus preventing their expansion [56]. Also, IFNγ
has been reported to inhibit osteclastogenesis by interfering with receptor activator of
nuclear factor NF-κB ligand (RANKL) signaling [57] but the mechanisms for IFNγ-
mediated suppression of Th17 cells are not fully understood.

When polarized KRN Th17 cells were transferred along with neutralizing anti-IL-17A,
disease onset was delayed. In CIA [24] and EAE [58–60], treatment with anti-IL-17 after
disease onset reduced disease severity. Even at late stages of disease anti-IL-17 reversed
disease progression. This partial protection observed in our model as well as in other models
indicates that other factors produced by Th17 cells such as IL-17F, IL-6, IL-21, IL-22, and
IL-23 may be important for disease induction. In particular, IL-17F is highly homologous to
IL-17A and binds to the same receptor [61]. Currently there are no commercially available
neutralizing antibodies specific for IL-17F. Another Th17 factor, IL-6, was observed to play
a role in a model of chronic inflammatory bowel disease (IBD). Neutralization of both IL-17
and IL-6 significantly lowered the disease score but neutralizing IL-6 alone or IL-17 alone
did not significantly change the disease [15]. In this IBD model, IL-23 is necessary. Multiple
studies have demonstrated a role for IL-23 in autoimmune diseases [13,62]. IL-23 has been
shown to promote IL-17 expression [15,63,64] and IL-6 [15]. This raises the possibility that
a combination treatment of anti-IL-17A with anti-IL-6 and/or anti-IL-23 may result in
significant improvement of Th17 induced arthritis. Future studies will be required to
distinguish the role of other Th17 factors on disease induction.

In order to delineate the contribution of IFNγ in arthritis induction we generated KRN/T-
bet−/− mice. We hypothesized that these mice would not be capable of producing significant
levels of IFNγ and that the induction of disease would be attributed to IL-17A expression. In
the absence of T-bet, both KRN/T-bet−/− naive T cells and Th17 cells induced arthritis.
However, upon recovery of the adoptively transferred cells they were found to be expressing
high levels of IFNγ. Guo et al. also observed IFNγ expression in adoptively transferred
naive T-bet−/− T cells after challenge and recovery [65]. At the time of transfer, KRN/T-
bet−/− Th17 cells were not expressing IFNγ but as early as day 1 post transfer IFNγ
producing cells were detected after recovery. Not only do these KRN/T-bet−/− mice
demonstrate that T-bet expression is not critical for arthritis induction, but that there is an
unknown mechanism that drives IFNγ production in CD4+ T cells.

Bai et al. have reported that IL-17, and not IFNγ, was key to autoantibody responses in an
experimental murine autoimmune myasthenia gravis model [66]. The authors noted that
IL-17 elicited higher antibody responses to the autoantigen acetylcholine receptor (AChR).
More specifically, autoreactive Th17 cells promoted IgG2b antibody responses. Th17
development depends on both TGFβ and IL-6. Interestingly, TGFβ favors class switching of
IgG2b [67,68]. Also, IL-6 is a well-known B cell stimulatory factor [69]. These observations
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support our current findings and suggest that KRN Th17 can provide B cell help and
promote IgG2b antibody switching. Interestingly, both KRN naive T cell and KRN/T-bet−/−

Th17 transfer induced a dominant IgG1 response. The three transfer methods studied in this
paper all induce arthritis, and the recovered cells all produce IL-17A and IFNγ. We
speculate that the level of the individual cytokines and timing of their expression may play a
role in class-switching and determine which isotypes are dominant. In a previous study
Maccioni et al. showed that IgG1 was the dominant isotype [51]. They also noted that the
dominant isotype varied with age. Younger mice expressed more IgG2b and IgG2c but when
the mice became older IgG1 had increased to become the dominant isotype. Our attempts to
induce arthritis with purified IgG2b and serum depleted of IgG1 were not successful which
was surprising since several mice with Th17 induced arthritis had no detectable IgG1. We
hypothesize that those mice that tested negative for IgG1, had IgG1 present in the joints but
not in the circulation. Further studies will need to be performed to determine the significance
of Th17 induced IgG2b class switch.

In conclusion, by using a novel chronic arthritis transfer model of RA (KRN-CTM) we have
highlighted the importance of Th17 cells in arthritis development. We demonstrated that T-
bet expression is not required for Th17 induced arthritis and that these Th17 cells express
IFNγ. We found that IFNγ inhibition actually exacerbates arthritis development, whereas
blocking IL-17A inhibits reduces disease. Thus, Th17 cells provide B cell help and antibody
switching thereby indicating that Th17 cells play a key role in induction of disease.
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Figure 1.
Expression of IL-17 and IFNγ in the popliteal lymph nodes and ankles. a, Representative dot
plots of five K/BxN mice per group aged day 21, 28, and 35 (n = 15 mice). Popliteal lymph
nodes and ankles were stimulated for 4 h with PMA + ionomycin. b, On day 0, 3.5×105

Vβ6+/CD4+ KRN T cells were injected i.v. into B6.TCR.Cα−/−H-2b/g7 mice (popliteal
lymph nodes n = 10 mice, ankles n = 5 mice). Popliteal lymph nodes and ankles were
examined on day 28 for cytokine expression. T cells were gated on TCR Vβ6+ live cells and
stained for intracellular IL-17, IFNγ and IL-4. Gates were drawn on unstained cell samples
from popliteal lymph nodes. c, Total IgG-GPI specific titers as measured by ELISA. Each
point represents the serum antibody titer to GPI for an individual mouse and the bars
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represent the means. Results are representative of 9 mice (Day 0 is significantly different
from all other days, p < 0.001. *, p < 0.05).
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Figure 2.
Th17 and Th1 polarized KRN T cells transferred into B6.TCR.Cα−/−H-2b/g7 mice induced
arthritis. Naive KRN T cells were cultured for 3 weeks under Th17 or Th1 polarizing
conditions using B6.G7 splenocytes as antigen presenting cells. a, Polarized cells were
stimulated for 4 h with PMA + ionomycin. T cells were gated on TCR Vβ6+ live cells and
stained for intracellular IL-17A and IFNγ. b, 10×106 Th17 or Th1 polarized KRN T cells
were transferred i.v. into B6.TCR.Cα−/−H-2b/g7 mice. The thickness of both rear ankles was
measured as an indication of arthritis. Results are representative of at least 10 mice per
group (*p < 0.05). c, Mice were examined for disease severity and given a clinical score of
disease. Open symbols, Th17 cells. Filled symbols, Th1 cells. Each symbol represents one
mouse. Data from three independent experiments are shown (n = 10 mice per group).
Clinical score was significantly different using the Kaplan-Meir survival curves, p < 0.05
with a confidence level of 95%. d, On day 28, popliteal lymph nodes and ankles were
harvested and cells stimulated for 4 h with PMA + ionomycin. T cells were gated on live
Vβ6+ cells and stained for intracellular IL-17A, IFNγ and IL-4. Results are representative of
10 mice.
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Figure 3.
Neutralizing anti-IFNγ antibody enhances Th17 induced arthritis. On day 0 of Th17 cell
transfer mice were injected with 250 µg anti-IFNγ or control PIP antibody. Mice were
injected every 10 days with antibody. a, The thickness of both rear ankles was measured as
an induction of arthritis. b, Mice were examined for disease severity and given a clinical
score of disease (n = 9 mice per group). Open symbols, control PIP antibody. Filled
symbols, anti-IFNγ antibody. Each symbol represents one mouse. Clinical score was
significantly different using the Kaplan-Meir survival curves, p < 0.05 with a confidence
level of 95%.
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Figure 4.
Neutralizing anti-IL-17A antibody delayed Th17 induced arthritis. On day 0 of Th17 cell
transfer mice were injected with 500 µg anti-IL-17A or control antibody. Mice were injected
every 3 days with 250 µg antibody. a, The thickness of both rear ankles was measured as an
induction of arthritis. b, Mice were examined for disease severity and given a clinical score
of disease. Open symbols, control antibody. Filled symbols, anti-Il-17A antibody. Each
symbol represents one mouse. Results are representative of 8 mice per group. Clinical score
was significantly different using the Kaplan-Meir survival curves, p < 0.05 with a
confidence level of 95%. * p < 0.05.
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Figure 5.
IFNγ is suppressed in Th17 polarized T cells from KRN/T-bet−/− mice in vitro but not in
vivo. Naive KRN/T-bet−/− T cells were cultured for 3 weeks under Th17 polarizing
conditions using B6.G7 splenocytes as antigen presenting cells. a, Polarized cells were
stimulated for 4 h with PMA or PMA + ionomycin. T cells were gated on TCR Vβ6+ live
cells and stained for IL-17A and IFNγ, or b, IL-17A and IL-17F. c, On day 0, 10×106 KRN/
T-bet−/− or KRN (T-bet+/+) Th17 polarized cells were injected i.v. into
B6.TCR.Cα−/−H-2b/g7 mice and the thickness of both rear ankles was measured as a
indication of arthritis (n= 9 KRN/T-bet−/− mice and 3 KRN mice). Results are representative
of two independent experiments. Open symbols, KRN/T-bet+/+. Filled symbols, KRN/T-
bet−/−. d, On day 16 popliteal lymph nodes were harvested and cells stimulated for 4 h with
PMA + ionomycin. T cells were gated on live Vβ6+ cells and stained for intracellular
IL-17A and IFNγ. Results are representative of 13 mice. e, On day 1 popliteal lymph nodes
were harvested and cells stimulated for 4 h with PMA + ionomycin. T cells were gated on
live Vβ6+ cells and stained for intracellular IL-17A, IFNγ, and IL-17F. Results are
representative of one mouse. NS, no stimulation. P, PMA. P+I, PMA + ionomycin.
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Figure 6.
Naive T cells from KRN/T-bet−/− mice induce arthritis. On day 0, 1×106 Vβ6+/CD4+ KRN/
T-bet−/− or KRN/T-bet−/+ T cells were injected i.v. into B6.TCR.Cα−/−H-2b/g7 mice. a, The
thickness of both rear ankles was measured as an indication of arthritis. b, Mice were
examined for disease severity and given a clinical score of disease. Results are
representative of two independent experiments. Open symbol, KRN/T-bet−/+. Filled
symbols, KRN/T-bet−/−. Each symbol represents one mouse. c, On day 16 popliteal lymph
nodes were harvested and cells stimulated for 4 h with PMA + ionomycin. T cells were
gated on live Vβ6+ cells and stained for intracellular IL-17A, IFNγ, and IL-17F. Results are
representative of 11 mice.
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Figure 7.
IgG2b is the dominant anti-GPI isotype in mice transferred with Th17 polarized KRN T cells
while IgG1 is dominant in mice transferred with naive T cells and KRN/T-bet−/− Th17 cells.
Serum titers of individual isotypes of anti-GPI were measured every 7 days by ELISA using
isotype-specific secondary antibodies. a, Antibody titers of 10 mice transferred with 9.5×106

Th17 polarized KRN T cells. Each symbol represents one mouse. b, Antibody titers of 9
mice transferred with 3.5×105 naive KRN T cells. c, Antibody titers of 13 mice transferred
with 9.5×106 Th17 polarized T cells from KRN/T-bet−/− mice on day 14 post transfer. d,
The thickness of both rear ankles was measured as an induction of arthritis in Balb/c mice
transferred with Th17 serum or Th17 serum depleted of IgG1. e, Mice were examined for
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disease severity and given a clinical score of disease. Results are representative of 5 mice
per group.
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Table 1

Cytokine expression in popliteal lymph nodes of K/BxN mice.

Mouse IL-17 IFNγ IL-17/IFNγ IL-4

1 15.2 19.1 1.33 0.42

2 10.8 17.7 0.88 0.98

3 9.28 22 0.76 0.83

4 27.1 14.1 1.89 0.28

5 6.4 20.9 0.58 0.37

6 8.92 13.2 0.67 0.41

7 9.55 10.2 0.27 2.4

8 4.63 20.7 0.18 0.14

9 8.3 15 0.47 0.2

Percentage of Vβ6+ T cells from the popliteal lymph nodes that are positive for the indicated cytokines.
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