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Abstract

Citrullinated proteins, derived from the conversion of peptidyl-arginine to peptidyl-citrulline, are

present in the joints of patients with rheumatoid arthritis (RA), who also uniquely produce high

levels of anti-citrullinated protein Abs. Citrullinated fibrinogen (CF) is abundant in rheumatoid

synovial tissue, and anti-citrullinated protein Ab-positive RA patients exhibit circulating immune

complexes containing CF. Thus, CF is a potential major target of pathogenic autoimmunity in RA.

T cells are believed to be involved in this process by initiating, controlling, and driving Ag-

specific immune responses in RA. In this study, we isolated a CD4 T cell line specific for CF that

produces inflammatory cytokines. When transferred into mice with collagen-induced arthritis

(CIA), this T cell line specifically enhanced the severity of autoimmune arthritis. Additionally,

pathogenic IgG2a autoantibody levels to mouse type II collagen were increased in mice that

received the T cells in CIA, and levels of these T cells were increased in the synovium, suggesting

the T cells may have had systemic effects on the B cell response as well as local effects on the

inflammatory environment. This work demonstrates that CD4 T cells specific for CF can amplify

disease severity after onset of CIA.

Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease affecting ~1% of

the population, characterized by destruction of the articular cartilage and erosion of the

surrounding bone. Anti-citrullinated protein Abs (ACPAs) are a class of autoantibodies that

have been shown to be very specific for the diagnosis of RA (1, 2) and also appear in the

sera years before disease onset in individuals who eventually develop RA (3–7).

Citrullination, or deimination, is the posttranslational modification of peptidyl-arginine to

peptidyl-citrulline, a calcium-dependent process catalyzed by the enzyme peptidyl arginine

deiminase (PAD) (8). ACPAs preferentially recognize citrullinated epitopes on specific

proteins (9). Although some proteins are citrullinated as part of normal cellular regulatory
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processes [reviewed in (8)], the presence of high levels of aberrantly citrullinated proteins in

the joints of RA patients correlates with disease severity (10). ACPAs have been shown to

target citrullinated epithelial (pro) filaggrin (11, 12), fibrin (13, 14), vimentin (15), α-

enolase (16), and type II collagen (17). Abs to several of these citrullinated Ags are enriched

in the joints of patients with RA (18).

Many articular autoantigens are proposed to play a role in the pathogenesis of disease in RA,

including citrullinated fibrinogen (CF). Circulating levels of fibrinogen are increased in

inflammatory conditions such as RA [reviewed in (19)], and fibrin deposition in the joint is

one of the most consistent features of both RA and animal models of RA (20–22).

Citrullinated forms of the α- and β-chains of fibrin have been identified as targets of the

autoanti-body response in RA (14). CF is also present in the synovial fluid of patients with

RA (23). It was shown that three quarters of ACPA+ RA patients possessed Abs to CF and

one half of ACPA+ RA patients exhibited circulating immune complexes containing CF

(24). These studies suggest that CF is present in the joint and that autoimmunity targeting

this autoantigen may contribute to synovitis in many ACPA+ RA patients.

Epitope spreading occurs, and ACPAs to citrullinated proteins develop in mouse models of

RA, including collagen-induced arthritis (CIA), as disease progresses (25, 26). However, T

cells specific for citrullinated proteins have not been well characterized. RA-related DRB1

alleles have a common region of highly similar sequence identified as the shared epitope

(SE) (27), and, because ACPAs are thought to mediate the association between SE alleles

and RA (28, 29), an implied role for citrulline-specific T cells in the pathogenesis of RA is

present.

T cell lines and clones have been used as a tool to provide important insight into the

mechanisms of development, regulation, and effector function of autoreactive T cells in a

wide array of autoimmune diseases. This has been well demonstrated in the NOD mouse

model of type 1 diabetes, in which a unique panel of diabetogenic islet-specific CD4 T cell

clones has been extensively studied (30). CD4 and CD8 T cell lines and clones have also

been used in several experimental models of arthritis, both spontaneous and inducible. These

studies have led to many insights with regard to Ag-specific CD4 T cells in the context of

the MHC (31), the importance of posttranslationally modified Ags (32), and a variety of

protein Ags thought to be involved in the pathogenesis of RA (31, 33–35).

CIA was used in our studies because it is a widely used inducible model of RA, it is MHC

restricted, and both B and T cells are required for the manifestation of arthritis in mice

[reviewed in (36)], similar to that in human RA. Also, mice with CIA develop circulating

Abs reactive with citrullinated epitopes, and arthritis severity has been modulated by

citrullinated peptide tolerance and passive transfer methods using mAbs demonstrating

ACPA characteristics (25, 26). Additionally, recent studies in our laboratory have shown

that the inhibition of PAD resulted in reduced arthritis severity in CIA that is accompanied

by decreased generation of synovial citrulline and a decreased Ab response to a subset of

autoantigens (37).
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Traditionally in mouse models of autoimmune arthritis, isolated T cell clones are reactive to

the specific Ag used in the model of interest. In this study, we examined whether T cells

specific for citrullinated epitopes had a role in CIA, in which the initial Ag is collagen, but

in which epitope spreading to citrullinated proteins occurs. We describe the unique

characteristics of a CD4 T cell line specific for CF that produces inflammatory cytokines in

response to Ag challenge with both human and mouse CF. We also show that this T cell line

is able to significantly amplify arthritis in CIA, traffic to the synovium, and may increase

pathogenic IgG2a Ab levels to mouse type II collagen. These results suggest that CF-

specific CD4 T cells can play a key role in the pathogenesis of autoimmune arthritis.

Materials and Methods

Mice

DBA/1J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The

University of Colorado School of Medicine Institutional Animal Care and Use Committee

approved all experiments.

Citrullination (deimination) of fibrinogen

Human fibrinogen (HF) or mouse fibrinogen (MF) (Sigma-Aldrich) was deiminated in vitro,

as described previously (26). Fibrinogen was incubated with rabbit type II PAD (Sigma-

Aldrich) in 0.1 M Tris-HCl (pH 7.5), 10 mM CaCl2, and 5 mM DTT at a substrate/enzyme

ratio of 1 mg:2 U for 2 h at 37°C. The reaction was stopped by the addition of 20 mM

EDTA.

Ex vivo analysis of CD4 T cells from draining lymph nodes

CD4 T cell activation marker and cytokine levels were evaluated by ex vivo analysis of T

cells from 6- to 8-wk-old mice immunized intradermally with an emulsion of 100 μg human

CF (HCF) (citrullinated as above) in CFA (a mixture of 100 μl IFA and 200 μg inactivated

Mycobacterium tuberculosis; H37Ra; Difco), mice immunized with CFA alone, or age-

matched untreated mice. Draining lymph nodes (LN) were harvested from untreated mice or

mice at days 7, 28, and 35 after immunization and stained for activation markers (CD44,

CD62L; BD Biosciences) or cultured overnight in Ag assay, followed by intracellular

staining to determine cytokine expression on CD4 T cells.

In Ag assays, T cells (2 × 105/ml) were stimulated with freshly isolated DBA/1J peritoneal

exudate cells (APCs) at a concentration of 5 × 105/ml in the presence of APCs alone as a

negative control, or APCs and Ag (human insulin [HINS] or HCF). After stimulation, cells

were incubated with GolgiPlug (BD Biosciences) in the presence or absence of complete

media with a mixture of 0.1 μg/ml PMA and 1 μg/ml ionomycin (Sigma-Aldrich) for 4 h,

harvested, and then surface stained in staining buffer (0.05% BSA in PBS) containing anti-

CD4 Ab (BD Biosciences). Cells were washed and resuspended in permeabilization buffer

(0.5% saponin [Sigma-Aldrich] in staining buffer) containing an Ab mix for intracellular

staining ( TNF-α, IL-17, IFN-γ, and/or IL-6 from BD Biosciences), and then washed and

analyzed on a FACSCalibur flow cytometer.
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Collagen-induced arthritis

Collagen-induced arthritis (CIA), including arthritic scoring and anti-CII ELISA analyses,

has been described previously (26); however, the protocol was altered to better observe an

amplifying role of T cells in disease. Briefly, at day 0, 6- to 8-wk-old mice were immunized

intradermally with an emulsion of CFA (as above) containing 200 μg bovine type II collagen

(bCII; Elastin Products). At day 21, mice were immunized as above, but with 200 μg bCII

emulsified in 100 μl IFA. Disease incidence in mice was determined by an individual

blinded as to the experimental group examining the paw for signs of clinical inflammation.

Clinical scores were assigned by giving each paw a number 1–4 based upon visible swelling,

with a total possible score of 16.

Culture and expansion of T cell lines

CD4 T cell lines were established in the following manner. Mice were immunized at days 0

and 21 with 100 μg HCF emulsified in CFA, prepared as above. Draining LN were taken

from mice at days 7 or 35 and cultured with EL-4 supernatant as a source of IL-2, HCF, and

APCs from unimmunized DBA/1J mice in complete medium (CM). For OVA-specific T

cell lines, mice were immunized with 100 μg OVA emulsified in CFA, and then LN cells

were cultured with OVA instead of HCF, as above. CM is DMEM supplemented with 44

mM sodium bicarbonate, 0.55 mM L-arginine, 0.27 mM L-asparagine, 1.5 mM L-glutamine,

1 mM sodium pyruvate, 50 mg/L gentamicin sulfate, 50 mM 2-ME, 10 mM HEPES, and

10% FCS. T cell lines were restimulated every 2 wk.

CD4 T cell lines were sorted based upon usage of the Vβ of the TCR, and screened for CD4

and Vβ by FLOW cytometry using a TCR Vβ screening panel (BD Pharmingen). Dominant

Vβ populations were screened and sorted regularly to confirm and maintain uniform T cell

transfers.

T cell numbers were expanded for T cell transfer experiments by subculturing 3–5 × 106

cells in a 5-fold volume of CM and IL-2 4 d after restimulation. T cells were harvested,

washed, and resuspended in HBSS for injection into 11- to 13-wk-old DBA/1J recipients at

1 × 107 cells per mouse.

In Vybrant-staining experiments, T cell lines were incubated with Vybrant DiD (Invitrogen)

at a concentration of 5 μl cell-labeling solution per 1 × 107 cells for 20 min. T cells were

washed and transferred into naive mice or into mice at day 24 of a CIA experiment at 1 ×

107 cells per mouse.

Analysis of cytokine production by T cell lines and organs after T cell line injections

CD4 T cell lines were incubated with Ag in Ag assays, and then cytokine production was

evaluated by ELISA. Briefly, resting T cells (2 × 105/ml) were stimulated with freshly

isolated DBA/1J peritoneal exudate cells (APCs) at a concentration of 5 × 105/ml in the

presence of media or APCs alone as a negative control, or Ag (HINS, HCF, mouse CF

[MCF], HF, MF, or bCII). Supernatants were collected, and IL-6 and IL-17 cytokine

concentrations were determined by specific ELISAs (BD Biosciences). Background

concentrations were subtracted from the Ag assays to facilitate interpretation of the results.
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For measurement of cytokines by intracellular staining, spleens, LN, and knee synovium

were harvested 12 d after mice were transferred with T cells or HBSS and single-cell

suspensions were prepared. Cells were stained for intracellular cytokines, as above.

Measurement of Abs

Anti-CII Ab detection—Ninety-six–well plates were coated overnight with 5 mg/ml

mouse type II collagen or bCII (Chondrex). Plates were washed with PBS containing 0.5%

Tween 20 and then blocked with 10% BSA in PBS. Mouse sera were diluted 1:1000 in PBS

and added in duplicate to wells, and plates were incubated. Secondary Abs, HRP-conjugated

goat anti-mouse IgG1 or IgG2a (Caltag Laboratories) diluted 1:1000 in PBS, were then

added, and then the plates were developed using 1% H2O2, in ABTS solution.

Anti-HCF Ab detection—Ninety-six–well plates were coated with 10 μg/ml HCF in

carbonate buffer. Plates were washed as above and blocked with 0.01% BSA in PBS. Mouse

sera were diluted 1:50 in PBS and added in duplicate. Secondary Abs, biotin-conjugated

goat anti-mouse IgG (Sigma-Aldrich) diluted in blocking buffer containing streptavidin-

HRP (Zymax), were added, followed by development of the plate, as above. A standard was

obtained by diluting pooled sera from mice immunized with HCF.

Western blot analysis

Tissue samples (LN or knee synovium) from individual mice were isolated at the end point

of the experiment and handled, as previously described (37). Tissue samples were

resuspended in 50 mM HEPES (pH 7.6), 1.0 mM EDTA, 0.5 mM DTT, and 0.43 mM

PMSF. Cell extracts were prepared with a Dounce homogenizer and then clarified by

centrifugation. Presence in mouse sera and tissues of MCF was tested by adding 5 μg serum,

or 10 μg tissue homogenate per well to Western blots. MCF or MF diluted 1:100 in PBS

were used as positive and negative controls, respectively. Blots were washed with PBS

containing 0.5% Tween 20 and then blocked with 5% milk in PBS. Blots were incubated

with primary Abs that detect CF at 1:2,000 in PBS (Modiquest; MQ13.1), followed by

secondary Abs, HRP-conjugated goat anti-mouse IgG (Millipore) diluted 1:10,000 in PBS.

To detect the presence of MF, blots were stripped, blocked, and reprobed with primary Abs

at 1:500 in PBS (Lifespan Biosciences; LS-C129050) and secondary Abs, HRP-conjugated

rabbit anti-mouse IgG (Millipore) diluted 1:10,000 in PBS. Blots were developed using

Pierce ECL Substrate (Thermo Scientific).

Statistical analysis

ANOVA with tests for multiple comparisons was used to examine the data for clinical

disease activity score in CIA. A comparison of survival curves was used to analyze the

percentage of mice with clinical arthritis over time. FLOW cytometry data, mean arthritis

prevalence at day 40, the average number of hind paws affected, the percentage of total

paws affected, and the anti-CF Ab graphs were analyzed using a two-tailed Student t test.

The Pearson correlation coefficient was calculated for comparisons between datasets that

were possibly related. The anti-CII Ab graphs were analyzed using a Mann–Whitney U test.

All statistical analyses were performed using GraphPad Prism, version 1.0 for Mac
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(GraphPad, San Diego, CA). Data are expressed as the mean ± SEM, and p values <0.05

were considered significant.

Results

CF and Abs to CF are present in tissues and sera of DBA/1J mice with CIA

Previously, we found that DBA/1J mice with CIA exhibited a higher total citrulline content

in the synovium than mice without disease (37). Also, by Western blot analysis, day 35 sera

of mice with CIA contained Abs to CF (26). To determine whether CF was specifically

present and/or upregulated in the tissues of mice with CIA, Western blots were performed

using an Ab recognizing MCF. All blots were also probed with an Ab recognizing native

fibrinogen to confirm equivalent loading of gels and fibrinogen band location (data not

shown). Fibrinogen is a soluble 340-kDa glycoprotein composed of three nonidentical

polypeptide chains, Aα (63.5 kDa), Bβ (56 kDa), and γ (47 kDa) [reviewed in (38)]. Our

data indicate that circulating levels of MCF were higher in the sera of mice with CIA than in

the same mice before immunization with CIA (Fig. 1A). Although baseline levels were

present, mice with CIA also demonstrated higher levels than naive mice of MCF in the

synovial tissue (Fig. 1B) and LN (Fig. 1C). LN tissue from naive mice and mice with CIA

exhibits two visible CF bands, most likely the α- and β-chains (Fig. 1C). Whereas the upper

band remained the same intensity in naive mice or mice with CIA, the lower m.w. band

tended to increase in intensity as disease progressed. These results are similar to human

studies wherein α-and β-chains display the highest levels of citrullination, and the γ-chain

and fibrinogen degradation products and/or peptides are weakly citrullinated (14, 23, 39–

41).

In addition to elevated levels of CF, serum Ab levels to HCF, HF, MCF, and MF were

analyzed by ELISA and showed increased levels present at day 45 of CIA compared with

those at day 0 in the same mice (Fig. 1D, 1E). Overall, these results are consistent with our

previous findings of citrullinated Ags in the serum, LN, and synovium of mice with CIA,

and identify CF as an Ag that increases in the tissues of mice with CIA.

Immunization with HCF produces activated CD4 T cells

To determine whether immunization with HCF led to increases in activated CD4 T cells,

DBA/1J mice were immunized at days 0 and 21 with HCF, and, at days 7, 28, or 35, single-

cell suspensions were prepared from the draining LN. Levels of CD4+ cells expressing

CD44high+CD62L− increased after the second immunization with HCF and were found to be

significantly higher than in adjuvant-immunized mice (Fig. 2A, Supplemental Fig. 1A).

These data indicate that immunization with HCF drives CD4 T cells to assume an activated,

effector memory phenotype.

CD4 T cells produce proinflammatory cytokines upon stimulation with HCF

As there were higher levels of CD4 T cells with a more activated phenotype in mice

immunized with HCF than in mice receiving adjuvant only, we investigated cytokine

production in response to Ag. Mice were immunized with HCF, and cells from the draining

LN were incubated with PMA-ionomycin as a positive control, APCs alone as a negative
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control, APCs and HINS as an irrelevant Ag, or APCs and HCF, and then stained for

intracellular cytokines. CD4+ T cells from mice immunized with HCF produced TNF-α in

response to challenge with HCF after day 28 (Fig. 2B, Supplemental Fig. 1B). CD4+ T cells

from mice immunized with HCF also produced IL-17 after day 28 (Fig. 2C, Supplemental

Fig. 1C) and IFN-γ after day 35 (Fig. 2D). As detected by ELISA, low levels of IL-6 were

also secreted by CD4 T cells (data not shown). We conclude that IL-17, TNF-α, and IFN-γ

are produced by CD4 T cells after immunization with HCF, suggesting that a

proinflammatory memory-type response is produced.

The HCF4Vβ7+ line responds in an Ag-specific manner to CF by producing IL-6 and IL-17

To establish CD4 T cell lines specific for CF, cells from draining LN were isolated. Lines

were cultured long-term with HCF, IL-2, and APCs, and Ag assays were used to examine

each line for Ag specificity. One line, designated HCF4, was characterized as a CD4+ T cell

line that secreted IL-6 and IL-17 in response to challenge with HCF and MCF, but not with

unmodified HF or MF (data not shown). To determine the heterogeneity of the HCF4 line,

TCR gene usage was screened by FLOW cytometry. Several dominant Vβ populations were

present, and results from sorting and Ag assay experiments showed that T cells with

reactivity to CF could be segregated into a few Vβ populations. One population, termed

HCF4Vβ7+, was characterized as a uniform population with a single defined Vβ7 peak of

CD4 T cells (Fig. 3A). This line was maintained thereafter by regular resorting. Upon

stimulation with Ag (HCF, HF, MCF, or MF), the HCF4Vβ7+ CD4 T cell line responded

only to HCF to produce IL-17 (Fig. 3B) and to HCF and MCF to produce IL-6 (Fig. 3C).

Although high concentrations of Ag were required to see an IL-17 response by the

HCF4Vβ7 line, the response was consistent and was not observed at any concentration with

the control T cell line or in the absence of Ag. Also, APCs most likely process whole protein

inefficiently, resulting in the need for an increased Ag concentration. We also confirmed that

this line did not respond to bCII (data not shown). Together, these results indicate that the

HCF4Vβ7+ CD4 T cell line is a uniform population of cells that produces inflammatory

cytokines in response to CF.

The HCF4Vβ7+ CD4 T cell line enhances the severity of arthritis and increases the
cumulative incidence over time of CIA

As there were increased levels of CF and production of ACPAs in CIA as disease progressed

(Fig. 1), we asked whether CD4 T cells specific for CF could exacerbate autoimmune

arthritis in mice immunized with bCII in CFA and then in IFA to produce only an

intermediate level of arthritis. As a control, we derived and sorted a CD4 T cell line,

designated OVAVβ8+, that produced IL-17 and IL-6 in response only to OVA (data not

shown). Either HCF4Vβ7+ or OVAVβ8+ T cells were administered to mice 3 d after the

second immunization (day 24) and before signs of clinical disease. Before T cell transfers,

lines were activated for 4 d by restimulation with Ag and APCs and then further expanded

for 3 d with IL-2 alone. Clinical disease activity was assessed in mice three times weekly

from day 21 until the experimental end point, day 45. The control OVAVβ8+ CD4 T cell

line did not increase disease over the HBSS-injected control group in CIA (Fig. 4A).

However, the HCF4Vβ7+ T cell line increased the clinical disease activity in mice after day

30 of the experiment, and this difference became statistically significant by the experimental
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end point at day 45. In mice receiving the HCF4Vβ7+ T cell line, disease incidence

increased to >80%, as compared with 50–60% in the control groups by the end point of the

experiment (Fig. 4B).

At day 40, the mean arthritis prevalence was also significantly increased (Fig. 4C), the

average number of affected hind paws was significantly greater (Fig. 4D), and the total

number of paws affected was increased in mice injected with the HCF4Vβ7+ T cell line (Fig.

4E). These results suggest that mice injected with T cells specific for CF develop arthritis

faster and more mice develop arthritis than control groups. Furthermore, more hind paws

were affected per mouse and more paws per mouse were affected (Fig. 4E), indicating that a

more systemic effect on arthritis is induced by the addition of HCF4Vβ7+ T cells.

Autoantibody levels to CII are increased in mice immunized with bCII and injected with the
HCF4Vβ7+ line

To determine whether the anti-CII autoantibody response was affected by the injection of

the HCF4Vβ7+ T cell line, Ab levels were analyzed at the end point of the experiment in

mice injected with the HCF4Vβ7+ T cell line compared with mice in the control groups. In

mice transferred with HCF4Vβ7+, IgG2a anti-mouse CII Ab levels were significantly

increased over levels of Ab in HBSS-injected control mice and tended to be increased over

levels of Ab in OVAVβ8-injected control mice, although not significantly (Fig. 5A). IgG2a

anti-bovine CII Ab levels and IgG1 anti-mouse and anti-bovine Ab levels were similar in all

groups (Fig. 5B–D). These data indicate that T cells specific for CF may have an effect on

the autoantibody response in CIA.

In vivo, IL-17–producing HCF4Vβ7 CD4 T cells are increased in the joints

To examine whether the HCF4Vβ7+ T cell line would migrate to the synovium where it

could increase damage locally, T cells were stained with Vybrant, a fluorescent dye that

integrates into the cell membrane, prior to transfer. Stained cells were injected into naive

mice or mice with CIA at day 24. Twelve days later, mice were sacrificed, and spleens, LN,

and synovium from the knees were isolated and analyzed by flow cytometry for Vybrant

expression. Vybrant-stained HCF4Vβ7+ T cells migrated to the spleen in mice regardless of

whether the mice were immunized with bCII (Fig. 6A, top panels); they also migrated to the

LN in the same manner, although there were substantially fewer Vybrant+ T cells in the LN

(Fig. 6A, middle panels). Interestingly, the cells migrated to the knee synovium in both

naive mice and mice immunized with bCII (Fig. 6A, bottom panels). Similar levels of the

OVAVβ8+ CD4 T cell line were also detected in the spleen, LN, and synovium of naive

mice or mice immunized with bCII (data not shown). Upon PMA-ionomycin stimulation of

cells ex vivo, CD4 T cells from the spleen and LN of mice injected with either the

HCF4Vβ7+ or OVAVβ8+ line produced similar levels of both IL-17 and TNF-α (data not

shown). Low numbers of Vybrant+ CD4+ cell were also present in the synovium and

produced a background level of IL-17 in all groups of mice injected with T cells. However,

there was a clear significant increase in levels of Vybrant+IL-17+ CD4 T cells in mice

receiving HCF4Vβ7+ over all control groups (Fig. 6B, upper right-hand gate, quantified in

Fig. 6C). Thus, although both the HCF4Vβ7+ and OVAVβ8+ T cell lines migrate to the
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spleen, LN, and synovium of mice, these results indicate that more IL-17–producing

HCF4Vβ7+ cells are present in the synovium of mice with CIA.

Discussion

In this study, we demonstrate a role for T cells specific for CF in the development of

inflammatory arthritis in CIA. We first established that both increased circulating CF and

increased Ab levels to CF are present in mice after immunization with bCII. This

observation led us to hypothesize that CF-specific T cells might accelerate or otherwise

modify disease in this model. Data from ex vivo experiments confirmed that activated CD4

T cells producing proinflammatory cytokines could be isolated from LN of mice immunized

with HCF, and cultured long-term in the form of T cell lines. The HCF4Vβ7+ CD4 T cell

line produced proinflammatory cytokines in response to challenge with CF, and, when

transferred in vivo, primed HCF4Vβ7 CD4 T cells exacerbated CIA in mice. Additionally,

mice transferred with HCF4Vβ7+ displayed increased circulating IgG2a anti-mouse CII Ab

levels and synovial HCF4Vβ7+ IL-17+ CD4 T cells.

That the HCF4Vβ7 CD4 T cell line exacerbated CIA in mice is an important finding in

several respects. First, fibrinogen deposition in the joint is a hallmark of inflammatory

autoimmune arthritis, and CF is a major autoantigen in RA. Increased amounts of CF were

present in synovial tissue of mice with CIA, indicating that local APCs could present CF to

transferred Ag-specific IL-17–secreting CD4 T cells in an inflammatory environment such

as that induced by CIA (42). Second, the T cell line responds only to citrullinated forms of

fibrinogen, and yet, it increases clinical disease in a mouse model in which B and T cell

reactivity to bCII is necessary for disease induction. To our knowledge, these are the first

studies testing a T cell line specific for an Ag other than CII in CIA, which is, in effect,

testing the hypothesis that both epitope spreading to CF and posttranslationally modified

epitopes are important in T cell–driven disease. Epitope spreading of autoreactive T cell

responses to new Ags has not been tested in animal models of RA, although it has been

described in experimental autoimmune encephalomyelitis (43). Furthermore,

posttranslational modifications of CII have been shown to create novel T cell determinants

that are important in disease induction and/or exacerbation of CIA, but other modified Ags

have not been tested in CIA (32, 44).

Our research implicates reactivity to citrullinated proteins. We and others have hypothesized

that anti-citrulline reactivity is not responsible for the initial break in tolerance in CIA or in

experimental autoimmune encephalomyelitis, but that it amplifies disease severity after

onset (26, 37, 45). This study provides additional evidence that in autoimmune arthritis, anti-

citrulline reactivity represents a “second hit” after some initial inflammatory event is

triggered in a genetically susceptible individual. We have not yet observed arthritis in naive

mice injected with only the HCF4Vβ7+ T cell line. However, it has been suggested that in

the absence of immunization with Ag, arthritogenic Th17 cells are insufficient to produce

arthritis and self-reactive T cells will only differentiate into Th17 cells and persist in a

cytokine environment that facilitates this differentiation, such as innate immunity induced

by microbial products (46). This may indicate that a stimulus such as CIA induction could

be necessary for CF-specific T cells to enhance arthritis.
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A third important aspect of this research is that a Th17 line that retains its characteristics in

culture is a unique finding in itself. Th1 and Th17 cells have been shown to colocalize in

regions of inflammation and may require each other for recruitment (47–49), suggesting that

both subsets may be relevant to disease pathogenesis. Th17 cells are important in

inflammatory responses in autoimmune diseases such as RA (50), multiple sclerosis (51),

and psoriasis (52), but Th17 T cell lines have not been well studied or well characterized.

The cytokines secreted most consistently by the HCF4Vβ7 line upon stimulation with Ag

were IL-6 and IL-17, both integral to pathogenesis of RA and CIA. Although the HCF4Vβ7

CD4 T cell line produced both IL-6 and IL-17 in response to HCF, IL-6 was also produced

in response to MCF, which could drive Th17 cell production in vivo by inhibiting TGF-β–

induced T regulatory differentiation (53–55). Upon ex vivo analysis of Vybrant-stained

HCF4Vβ7+ T cells in CIA, intracellular staining showed the production of TNF-α as well as

IL-17. Under the right experimental conditions, the line may produce IFN-γ by intracellular

staining as well. We are curious to take a more in-depth approach to determine whether

these transferred T cells shift to a Th1 phenotype in vivo, such as was the case in animal

models of diabetes and multiple sclerosis (47, 56, 57). Furthermore, we are attempting to

isolate a Th1 line to compare with the HCF4Vβ7+ line.

Finally of note, although the question of whether Ag-specific T cells exert their effects

locally or from secondary lymphoid organs (58, 59) has been debated, our results suggest

that the HCF4Vβ7+ T cell line may have affected disease from both locations. The

cumulative incidence over time, the total number of paws affected, and mean arthritis

prevalence were all increased in mice transferred with HCF4Vβ7, indicating a systemic

effect of CF-specific T cells. Furthermore, IL-6 production by HCF4Vβ7 in vivo could have

increased circulating IgG2a autoantibody levels to CII in mice with CIA, as in RA, in which

IL-6–stimulated Th17 cells can induce B cell differentiation and Ab production via secretion

of IL-21 (reviewed in Ref. 60). In addition, although we saw similar levels of IL-17 in LN

and spleens of mice with CIA whether or not they were transferred with the HCF4Vβ7 line,

more IL-17–producing HCF4Vβ7+ cells were present in the synovium of mice with CIA,

indicating a local effect of the cells in an already inflamed environment. An alternative

explanation for enhanced arthritis in this study is that HCF4Vβ7+ CD4 T cells act as a local

source of IL-17 in the joint, as reported previously (61). However, in our studies, OVA-

specific CD4 T cells also produced IL-17 in response to OVA and trafficked to spleens, LN,

and synovium when transferred into mice with CIA, but arthritis was not increased in these

animals. Finally, the amplifying effect could be due to enhanced production of pathogenic

anti-bCII Abs in mice receiving the HCF4Vβ7+ T cell line.

In sum, our data demonstrated that T cells specific for CF have a role in the development

and exacerbation of mouse autoimmune arthritis. Because CF is a major autoantigen in RA,

these studies are relevant to the human disease process. Notably, recent studies have

demonstrated the presence of citrullinated vimentin peptide-specific T cells in patients with

RA (62). Furthermore, T cells from SE+ patients with RA produced proinflammatory

cytokines, including IL-6, in response to citrullinated self Ag (63). These data suggest that

CF-specific T cells may have a role in the development of human RA, and that modulation

of these cells may ameliorate arthritis.
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Abbreviations used in this article

ACPA anti-citrullinated protein Ab

bCII bovine type II collagen

CF citrullinated fibrinogen

CIA collagen-induced arthritis

CM complete medium

HCF human CF

HF human fibrinogen

HINS human insulin

LN lymph node

MCF mouse CF

MF mouse fibrinogen

PAD peptidyl arginine deiminase

RA rheumatoid arthritis

SE shared epitope
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FIGURE 1.
MCF and Abs to CF are present in tissues and sera of mice with CIA. Sera (5 μg) or tissue

homogenates (10 μg) from synovium or LN of naive mice or mice immunized with bCII

were loaded per well onto Western blots and probed with a mAb detecting MCF in (A)–(C).

(A) Lane 1 is MCF, loaded as a positive control, and lane 2 is MF as a negative control.

Lanes 3–5 of the same gel are serum samples from three individual mice (M1–3) prior to

immunization with bCII, and lanes 6–8 are samples from the same mice at day 45 of CIA.

(B) Lanes 1 and 2 are synovial samples from unimmunized mice, and lanes 3–5 are samples

from mice with CIA. (C) Lanes 1 and 2 are LN samples from unimmunized mice, and lanes

3 and 4 are LN samples from mice with CIA. In (D) and (E), sera from individual mice from

day 0 or 45 of CIA were incubated on a 96-well plate coated with HCF or HF (D) and MCF

or MF (E), and the presence of mouse IgG Abs was detected by ELISA. The bar represents

the mean for each time point, and n = 21 mice.
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FIGURE 2.
HCF-immunized mice develop CD4 T cells with an activated effector phenotype

(CD44high+CD62L−) and the ability to produce proinflammatory cytokines. DBA/1J mice,

aged 6–8 wk, were untreated (Untreated), or immunized on days 0 and 21 with CFA

(Adjuvant) or HCF in CFA (HCF), and draining LN were harvested at various time points

(days 7, 28, or 35). (A) Surface staining was performed, followed by flow cytometric

analysis, in which CD4+ cells were gated from live cells. The percentage of CD44high+ 62L−

CD4 T cells is quantified for each group of mice with each shape representing one mouse. In

(B)–(D), LN cell suspensions were stimulated with APCs alone as a negative control, APCs

and irrelevant Ag (HINS), or APCs and HCF. After stimulation, cells were incubated with

GolgiPlug for 4 h and then stained for intracellular cytokines. The percentage of (B) TNF-α+

CD4 T cells, (C) IL-17+ CD4 T cells, and (D) IFN-γ+ CD4 T cells is quantified for each

group of mice. Relevant statistically significant differences are shown, and the bar

represents the mean for each group at the respective time point.
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FIGURE 3.
The HCF4Vβ7+ line is specific for CF. DBA/1J mice, aged 6–8 wk, were immunized on

days 0 and 21 with HCF in CFA, and draining LN were harvested at day 35. Cell lines from

LN were cultured long-term with HCF and IL-2. The HCF4 line was sorted by the Vβ of the

TCR. (A) Vβ expression of HCF4Vβ7 was analyzed by FLOW cytometry and is displayed

in a histogram. The black line represents the Vβ7 population, and gray lines represent all

other Vβ populations tested. To evaluate Ag specificity, HCF4Vβ7 was stimulated with

APCs alone as a negative control, APCs and bCII as an irrelevant control, or APCs and

HCF, HF, MCF, or MF. Supernatants were harvested from the line at 48 h after stimulation

with Ag, and the presence of IL-17 (B) and IL-6 (C) was assayed by ELISA. Data are

displayed as the mean ± SEM and are representative of at least two experiments.

Background concentrations were subtracted from Ag assays.
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FIGURE 4.
The HCF4Vβ7+ T cell line increases disease activity in CIA. Arthritis was induced by an

immunization of bCII in CFA at day 0, followed by bCII in IFA at day 21. Mice were

transferred with 1 × 107 T cells from the HCF4Vβ7+ or the control OVAVβ8+ T cell lines or

injected with HBSS as a negative control on day 24 of the protocol, and clinical disease

activity was assessed three times weekly thereafter. (A) Mice receiving the HCF4Vβ7+ T

cell line display increased clinical disease activity over mice in control groups. (B) Mice

receiving the HCF4Vβ7+ T cell line have significantly increased cumulative incidence over

time as compared with control groups. (C) Transfer of the HCF4Vβ7+ T cell line

significantly increased arthritis prevalence over control groups. (D) The average number of

hind paws and (E) the percentage of total paws affected by arthritis were both increased in

mice transferred with HCF4Vβ7+ T cells over control groups. Data in (A) and (C)–(E) are

expressed as the mean ± SEM, and relevant statistical significance is displayed on each

graph. For all experiments, n = 29 mice injected with HBSS, n = 21 mice injected with the

HCF4Vβ7+ line, and n = 25 mice injected with the OVAVβ8+ line.
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FIGURE 5.
Autoantibody levels to CII are increased in mice with CIA transferred with the HCF4Vβ7+ T

cell line. Arthritis was induced and T cells were transferred at day 24, as in Fig. 4. Sera from

individual mice of each group were incubated on a 96-well plate coated with mouse (A, B)

or bovine (C, D) CII and detected with an anti-mouse IgG1 or IgG2a Ab. All results display

the difference in OD of day 45 levels minus day 0 levels. The bar indicates the median for

each group.
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FIGURE 6.
In vivo, IL-17–producing HCF4Vβ7+ CD4 T cells migrate to joints. Naive mice or mice

with CIA, as described in Materials and Methods, were injected with 1 × 107 T cells stained

with Vybrant at day 24 of the protocol, and spleens, LN, and knee synovium were harvested

12 d later. The negative control for these studies was a mouse with CIA injected with HBSS

(CIA + HBSS). (A) Plots show representative examples of expression of Vybrant-stained

HCF4Vβ7+ T cells analyzed by flow cytometry in naive mice or mice immunized with bCII.

Cells from the spleen, LN, and synovium are displayed. (B) Inflammatory cytokine

expression was analyzed by intracellular staining, following incubation with PMA-

ionomycin and Golgi plug. Plots show representative examples of IL-17 expression by

Vybrant-stained HCF4Vβ7+ T cells from knee synovium in naive mice or mice immunized

with bCII. (C) The percentage of Vybrant+IL-17+ CD4 T cells in the synovium (upper right

quadrant in B) was quantified for each group of mice, as well as in naive mice and mice

with CIA injected with the OVAVβ8 line. Each bar indicates the mean, and the relevant

statistical significance is displayed. n = 2 mice injected with HBSS, n = 11 mice injected

with the HCF4Vβ7+ line, and n = 7 mice injected with the OVAVβ8+ line.
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