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The Journal of Immunology

Autoimmunity against Fibrinogen Mediates Inflammatory
Arthritis in Mice

Peggy P. Ho,* Lowen Y. Lee,† Xiaoyan Zhao,†,‡ Beren H. Tomooka,†,‡ Ricardo T. Paniagua,†,‡

Orr Sharpe,†,‡ Maya J. BenBarak,†,‡ Piyanka E. Chandra,†,‡ Wolfgang Hueber,†,‡

Lawrence Steinman,* and William H. Robinson†,‡

Rheumatoid arthritis (RA) is an autoimmune synovitis characterized by the presence of anticitrullinated protein Abs, although the

exact targets and role of anticitrullinated protein autoimmunity in the pathogenesis of RA remain to be defined. Fibrinogen, which

can be citrullinated, has recently emerged as a candidate autoantigen. To determine whether autoimmunity against fibrinogen can

mediate inflammatory arthritis, we immunized a variety of common mouse strains with fibrinogen and found that DBA/1 and SJL

mice developed an inflammatory and erosive arthritis. Mice with fibrinogen-induced arthritis (FIA) possess fibrinogen-reactive

T cells that produce the proinflammatory cytokines IL-6, IL-17, TNF-a, and IFN-g. FIA can be adoptively transferred with

either plasma or fibrinogen-specific T cells from diseased mice. Mice with FIA possess rheumatoid factor, circulating immune

complexes, and anticyclic citrullinated peptide Abs, all of which are characteristic of human RA. These observations demonstrate

that fibrinogen is arthritogenic in mice and that the pathogenesis of FIA is mediated by both autoantibodies and fibrinogen-

reactive T cells. The Journal of Immunology, 2010, 184: 379–390.

R
heumatoid arthritis (RA), a chronic inflammatory disease
of the synovial joints, afflicts up to 1.0% of the adult
population worldwide, yet our understanding of the cause

and pathogenesis of RA remains limited (1). In RA, synovial in-
flammation results in the growth of the synovial lining to form
pannus tissue, which contributes to cartilage and joint destruction.
Both genetic and environmental factors are associated with RA;
for instance, individuals who both smoke and possess the HLA-
DR4+ shared epitope have an increased risk of having RA develop
(2). RA is characterized by the production of autoantibodies, in-
cluding rheumatoid factor (RF) (IgM Ab against the Fc portion of
IgG) and anticitrullinated protein Abs (ACPAs) that react with
citrulline-containing proteins, such as perinuclear factor, vimentin,
filaggrin, and fibrinogen (1, 3, 4). Citrullination (also known as
deimination) is the posttranslational conversion of peptidyl-arginine
to peptidyl-citrulline by peptidyl arginine deiminase (PAD) en-
zymes. Abs against cyclic citrullinated peptides (CCP) and RF can

predate RA by years (5), and provide a sensitivity of z70% and
a specificity of 97% for the diagnosis of RA (6–9). More recently,
Abs against invitro citrullinated fibrinogenwere reported to provide
a sensitivity and specificity comparable to that of anti-CCPAbs for
the diagnosis of RA (10–12).
Growing evidence suggests that fibrin and its precursor fibrinogen

may play a role in the pathogenesis of RA. RA is characterized by
the deposition and excessive, local generation of fibrin in the
inflamed joint (13). The accumulation offibrin in the arthritic joint is
thought to arise because of a local imbalance between coagulation
and fibrinolysis (14). The citrulline-modified a- and b-chains of
fibrin were identified as targets of RA-specific anti-CCP autoanti-
bodies, the most specific serological markers of RA (10). In addi-
tion, a positive correlation between the presence of anti-in vitro
citrullinated fibrinogen Abs and the presence of anti-CCPAbs was
reported (15–18). The reactivity of autoantibodies to in vitro cit-
rullinated fibrinogen correlates with their reactivity to CCP and
provides a high specificity for the diagnosis of RA (10, 15).
Mice with type II collagen (CII)-induced arthritis (CIA) develop

Abs against both CCPs and in vitro citrullinated fibrinogen, and the
transfer of an anticitrullinated fibrinogen monoclonal Ab worsened
the mild arthritis induced by anti-CII Ab transfer (19). These
findings indicate that Abs against citrullinated fibrinogen can ex-
acerbate arthritis induced by a distinct autoantigen. To investigate
a potential role for fibrinogen as a central autoantigen in the path-
ogenesis of RA, we developed a fibrinogen-induced arthritis (FIA)
mouse model using human fibrinogen, which naturally contains
several citrulline modifications, as the immunizing Ag. Our data
suggest that FIA is a T cell and autoantibody-mediated autoimmune
synovitis that is highly representative of the subset of RA patients
who possess anticitrullinated fibrinogen autoantibodies.

Materials and Methods
Mice

Male DBA1/J mice and female SJL/J, BALB/c, and C57BL/6 mice were
obtained from The Jackson Laboratory (Bar Harbor, ME) and were between
7 and 9 wk of age when the experiments were initiated. Adoptive transfer
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recipients were between 5 and 7 wk of age. All animal protocols were
approved by the Committee of Animal Research at Stanford University, in
accordance with the National Institutes of Health guidelines.

Arthritis induction

FIA induction. Mice were immunized s.c. with 0.2 mg human fibrinogen,
which contains citrulline modifications, (Sigma-Aldrich, St. Louis, MO, or
Calbiochem, Gibbstown, NJ) in PBS (without calcium or magnesium)
emulsified with an equal volume of CFA consisting of IFA (Sigma-Aldrich)
and 0.5 mg heat-inactivated Mycobacterium tuberculosis (strain H37 RA;
Difco Laboratories, Detroit, MI). Twenty-one days later, the mice were
boosted s.c. with a second injection of human fibrinogen in IFA.

CIA induction. Mice were immunized intradermally at the tail base with
0.2 mg bovine CII in 0.05 M acetic acid (immunization grade, Chondrex,
Redmond, WA) emulsified with an equal volume of CFA. Twenty-one days
later, the micewere boosted s.c. at the base of the tail with a second injection
of bovine CII in IFA.

FIA-CIA induction. Mice were immunized s.c. to induce FIA and in-
tradermally to induce CIA, as described previously, and boosted 21 d later
with fibrinogen emulsified in IFA as described previously. Control mice
were given the equivalent amount of CFA and IFA at the corresponding sites
of injection.

Adoptive transfer of FIA. For T cell transfer, whole splenocytes and
lymphocytes from mice with FIA were cultured in vitro for 72 h with 0.01
mg/ml fibrinogen. Cells were harvested and washed with PBS. CD3+ T cells
were isolated using CD3+ T cell enrichment columns (R&D Systems,
Minneapolis, MN). Fifty million T cells were injected i.v. into naive re-
cipients. For plasma transfer, 0.3 ml pooled plasma from mice with FIA
was injected i.v. on days 0 and 2 into naive recipients.

Animals were scored every 2–3 d for arthritis by using the following
scale: grade 0, no erythema or swelling; grade 1, erythema and mild
swelling extending from the ankle to the mid paw; grade 2, erythema and
moderate swelling extending from the ankle to the metatarsal joint; grade
3, erythema and severe swelling encompassing the ankle, paw, and digits.
Each paw was graded and the four scores totaled such that the maximal
possible score per mouse was 12.

Proliferation assay

The 5 3 105 bulk splenocytes were cultured in 96-well microtiter plates
and stimulated with 0.01 mg/ml human fibrinogen in triplicate wells for
72 h. Enriched tissue culture media consisted of RPMI 1640 supplemented
withHEPESbuffer (25mM), L-glutamine (2mM), sodiumpyruvate (1mM),
nonessential amino acids (0.1 mM), penicillin (100 U/ml), streptomycin
(0.1 mg/ml), 2-mercaptoethanol (5 3 1025 M), and 10% FBS. Cells were
pulsed with 1 mCi [3H]TdR (GE Healthcare Bio-Sciences, Piscataway, NJ)
for the final 16 h of culture, and incorporated radioactivitymeasured by using
a betaplate scintillation counter.

Cytokine analysis

Bulk splenocytes were incubated in enriched RPMI-1640 and 0.01 mg/ml
human fibrinogen. After 72 h of culture, the supernatants were collected and
assayed in triplicate for levels of IL-6, IL-17, IFN-g, and TNF-a by using
commercial ELISA kits (BD Pharmingen, San Diego, CA, and eBio-
science, San Diego, CA).

Ab detection

The levels of autoantibodies to fibrinogen or in vitro citrullinated fibrinogen
were determined byELISA. In brief, ELISAplates (NuncMaxisorp, Thermo
Fisher Scientific, Rochester, NY) were coated with 0.01mg/ml fibrinogen or
in vitro citrullinated fibrinogen in 1 3 PBS (no calcium or magnesium)
overnight at 4˚C. Plates were blocked with PBS, 0.05% Tween 20, and 3%
FBS for 1 h at room temperature. Plasma samples were diluted 1:100 and
incubated in duplicate wells for 2 h at room temperature. HRP-conjugated
goat anti-mouse secondary Abs specific for IgG, IgG1, and IgG2a (Southern
Biotechnology Associates, Birmingham, AL) were diluted 1:5000 and in-
cubated for 1 h at room temperature. Tetramethylbenzidine substrate was
added for 30 min and OD values determined at 450 nm. Average absorbance
from blank wells (no plasma added) was subtracted.

Detection of immune complexes, anti-CCP Abs, and RF

ELISA plates were coated with 0.02 mg/ml C1q (Sigma-Aldrich) in PBS
overnight at 4˚C. Subsequent incubations and washes were performed at
room temperature. The plates were blocked with PBS, 0.05% Tween 20,
and 3% BSA for 1 h. After washing, plasma from immunized or naive
mice was diluted 1:50 and incubated on a shaker for 1.5 h. Immune com-

plexes (ICs) were detected with HRP-conjugated rabbit antiserum specific
for mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA).

Quanta Lite CCP3 IgG ELISA (Inova Diagnostics, San Diego, CA) and
mouse RF Igs (total IgG) ELISA (Alpha Diagnostic International, San
Antonio, TX) were performed according to the manufacturer’s protocol
(plasma diluted 1:100), except that the secondary Abs used were HRP-
conjugated goat anti-mouse secondary Abs specific for IgG (H+L), IgG1,
and IgG2a (1:5,000 dilution, Jackson ImmunoResearch Laboratories, and
Southern Biotechnology Associates). Anti-CCP Ab values were expressed
as concentration units, and RF values were expressed as OD. Samples were
run in duplicate and averaged.

Mass spectrometry analysis

Proteins were treated with trypsin overnight at 37˚C. The tryptic peptides
were resolved by HPLC by using a Zorbax 300SB-C18 nanocolumn
(Agilent Technologies, Palo Alto, CA) and eluted at 300 nl/min with
a 60-min linear gradient from 0% to 95% acetonitrile containing 0.1%
formic acid. Separated peptides were electrosprayed into an ion trap mass
spectrometer (XCT Plus, Agilent Technologies). Peptides were identified
by using Mascot (Matrix Science, Boston, MA) to compare raw MS/MS
data with a SwissProt database (Matrix Science).

Ag array analysis

Synovial Ag arrays and the associated methods used in this work were
previously described in detail (20). The 1536-feature synovial Ag arrays
contain 225 Ags, including proteins and overlapping peptides representing
candidate autoantigens relevant to RA. The Ag arrays were produced by
using a robotic microarrayer to attach peptides and proteins to ArrayIt Su-
perEpoxy microscope slides (TeleChem International, Sunnyvale, CA).
Arrays were probed with 1:200 dilutions of plasma from individual mice.
Reactive Abs were detected using Cy3-conjugated goat anti-human or goat
anti-mouse IgG/IgM secondary Ab (1:4,000 dilution, Jackson ImmunoRe-
search Laboratories) prior to scanning. GenePix Pro 5.0 software (Molecular
Devices, Union City, CA) was used to determine the net median pixel in-
tensities for each Ag feature. Data analysis was performed using Signifi-
cance Analysis for Microarrays (SAM) software version 1.21 (www-stat-
class.stanford.edu/SAM/servlet/SAMServlet) to identify Ag features with
statistically significant differences in reactivities between the experimental
groups. Cluster 3.0 software was then used to hierarchically group the
samples and Ag features on the basis of a pairwise similarity function, and
Java Treeview 1.60 softwarewas used to display the data as a heat map [(21),
http://rana.lbl.gov/EisenSoftware.htm]. False-discovery rate (q) values for
the following figure panels are as follows: Fig. 3A: q, 9.1%; Fig. 3B: q ,
0.2%; Fig. 4B: q , 2.8%; and Fig. 5C: q , 19.7%. An accession number
(GSE18073) for our complete microarray data has been assigned and ap-
proved in the GEO public database. The URL for the database is as follows:
(www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE18073).

Pathology

Mice were euthanized and both hind limbs dissected, formalin-fixed, and
decalcified. The samples were embedded in paraffin, sectioned, and stained
with H&E or toluidine blue (Premier Laboratory, Boulder, CO) according
to standard procedures. Representative sections are shown at 43 and 203
magnifications. Sections were evaluated by a blinded investigator for sy-
novitis, pannus, and bone and/or cartilage destruction on the basis of
a previously described scoring system: grade 0 = normal; grade 1 = mild
inflammation, mild hyperplasia of the synovial lining layer, and mild
cartilage destruction without bone erosion; grades 2–4 = increasing de-
grees of inflammatory cell infiltrates, synovial lining hyperplasia and
pannus formation, and cartilage and bone destruction (22).

Statistical evaluation

Mann-Whitney U test was used for statistical evaluation of diseased mice.
An unpaired Student t test was used for statistical evaluation of groups
with unknown and potentially disparate variances.

Results
Immunization with human fibrinogen induces an inflammatory
arthritis in mice

Because autoantibodies target citrullinated fibrinogen in a subset of
anti-CCPAb-positive (anti-CCP+) RA patients (10–12), we sought
to determine whether immunization of mice with fibrinogen would
induce autoimmune arthritis. We selected a variety of commonly
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available mouse strains, including C57BL/6, DBA/1, BALB/c, and
SJLmice, and immunized them s.c. with human fibrinogen (0.1 mg/
mouse) emulsified in CFA. Twenty-one days later, themice received
a s.c. boost immunization with human fibrinogen (0.1 mg/mouse)
emulsified in IFA. Two weeks after boosting, both DBA/1 and SJL
mice developed an inflammatory arthritis involving the paw(s) on
one or more limbs (Fig. 1A). The incidence of arthritis in most ex-
periments approached 100% (Supplemental Fig. 1). Mass spec-
trometry analysis of commercially purified human fibrinogen
revealed several citrullinemodifications on both thea- andb-chains
of fibrinogen (Table I). This demonstrates that the fibrinogen puri-
fied fromhuman blood,whichwas used for immunization ofmice to
induce FIA, is already citrullinated to a certain degree.
Immunization with fibrinogen resulted in significantly more

severe arthritis than did immunization with CFA alone (Fig. 1B,
p , 0.05, by Mann-Whitney). CIA can be induced in SJL mice
and is significantly more severe than the mild arthritis associated

with CFA immunization (data not shown). Coimmunization of
SJL mice with FIA-CIA resulted in arthritis that was more severe
than that resulting from immunization with fibrinogen alone (p ,
0.05 on days 22 and 24, by Mann-Whitney). We also observed
increased severity in arthritis after coimmunization of DBA/1
mice with FIA-CIA as compared with immunization with CII CIA
alone (Supplemental Fig. 2).
To determine whether FIA is associated with T cell responses to

fibrinogen, we harvested whole splenocytes from naive mice,
mice with FIA, or CFA-immunized mice and cultured the cells in
the presence of human fibrinogen (0.01 mg/ml). Splenocytes from
mice with FIA proliferated robustly in response to fibrinogen, as
measured by [3H]-thymidine incorporation (Fig. 1C). Spleno-
cytes derived from mice with FIA exhibited evidence of basal
activation, based on their increased proliferation (Fig. 1C) and
cytokine production (Fig. 1D) in the absence of stimulation.
We also analyzed the cytokine profiles in the cell culture

FIGURE 1. Immunization with fibrinogen induces arthritis in SJL and DBA/1 mice. A, SJL (n = 5) and DBA/1 (n = 5), but not BALB/c (n = 3) or C57BL/6

(n = 3), mice develop inflammatory arthritis after immunization and boosting with human fibrinogen emulsified in CFA. B, SJL mice immunized to develop

FIA (n = 10) or a combination of FIA and CIA (n = 10) exhibit chronic inflammatory arthritis, whereas mice immunized with CFA alone (n = 10) exhibit only

minimal signs of arthritis. Data are representative of.5 independent experiments with 5-10 mice per group in each experiment. C, Splenocytes isolated from

mice with FIAwere stimulated with human fibrinogen (0.01 mg/ml), and after 72 h proliferative responses were quantitated by [3H]-thymidine incorporation.

Stimulation with human fibrinogen induced robust proliferative responses in splenocytes isolated from mice with FIA but not in splenocytes from naive or

CFA-immunized mice. D, Fibrinogen-stimulated splenocytes from FIA mice, but not from naive or CFA-immunized mice, produced the proinflammatory

cytokines IL-6, TNF-a, IFN-g, and IL-17. Error bars represent the SD of triplicate measurements.

The Journal of Immunology 381
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supernatants from these stimulation assays. Compared with cells
derived from naive and CFA-immunized mice, splenocytes de-
rived from mice with FIA produced high levels of the proin-
flammatory cytokines IL-6, TNF-a, IFN-g, and IL-17 in response
to fibrinogen (Fig. 1D). Collectively, the data demonstrate that
immunization with human fibrinogen containing several citrul-
line modifications induces autoimmune arthritis in SJL mice, and

that diseased mice possess fibrinogen-specific T cells that secrete
proinflammatory cytokines.

FIA results in moderate arthritis involving the digits, mid paw,
and ankle

Images of representative hind paws of naive mice, CFA-immunized
mice, and mice with FIA, CIA, and FIA-CIA show the clinical
features of FIA (Fig. 2A–E). The images were taken 50 d after the
initial immunization to induce disease, which is 2 wk after the
time at which mice with FIA develop clinical arthritis. CFA im-
munization induced mild swelling and erythema of the digits and
mid paw (Fig. 2A, 2B). FIA is characterized by arthritis involving
the digits, mid paw, and to a lesser degree, the ankle (Fig. 2C).
Mice with CIA (Fig. 2D) and FIA-CIA (Fig. 2E) developed more
severe arthritis involving the paw and ankle. Bone erosions were
observed in approximately one in five mice with FIA.
Comparisons of H&E-stained ankle joints between the groups

of mice revealed a range of histopathological features. Mice im-
munized with CFA exhibited minimal mononuclear cell infiltrates
in the periarticular tissue (Fig. 2F, 2G), whereas mice immunized
with fibrinogen (i.e., mice with FIA) exhibited moderate mono-
nuclear cell infiltrates in the periarticular tissue and proliferation
of synovial lining cells suggestive of pannus formation (Fig. 2H).

Table I. Mass spectrometry identified citrulline modifications in
fibrinogen purified from human blood

Sequence Ion Score p-Value

Fibrinogen a-chain (gi: 223918)
RNPSSAGSWNSGSSGPGSTGNcitN 67 0.0058
RMELEcitPGGNEITRG 43 0.2800
KGLIDEVNQDFTNcitI 50 0.0870
RHcitHPDEAAFFDTASTGKT 63 0.0035

Fibrinogen b-chain (gi: 399492)
K. REEAPSLcitPAPPPISGGGYRA 61 0.0230
KGGETSEMYLIQPDSSVKPYcitV 82 5.00E-05
RTPCTVSCNIPVVSGKECEEIIcitK 69 0.0011
REEAPSLcitPAPPPISGGGYRA 46 0.1100

Boldface type represents arginine residue identified by mass spectrometry to be
citrullinated.

FIGURE 2. FIA involves the digits and mid paw. Images from representative hind paws of naive mice (A), CFA-immunized mice (B), and mice with FIA

(C), CIA (D), or FIA-CIA (E) are presented. Photomicrographs were taken 50 d after the initial disease-inducing immunization and z2 wk after the

development of clinical arthritis in mice with FIA. FIA is characterized by inflammation of the digits and mid paw, with general sparing of the ankles (C),

whereas CIA and FIA-CIA are characterized by a fulminant synovitis that involves the whole paw and ankle (F–J). Hind paws harvested 2 wk after the

development of arthritis were embedded in paraffin, sectioned, and stained with H&E (original magnification 3400). Histopathological analysis dem-

onstrates mononuclear cell infiltration and synoviocyte proliferation suggestive of pannus formation in mice with FIA (H). Paws from mice with CIA and

FIA-CIA exhibited intense inflammatory infiltrates, as well as extensive joint destruction and bone erosions. Representative hind paws that were paraffin-

embedded, sectioned, and stained with toluidine blue were scored for synovitis (K), pannus (L), and bone erosions (M). Mice with FIA, CIA, and FIA-CIA

exhibited significantly more severe synovitis, pannus, and erosion than did naive and CFA-treated mice (p , 0.01, unpaired t test).
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 on February 3, 2010 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org


Mice with CIA and FIA-CIA exhibited massive mononuclear cell
infiltrates and marked pannus formation (Fig. 2I, 2J, respectively).
To further characterize the differences in disease severity between

the groups,we performed histological scoring of synovitis (Fig. 2K),
pannus formation (Fig. 2L), and bone erosions (Fig. 2M) in a blinded
fashion. Minimal synovitis, pannus formation, and bone erosions
were evident in both naive and CFA-immunized mice (histology
score 0–1). Mice with FIA exhibited intermediate histological
scores for synovitis, pannus formation, and bone erosions, which
were significantly higher than the scores for naive and CFA-treated
mice (histology score 1–2; p , 0.01 by unpaired t test). Mice with
CIA exhibited moderate to severe synovitis, pannus formation, and
bone erosions (histology score 2–4; p, 0.01 comparing CIA mice
with naive and CFA-immunized mice by unpaired t test). Mice with
FIA-CIA had the highest scores for synovitis, pannus formation, and
bone erosions (histology score 2–4; p , 0.01 comparing FIA-CIA
mice with naive and CFA-immunized mice by unpaired t test).
Together, the clinical and histopathological data indicate that

FIA results in a moderate inflammatory arthritis that is less severe
than CIA. Mice with FIA-CIA exhibit severe arthritis that is more
destructive than CIA.

FIA is characterized by autoantibody responses to native
fibrinogen that spread to additionally target citrullinated
fibrinogen and other synovial autoantigens

We next used arrays containing synovial Ags to profile the IgG/IgM
Abs in the plasma of fibrinogen-immunized and CFA-immunized
mice 21 d after the first immunization (i.e., before boosting; Fig.
3A), and 27 d after the second immunization (i.e., after boosting
and at the time of arthritis onset; Fig. 3B). SAM analysis of au-
toantibody reactivity before boosting demonstrated a significant
increase in Ab reactivity (false-discovery rate q , 0.01) to human
“native” fibrinogen protein (fibrinogen purified from human blood
that contains several citrulline modifications as demonstrated in
Table I), in vitro citrullinated fibrinogen protein, as well as un-
modified and citrulline-modified fibrinogen peptides, in response
to immunization with fibrinogen. CFA-immunized mice exhibited
minimal autoantibody reactivity to native fibrinogen protein and
moderate reactivity to in vitro citrullinated fibrinogen protein.
These data demonstrate that immunization of mice with human
fibrinogen induces autoimmunity against both native and citrulli-
nated fibrinogen, and that the autoimmune response to fibrinogen
precedes the onset of arthritis.
Synovial array analysis of plasma derived from mice with

established FIA (27 d after boosting with fibrinogen emulsified in
IFA) demonstrated extensive autoantibody reactivity against un-
modified and citrulline-modified peptides derived from fibrinogen.
Moreover, plasma from these mice exhibited additional spreading
of autoantibody responses to target additional candidate RA
autoantigens, including cartilage gp39 and collagen type V (Fig.
3B). In contrast, plasma from CFA-immunized mice did not ex-
hibit autoantibody reactivity to these Ags, indicating that FIA is an
Ag-driven disease and not simply an adjuvant-induced arthritis.
Autoantibody reactivity to fibronectin and the DEAE extraction
pools, which also contain fibronectin, in FIA plasma (Fig. 3B) is
likely attributable to the binding of fibronectin to the Fc region of
Ig in an Ag-independent manner. No Ab reactivity was detected to
the vast majority of the 225 candidate Ags on the synovial arrays.

FIA is associated with Ab isotype class switching of
antifibrinogen and RF B cell responses

We analyzed plasma derived from SJL mice immunized with CFA
and from SJL mice with FIA, CIA, and FIA-CIA to determine the
IgG Ab isotype(s) of the antifibrinogen, anti-CCP, and RF

responses. In mice with FIA or FIA-CIA, we detected class
switching of antinative fibrinogen B cell responses to both IgG1
and IgG2a (Fig. 3C, left panels; p, 0.01 comparing FIA and FIA-
CIA mice with naive, CFA-treated, and CIA-induced mice by
unpaired t test). Of note, IgG1 Ab responses to in vitro citrulli-
nated fibrinogen were found in all groups, with the highest levels
observed in mice with FIA and FIA-CIA. In contrast, IgG2a Ab
responses to in vitro citrullinated fibrinogen were only observed in
mice with FIA or FIA-CIA (Fig. 3C, right panels, p , 0.01, by
unpaired t test).
A C1q capture assay demonstrated an increase in levels of IgG

circulating immune complexes (CICs) in mice with FIA and FIA-
CIA (p , 0.01, by unpaired t test) but not in mice with CIA or in
CFA-immunized mice (Fig. 3D). An assay for RF revealed highly
elevated levels in both SJL and DBA mice with FIA and FIA-CIA
compared with mice with CIA and CFA-immunized mice (Fig.
3E, p , 0.01, by unpaired t test).
To determine whether mice with FIA possess IgG anti-CCPAbs,

we performed anti-CCP3 IgG ELISAs on plasma samples. Anti-
CCP IgG Ab levels were higher in plasma from mice with FIA
compared with plasma from naive mice (average of 73.4 units from
10 mice, p , 0.05, by unpaired t test). Mice with FIA-CIA also
had elevated levels of anti-CCP IgG Abs in their plasma (average
of 63.1 units from six mice, p , 0.05, by unpaired t test). In-
terestingly, compared with DBA/1 mice with CIA, SJL mice with
CIA developed low but significantly elevated levels of anti-CCP
IgG Abs (average of 23.6 units from five mice) (Fig. 3F, p , 0.05,
by unpaired t test). CFA immunization of SJL mice was associated
with low level but not statistically significant amounts of anti-CCP
IgG Abs (average of 30.8 units from five mice, p = 0.0689, by
unpaired t test).

Induction of arthritis by transfer of plasma or fibrinogen-
activated T cells from mice with FIA

Plasma frommicewith FIAwas collected and 0.3 ml pooled plasma
injected i.v. into naive SJL mice on days 0 and 2. Three days later,
the hind paws of the mice exhibited mild to moderate arthritis,
which persisted for 3 wk (Fig. 4A). Synovial array analysis of FIA
plasma demonstrated autoantibody targeting of both native and
citrullinated fibrinogen and of epitopes representing additional
candidate autoantigens, including collagen type V, cartilage gp39,
clusterin, and histone 2B (Fig. 4B). H&E staining of joint sections
showed infiltration of mononuclear cells and proliferation of sy-
novial lining cells in the ankle joint derived from a representative
FIA plasma recipient (Fig. 4C, right panel). No mononuclear cell
infiltration or synovial proliferation was observed in the ankle joint
derived from a healthy control mouse (Fig. 4C, left panel).

Splenocytes and lymphocytes derived from mice with FIA were
cocultured for72hin thepresenceofhumanfibrinogen(0.01mg/ml).
Cultured cellswerewashed twice and enriched forCD3+T cells, and
108 cells were injected i.v. into naive recipient SJL mice (n = 8).
Within 2 wk, the recipients exhibited moderate arthritis, which was
still evident 38 d after the adoptive transfer, at which time 100% of
the mice exhibited clinical arthritis (Fig. 5A). Plasma taken from
recipient mice 38 d after the transfer of activated FIA T cells con-
tained significant titers of anti-CCP IgG Abs (Fig. 5B, average of
32.3 units from five mice, p , 0.01, by unpaired t test). Synovial
array analysis of the plasma identified a small set of statistically
significant autoantibody reactivities that included reactivity against
fibrinogen, vimentin, and CII (Fig. 5C).

Together, these studies demonstrate that the transfer of plasma or
fibrinogen-reactiveTcellsfrommicewithFIAinducesarthritis innaive
recipients,andthatplasmaandTcell transfercaninducetheproduction
of autoantibodies to CCPs and other candidate RA autoantigens.
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FIGURE 3. Mice with FIA develop antinative and anti-in vitro citrullinated fibrinogen Abs, anti-CCP Abs, RF, and ICs. A–B, Synovial Ag arrays were

probed with 1:150 dilutions of plasma derived from SJL mice immunized with fibrinogen emulsified in CFA or with CFA alone. Autoantibody binding was

detected with a Cy3-conjugated goat-anti-mouse IgG/M secondary Ab. SAM was applied to identify Ags with statistically significant differences in array

reactivity between FIA and CFA control plasma obtained from mice before boosting (A) or 27 d after boosting (B). The SAM hits were subjected to
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Anti-CCP Ab-positive RA is characterized by autoantibodies
targeting citrullinated fibrinogen

To further demonstrate the relevance of FIA to human RA, we char-
acterized the autoantibody reactivity against in vitro citrullinated fi-
brinogen in a cohort of RA and control patients. ELISA plates were
coated with in vitro citrullinated fibrinogen, and IgG/IgM-specific
secondary Abs were used to detect antifibrinogen Ab reactivity in
plasma derived from healthy individuals (n = 10) and from patients
diagnosed with inflammatory bowel disease (n = 20), psoriatic ar-
thritis (n = 14), psoriasis (n = 20), or RA (n = 20). A subset of RA
patients possessed IgG (Fig. 6A, p = 0.0009, by unpaired t test) and
IgM (Fig. 6B, p = 0.02, by unpaired t test) autoantibodies against in
vitro citrullinated fibrinogen, whereas no autoantibody reactivity was
detected against native fibrinogen, which contains several citrulline
modifications (data not shown). Analysis of a larger set of anti-CCP

Ab-negative (anti-CCP2) and anti-CCPAb-positive (anti-CCP+)RA
patients demonstrated that 80% of anti-CCP+ RA patients possessed
elevated titers of IgGautoantibodies to invitro citrullinatedfibrinogen
(p, 0.0001, by unpaired t test), whereas only 10%of anti-CCP2RA
patients exhibited such an elevation in autoantibody titers (Fig. 6C).

Discussion
Inthisstudy,wedescribe thedevelopmentandcharacterizationofFIA
as a murine model for the study of RA. Importantly, native fibrino-
gen that contains several citrulline modifications based on mass
spectrometry analysis (Table I) was capable of inducing in-
flammatory arthritis. In addition, the development of inflammatory
arthritis after immunization with fibrinogen was associated with the
expansion of autoantibody responses to target both native and cit-
rullinated peptides derived from fibrinogen (Fig. 3A, 3B). Clinical

hierarchical cluster analysis and are displayed as a heatmap. Synovial array profiling of FIA plasma demonstrated autoreactive B cell responses against

peptides representing native fibrinogen, and B cell epitope spreading resulting in additional targeting of citrullinated fibrinogen in the samples obtained

before boosting, with further spreading to target CCPs, collagen type V, and cartilage gp39 in samples obtained after boosting. C, Plasma samples from SJL

and DBA/1 mice, immunized as indicated, were diluted 1:100 and assayed for isotype-specific IgG1 and IgG2 Abs to native and in vitro citrullinated

fibrinogen. D, ELISA was used to measure IgG ICs, (E) RF, and (F) IgG anti-CCP Abs in plasma samples.

FIGURE 4. FIA plasma induces arthritis in naive mice. Plasma collected from mice with FIA were pooled, and 0.3 ml was injected i.v. into 6-wk-old

naive SJL mice on days 0 and 2 (A). Synovial Ag array profiling of plasma from the arthritic recipient mice demonstrated autoreactive B cell responses

against peptides representing native fibrinogen and citrullinated fibrinogen, and further epitope spreading resulting in additional targeting of fibronectin,

collagen type V, cartilage gp39, and clusterin (B). Joints from naive mice that developed arthritis after FIA plasma transfer (without boosting) demonstrated

mononuclear cell infiltrates and synoviocyte proliferation (C). Data are representative of three independent experiments with three to five mice per group in

each experiment. Error bars represent SEM.
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symptoms include swelling and erythema that encompass the digits,
mid paw, and ankle/wrist. Joint sections from mice with FIA exhibit
mononuclear cell infiltrates within the inflamed synovial membrane,
pannus formation, and in some instances, bone erosions. FIA inmice
is associated with strong T cell reactivity to fibrinogen and pro-
duction of the proinflammatory cytokines IL-6, TNF-a, IFN-g, and
IL-17. Using synovial Ag microarrays, we demonstrated that im-
munization with fibrinogen induces strong B cell reactivity to both
native fibrinogen, which contains several citrulline modifications,
and in vitro citrullinated fibrinogen before the onset of clinical ar-
thritis,with autoantibody responses expanding to include targetingof
other candidate RA autoantigens in established FIA. We also show
that arthritis can be adoptively transferred to naive mice with either
plasma or fibrinogen-reactive T cells derived from mice with FIA.
Importantly, mice with FIA possess elevated levels of RF, CICs,

and anti-CCPAbs. Detection of RF and anti-CCPAbs is frequently
used in the diagnosis of RA. RF, although associated with more
active disease and with the development of bone erosions, is not
specific for RA (23, 24). ACPAs, on the other hand, are highly
specific for RA and are also associated with the development of
more severe joint destruction (25). Wipke et al. (26) demonstrated
a critical role for CICs in activating neutrophils and mast cells to
thereby enable autoantibodies to enter joint tissue and initiate
inflammatory arthritis. It is likely that these same mechanisms and
cell types are also critical to the induction of arthritis by CICs in
FIA. We recently demonstrated the presence of CICs containing

citrullinated fibrinogen in half of anti-CCP+ RA patients, and
found that there is a positive correlation between the presence of
these complexes and the presence of anti-in vitro citrullinated fi-
brinogen autoantibodies (12). The disparity between our findings
and previous findings in the exact percentages of anti-CCP+ pa-
tients whose sera react with citrullinated fibrinogen may be due to
differences in the degree to which fibrinogen was in vitro cit-
rullinated in the different studies. In addition, our data are based
on samples from a U.S. cohort, whereas most of the reported data
are based on samples from European cohorts; differences in cig-
arette smoking, gingivitis, and other factors might also influence
the percentage of patients exhibiting reactivity to citrullinated fi-
brinogen. Our observation that both anti-CCP and anticitrullinated
fibrinogen Ab titers are elevated in mice with FIA further suggests
that FIA is representative of anti-CCP+ and anticitrullinated fi-
brinogen Ab-positive RA.
Synovial Ag array analysis of plasma derived from mice with

established FIA demonstrated expansion of the autoantibody re-
sponse to target additional native and citrullinated fibrinogen
epitopes, as well as epitopes derived from synovial Ags, including
fibronectin, type V collagen, and cartilage gp39. Therefore, we
propose that the initial immunization with fibrinogen induces
autoantibody responses against native and citrullinated fibrinogen
epitopes, and that progression to clinical arthritis is associated with
the expansion of autoantibody responses to target additional sy-
novial Ags. Similarly, ACPA responses in RA can predate clinical

FIGURE 5. Fibrinogen-reactive T cells transfer disease to naive mice. Splenocytes harvested from mice with FIA were cultured in vitro and stimulated

with 0.01 mg/ml fibrinogen for 3 d. Enriched T cells were transferred into 6-wk-old naive SJL mice, which developed visible signs of arthritis within 2 wk

(A). Plasma samples taken from the diseased mice 38 d after cell transfer were assayed for IgG anti-CCP Abs (B). Synovial array profiling of plasma from

the arthritic recipient mice demonstrated autoreactive B cell responses against peptides representing native fibrinogen, and further spreading the responses

to target collagen type V, cartilage gp39, and citrullinated vimentin (C). Data are representative of three independent experiments with three to five mice per

group in each experiment. Error bars represent SEM.
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arthritis by years, and there is evidence that such responses evolve
over time (27, 28). Abs to several citrullinated proteins, including
filaggrin, fibrinogen, vimentin, CII, and a-enolase, are observed in
human RA (29). The expansion of ACPA responses in FIA could
contribute to more severe and chronic disease (30). Additional
characterization of anticitrullinated fibrinogen Ab responses in hu-
manRAwill be needed to determinewhether such responses, and the
evolution of these responses, are associated with the development
and/or severity of RA.
Although anti-CCP Abs are specific to RA (5), increased cit-

rullination of fibrin and other proteins is a phenomenon associated
with multiple different inflammatory arthritides (31, 32). It remains
to be determined whether qualitative or quantitative differences in
the citrullination of fibrinogen, fibrin, and/or other proteins are
specific to RA, and whether, within the spectrum of anticitrulline
responses, certain ACPAs are more arthritogenic than others.
Mass spectrometry analysis demonstrated that the fibrinogen

purified from human blood and used to induce FIA contains several
citrulline modifications (Table I). Native fibrinogen present in
human blood may indeed contain several citrulline modifications;
alternatively, it is possible that the process of purifying fibrinogen
from human blood results in the citrullination of fibrinogen. De-
spite the low-level citrullination of fibrinogen purified from human
blood, ACPAs derived from RA patients do not react with this
native fibrinogen (data not shown). Not all citrulline modifications
render a protein immunoreactive with ACPAs (17); however, cit-
rullinated fibrin(ogen) is a known target of ACPAs, and CICs
containing citrullinated fibrinogen are detected in a subset of RA
patients (10, 12). Therefore, these findings suggest that ACPAs
target citrullinated fibrinogen epitopes that are not normally
present in fibrinogen in the blood but are generated during in-
flammation-associated citrullination of fibrinogen in synovial
joints. Mononuclear cells that infiltrate the synovium during joint
inflammation contain PAD enzymes (33), and the level of both
PAD4 and citrullinated proteins in the joints of mice with CIA
correlates with the severity of inflammation (34). Extracellular
proteins, such as fibrinogen, are the primary targets of PADs
in inflamed joints (34, 35); inflammation-driven generation of
additional citrullinated epitopes on fibrinogen may thus elicit an
ACPA response and contribute to RA pathogenesis.
Our findings suggest that immunization with fibrinogen results in

the generation of anticitrullinated fibrinogen responses that can also
target citrullinated proteins present in tissues other than the synovial

joint.Thispossibility is supportedby the reactivityofhumanRAsera
with not only citrullinated proteins generated in inflamed joint tissue
but also with citrullinated filaggrin, a protein expressed in stratified
epithelium but not in joints (29). Multiple proteins are citrullinated
as part of physiological processes, including formation of the my-
elin sheath (during which myelin basic protein is citrullinated),
cornification of the epidermis (keratin), late-stage differentiation of
the epidermis (filaggrin), and modulation of chromatin structure
(histones) (35). Kuhn et al. (19) showed that a monoclonal Ab
specific for in vitro citrullinated fibrinogen exacerbated tissue injury
in rodent models of arthritis. We postulate that in vitro citrullination
of substrate proteins results in their hyper-citrullination and in the
generation of many citrulline-containing epitopes that are not rep-
resentative of the citrulline-containing epitopes formed in vivo;
some of these hyper-citrullinated epitopes may be cross recognized
by ACPAs. It remains unclear why anticitrullinated fibrinogen re-
sponses induce arthritis in the mouse without affecting other tissues
that contain citrullinated proteins.
The induction of arthritis by immunization with fibrin or with

native or in vitro citrullinated fibrinogen has been previously
studied. Chronic arthritis was induced in rabbits by systemic im-
munization with heterologous or autologous fibrin, followed by
intraarticular injection of fibrin (36). Immunization of BALB/c
mice with native or in vitro citrullinated fibrinogen induced Abs to
citrullinated fibrinogen and CCP but did not evoke arthritis (37).
Likewise, FIA was not induced in BALB/c mice in our studies.
Rubin and Sonderstrup (38) immunized several mouse strains with
in vitro citrullinated human fibrinogen and observed high titers of
Abs against human, but not mouse, fibrinogen and relatively low
titers of anticitrulline Abs. None of the 600 mice on the various
background strains tested (BALB/c, DBA/1, and C57BL/10) de-
veloped arthritis. Furthermore, immunization of DBA/1 mice ex-
pressing a transgene encoding HLA-DR4p0401 with denatured in
vitro citrullinated human fibrinogen induced Abs against citrulli-
nated fibrinogen but did not evoke arthritis (38). We also at-
tempted to induce FIA with in vitro citrullinated fibrinogen, and,
despite the generation of high-titer anti-CCP Ab responses, no
mice developed arthritis (data not shown). Thus, the induction of
arthritis by fibrinogen is restricted both by the degree of fibrinogen
citrullination and by genetic susceptibility.
Tertiary antigenic structures are frequently targeted in autoim-

mune responses and in protective immune responses against mi-
crobial pathogens (39). Artificial in vitro citrullination likely results

FIGURE 6. Anti-CCP–positive RA patients

possess Abs that recognize in vitro citrullinated

fibrinogen. IgG (A) and IgM (B) autoantibodies

targeting in vitro citrullinated fibrinogen were

measured by ELISA in plasma samples derived

from healthy individuals (n = 10) and patients

with inflammatory bowel disease (n = 20), pso-

riatic arthritis (n = 14), psoriasis (n = 20), or RA

(n = 20). Statistical comparisons were made using

an unpaired t test with Welch correction. C, Anti-

in vitro citrullinated fibrinogen IgG Abs were

measured by ELISA in plasma samples from

healthy patients (n = 10), anti-CCP Ab-negative

RA patients (CCP2 RA, n = 10), and anti-CCP

Ab-positive RA patients (CCP+ RA, n = 20).
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in hyper-citrullination of fibrinogen (i.e., conversion of more pep-
tidyl-arginines to peptidyl-citrullines than would occur in vivo in
RA or in rodent models of RA), which could disrupt the tertiary
antigenic structures that are critical for the generation of arthrito-
genic immune responses against citrullinated fibrinogen; this may
explainwhywe (data not shown) and others failed to induce arthritis
in wild-type mice with in vitro citrullinated fibrinogen (19, 37, 38).
Immunization and boosting of DR4-IE transgenic mice (on the
C57BL/6 background) with nondenatured in vitro citrullinated hu-
man fibrinogenwas recently shown to induce arthritis in nearly 35%
of the mice after 10 wk (40). Nondenatured in vitro citrullinated
fibrinogen may have tertiary antigenic structures intact that may
mimic the endogenously citrullinated fibrinogen generated within
inflamed synovial joints.
Table II summarizes the more commonly used mouse models of

RA and compares these models to FIA. The K/BxN spontaneous
mouse model of RA begins as a T cell–dependent response to
glucose-6-phosphoisomerase (GPI) and differentiates into an au-
toantibody-dependent disease involving anti-GPI IgG (41). K/BxN
mice possess high levels of ICs containing GPI but do not develop
RF and are weakly positive for anti-CCP Abs. Matsumoto et al.
(42) reported that only 15% of RA patients possess anti-GPI Abs
(12–29% range), and that anti-GPI autoantibodies are also present
in other arthritides and are thus not specific for RA. Therefore,
GPI does not appear to be a primary autoantigen in human RA.
The SKG spontaneousmousemodel of RA arose from amutation

of the z-associated–protein of the 70 kDA (ZAP-70) that results in
abnormal thymic T cell selection and survival of autoreactive clones
(43). Anti-CII autoantibodies are present in sera derived from SKG
mice. T cells, thymocytes, and bone marrow cells transfer disease,
but transfer of SKG serum does not induce arthritis in recipients.
Although thismodel is positive forRF, anti-CCPAbs, and ICs (Table
II), analogousmutations in CD45 and immunologic alterations have
not been observed in human RA patients.
In the CIA model CII is used as the immunizing Ag to induce

arthritis in rodents (44). This model is negative for RF, weakly
positive for anti-CCP Abs, and negative for ICs (Table II). Al-
though one group described cell-based adoptive transfer of CIA
(45), most laboratories have not been able to induce arthritis by
cell-based adoptive transfer. Transfer of CII-specific T cells has
been reported in rats (44), and the only successful transfer in mice
has been the induction of microscopic evidence of arthritis by
intrasynovial injection of cloned T cell lines (45). Moreover, the
frequency of Abs reactive to native CII in RA is low (5–15% of
RA patients) (45, 46), which suggests that native CII is not a major
pathogenic autoantigen in RA (47–49). In a cohort of 286 early
RA patients, 40% possessed detectable IgG Abs directed against
the citrullinated form of the immunodominant CII epitope C1
(50). Recently, it was shown that anticitrullinated CII Abs are
pathogenic in a rodent model (51), suggesting that such responses
against citrullinated CII might contribute to arthritis. Additional
studies will be needed to determine the relevance and role of
anticitrullinated CII responses in RA.

In the FIA model described in this study, the native form of
fibrinogen is used as the immunizing Ag. FIA involves robust T cell
reactivity to native fibrinogen and B cell reactivity to native fi-
brinogen, citrullinated fibrinogen, and other candidate RA auto-
antigens. Disease can be transferred with either fibrinogen-reactive
T cells or plasma from FIA mice. Mice with FIA possess RF, anti-
CCPAbs, and IgG ICs, all of which are characteristic of a subset of
RA patients. Moreover, citrullinated fibrinogen is a prominent
target of the autoantibody response in half of anti-CCP+ RA
patients (12). Compared with the arthritis that develops in other
murine models of RA, FIA is mild to moderate and therefore more
closely resembles human RA. Another advantage of the FIA
model is that it does not rely on genetically altered mice ex-
pressing a TCR-encoding transgene or mutated form of CD45, but
rather uses wild-type SJL or DBA/1 mice, which are common
mouse strains that are readily available.
Recent observations have linked the inflammatory and co-

agulation systems in several autoimmune diseases. Articular in-
flammation in CIA is accompanied by the upregulation of tissue
factor, tissue factor pathway inhibitor, urokinase, and plasminogen
activator, suggesting that increased extravascular coagulation may
contribute to fibrin deposition within the joint (52). Thus, the in-
creased deposition and citrullination of fibrinogen in inflamed
joints in human RA could potentiate arthritogenic autoimmune
responses against citrullinated fibrinogen. In support of a patho-
genic role for components of the coagulation system in in-
flammatory arthritis, the thrombin inhibitor hirudin was shown to
be efficacious in treating CIA (53). The coagulation cascade has
also been implicated in several pathological stages of multiple
sclerosis: treatment of experimental autoimmune encephalomy-
elitis, a Th1–Th17 Ag-driven mouse model of multiple sclerosis,
with either hirudin or activated protein C (an anticoagulant)
ameliorated disease (54).
In conclusion, we demonstrate that immunization with human

fibrinogen containing native citrulline modifications induces
an inflammatory arthritis that shares clinical, histological, and
immunological features with RA. Our results suggest that fi-
brinogen can be arthritogenic in mice and that FIA is mediated
by both autoreactive T cell and autoantibody responses. Finally,
in contrast to the other three mouse models of RA listed in
Table II, we believe FIA is a highly relevant model for the study
of human RA because it is based on autoimmunity against
a known autoantigen targeted in approximately half of anti-
CCP+ RA patients.
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Table II. Comparison of mouse models of RA

Mouse Models of RA
Dominant

Ag
T cell

Specificity
B cell

Specificity
Cell

Transfer
Plasma
Transfer RF Anti-CCP ICs

Human RA
Relevance (%)

Spontaneous
K/BxN (41, 42) RNase TCR transgenic GPI GPI GPI Yes Yes Negative Positive Yes 15
SKG (43) ZAP-70 mutation Undefined Undefined CII Yes No Positive Positive Yes None

Inducible
CIA (44–51) DBA/1, SJL CII CII CII No Yes Positive Positive No 5–15
FIA SJL, DBA/1 Fibrinogen Fibrinogen Fibrinogen Yes Yes Positive Positive Yes 35
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18. Pérez, M. L., M. J. Gómara, G. Ercilla, R. Sanmartı́, and I. Haro. 2007. Anti-
bodies to citrullinated human fibrinogen synthetic peptides in diagnosing rheu-
matoid arthritis. J. Med. Chem. 50: 3573–3584.

19. Kuhn, K. A., L. Kulik, B. Tomooka, K. J. Braschler, W. P. Arend,
W. H. Robinson, and V. M. Holers. 2006. Antibodies against citrullinated pro-
teins enhance tissue injury in experimental autoimmune arthritis. J. Clin. Invest.
116: 961–973.

20. Hueber, W., B. A. Kidd, B. H. Tomooka, B. J. Lee, B. Bruce, J. F. Fries,
G. Sønderstrup, P. Monach, J. W. Drijfhout, W. J. van Venrooij, et al. 2005.
Antigen microarray profiling of autoantibodies in rheumatoid arthritis. Arthritis
Rheum. 52: 2645–2655.

21. Eisen, M. B., P. T. Spellman, P. O. Brown, and D. Botstein. 1998. Cluster
analysis and display of genome-wide expression patterns. Proc. Natl. Acad. Sci.
U. S. A. 95: 14863–14868.

22. Deng, G. M., L. Zheng, F. K. Chan, and M. Lenardo. 2005. Amelioration of
inflammatory arthritis by targeting the pre-ligand assembly domain of tumor
necrosis factor receptors. Nat. Med. 11: 1066–1072.

23. Emery, P. 1997. The Dunlop-Dottridge Lecture: prognosis in inflammatory ar-
thritis: the value of HLA genotyping and the oncological analogy. J. Rheumatol.
24: 1436–1442.

24. Nakamura, R. M. 2000. Progress in the use of biochemical and biological
markers for evaluation of rheumatoid arthritis. J. Clin. Lab. Anal. 14: 305–313.

25. Rönnelid, J., M. C. Wick, J. Lampa, S. Lindblad, B. Nordmark, L. Klareskog,
and R. F. van Vollenhoven. 2005. Longitudinal analysis of citrullinated pro-
tein/peptide antibodies (anti-CP) during 5 year follow up in early rheumatoid

arthritis: anti-CP status predicts worse disease activity and greater radiological
progression. Ann. Rheum. Dis. 64: 1744–1749.

26. Wipke, B. T., Z. Wang, W. Nagengast, D. E. Reichert, and P. M. Allen. 2004.
Staging the initiation of autoantibody-induced arthritis: a critical role for im-
mune complexes. J. Immunol. 172: 7694–7702.

27. Verpoort, K. N., C. M. Jol-van der Zijde, E. A. Papendrecht-van der Voort,
A. Ioan-Facsinay, J. W. Drijfhout, M. J. van Tol, F. C. Breedveld, T. W. Huizinga,
and R. E. Toes. 2006. Isotype distribution of anti-cyclic citrullinated peptide
antibodies in undifferentiated arthritis and rheumatoid arthritis reflects an on-
going immune response. Arthritis Rheum. 54: 3799–3808.

28. Makrygiannakis, D., E. af Klint, I. E. Lundberg, R. Löfberg, A. K. Ulfgren,
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