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Abstract

Introduction There is increasing evidence that autoantibodies
and immune complexes (ICs) contribute to synovitis in
rheumatoid arthritis (RA), yet the autoantigens incorporated in
ICs in RA remain incompletely characterised.

Methods We used the C1q protein to capture ICs from plasma
derived from human RA and control patients. Antibodies specific
for immunoglobulin were used to detect ICs, and fibrinogen
antibodies were used to detect fibrinogen-containing ICs. RA
and control plasma were separated by liquid chromatography,
and fractions then characterised by ELISA, immunoblotting and
mass spectrometry. Immunohistochemical staining was
performed on rheumatoid synovial tissue.

Results C1q-immunoassays demonstrated increased levels of
IgG (p = 0.01) and IgM (p = 0.0002) ICs in plasma derived from
RA patients possessing anti-cyclic citrullinated peptide (CCP+)
autoantibodies as compared with healthy controls. About one-
half of the anti-CCP+ RA possessed circulating ICs containing
fibrinogen (p = 0.0004). Fractionation of whole RA plasma

revealed citrullinated fibrinogen in the high molecular weight
fractions that contained ICs. Positive correlations were
observed between fibrinogen-containing ICs and anti-
citrullinated fibrinogen autoantibodies, anti-CCP antibody,
rheumatoid factor and certain clinical characteristics.
Immunohistochemical staining demonstrated co-localisation of
fibrinogen, immunoglobulin and complement component C3 in
RA pannus tissue. Mass spectrometry analysis of immune
complexes immunoprecipitated from RA pannus tissue lysates
demonstrated the presence of citrullinated fibrinogen.

Conclusion Circulating ICs containing citrullinated fibrinogen
are present in one-half of anti-CCP+ RA patients, and these ICs
co-localise with C3 in the rheumatoid synovium suggesting that
they contribute to synovitis in a subset of RA patients.

Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune synovitis

affecting 0.6% of the world's population [1], yet the mecha-

nisms underlying the initiation and progression of RA are still

not completely understood. The presence of immune com-

plexes (ICs) in the blood and synovial fluid of patients with RA

is well described [2,3], and there is evidence they are involved

in the activation of the complement cascade in RA synovial tis-

BSA = bovine serum albumin; CCP = cyclic-citrullinated peptides; FPLC = fast protein liquid chromatography; GPI = glucose-6-phosphate isomer-
ase; HLA = human leucocyte antigen; HRP = horseradish peroxidase; IBD = inflammatory bowel disease; IC = immune complex; JRA = juvenile rheu-
matoid arthritis; MHC = major histocompatibility complex; PBS = phosphate buffered saline; PBST = phosphate buffered saline with 0.05% Tween-
20; PS = psoriasis; PsA = psoriatic arthritis; RA = rheumatoid arthritis; RF = rheumatoid factor; SLE = systemic lupus erythematosus.
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sue [4]. However, apart from rheumatoid factor (RF) [5] and

anti-collagen type II [6], the identity of the antigens involved in

ICs in RA remains obscure.

Studies suggest critical roles for protein citrullination, B cells

and autoantibodies in the pathogenesis of RA [7-10]. Citrulli-

nation is the post-translational conversion of arginine to citrul-

line, and in RA autoantibodies targeting cyclic citrullinated

peptide (CCP) provides a sensitivity of approximately 70%

and a specificity of 97% for the diagnosis of RA [7,11,12]. The

citrullinated α- and β-chains of fibrin have been identified as

potential targets of the autoantibody response in RA [13] and

citrullinated fibrinogen is detected in RA synovial fluid [14].

Korganow and colleagues identified ICs involving glucose-6-

phosphate isomerase (GPI) as mediating joint inflammation in

their spontaneous K/BxN model [15]. These mice produce

anti-GPI antibodies that form ICs that are deposited on articu-

lar surfaces and activate the alternative complement pathway

to cause synovitis. Although studies suggest that GPI is not a

specific autoantigen in RA [16], it is possible that the mecha-

nisms involved in anti-GPI antibody arthritis and IC arthritis are

relevant to a subset of human RA patients.

RA is characterised by excessive generation and breakdown

of fibrinogen [17]. The citrullinated α- and β-chains of fibrin

have also been identified as a potential target of the autoanti-

body response in RA [13,18] and citrullinated fibrinogen has

been identified in synovial fluid derived from RA patients [14].

Autoantibodies against citrullinated fibrinogen have been

described to provide diagnostic value in arthritis [18,19]. We

previously generated synovial microarrays containing more

than 500 proteins and peptides representing candidate

autoantigens in RA, including protein and overlapping pep-

tides representing native and citrullinated fibrinogen. Synovial

microarray analysis demonstrated targeting of citrullinated

fibrinogen in RA [20].

The methods described for the detection of ICs include chem-

ical precipitation methods from as far back as the 1960s [21]

and biological methods such as precipitation with Clq [22].

We adapted C1q capture immunoassays to utilise fibrinogen-

specific secondary antibodies to identify fibrinogen-containing

ICs, and applied these immunoassays to plasma samples

derived from RA and control patients.

In the present study, we further investigated the targets of the

autoantibody response and the antigens incorporated in ICs in

RA. We demonstrated that one-half of anti-CCP+ RA patients

possessed circulating (blood) ICs containing citrullinated

fibrinogen, and that fibrinogen, immunoglobulin and comple-

ment component C3 co-localize in pannus tissue derived from

RA patients. These data suggest that autoantibody targeting

of citrullinated fibrinogen results in the formation of fibrinogen-

containing ICs that characterise a subset of anti-CCP+ RA

patients and may contribute to synovitis in RA.

Materials and methods
Human samples

All RA and control plasma and joint samples were obtained

and studied with informed consent under Institutional Review

Board approved protocols. The plasma samples used came

from the Multiple Autoimmune Disease Genetics Consortium

[23] and the Stanford Arthritis Center, collected in EDTA

tubes (Table 1). The diagnosis of RA was made based on the

American College of Rheumatology 1987 criteria [24].

Mass spectrometry analysis

For in-gel digestion, protein spots were excised from the gel

and treated with trypsin overnight at 37°C. The tryptic pep-

tides were resolved by high-performance liquid chromatogra-

phy (HPLC) using a Zorbax 300SB-C18 nanocolumn (Agilent

Technologies, Palo Alto, CA, USA) packed with 3.5 μm parti-

cles (Agilent Technologies, Palo Alto, CA, USA) and eluted at

300 nL/minute with a 60 minute 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, Palo Alto, CA, USA). For ICs

immunoprecipitated from RA pannus tissue lysates, the pre-

cipitated complexes were directly digested with trypsin before

mass spectrometry analysis. Proteins were identified based on

raw MS/MS data compared with a SwissProt database using

Mascot (Matrix Science, UK) with valid peptide hits.

Detection of anti-citrullinated fibrinogen autoantibodies

Native fibrinogen (Calbiochem, San Diego, CA, USA) was cit-

rullinated in vitro with a peptidylarginine deiminase derived

from rabbit skeletal muscle (Sigma, St. Louis, MO, USA) using

protocols previously described [25]. Anti-citrullinated fibrino-

gen autoantibodies were assayed as previously described

[13,26,27]. Briefly, native fibrinogen or citrullinated fibrinogen

was coated on ELISA plates (MaxiSorp; Nunc, Rochester, NY,

USA) overnight at 4°C at a concentration of 20 μg/mL. Sub-

sequent incubations and washes were performed at room

temperature. The plates were blocked with 3% bovine serum

albumin (BSA) in phosphate buffered saline with 0.05%

Tween-20 (PBST) (Sigma, St. Louis, MO, USA) for one hour,

washed and incubated with centrifuged plasma (diluted 50-

fold) on a shaker for 1.5 hours. Anti-fibrinogen autoantibody

was detected using horseradish peroxidase (HRP)-conju-

gated secondary reagents specific for human IgG (γchain) or

IgM (μchain) specific antibodies diluted to 1:20,000.

Quantitation of immune complexes

ELISA plates were coated with 20 μg/mL C1q (Sigma, St.

Louis, MO, USA) in phosphate buffered saline (PBS) over-

night at 4°C. Subsequent incubations and washes were per-

formed at room temperature. The plates were blocked with 3%

BSA in PBST for one hour. After washing, plasma from RA



Available online http://arthritis-research.com/content/10/4/R94

Page 3 of 13

(page number not for citation purposes)

patients or healthy controls were diluted to 1:50 in PBST and

incubated on a shaker for 1.5 hours. ICs were detected with

HRP-conjugated rabbit antiserum specific for human IgG or

IgM (Jackson Immunoresearch, West Grove, PA, USA).

Quantitation of fibrinogen-containing immune 

complexes

ELISA plates coated with C1q were blocked with 3% BSA in

PBST for one hour. After washing, plasma from RA patients or

healthy controls was diluted to 1:10 and incubated on a

shaker for 1.5 hours. Fibrinogen contained within the captured

ICs was detected using a 1:4000 dilution of HRP-conjugated

rabbit anti-human fibrinogen antiserum (Dako, Carpinteria, CA,

USA).

Anti-CCP and RF (IgM) ELISA

The anti-CCP (Euro Diagnostica, Malmö, Sweden) and RF

ELISA kits (Alpha Diagnostic International, San Antonio, TX,

USA) were used according to the manufacturers' protocol,

except that plasma was used instead of serum. Anti-CCP and

RF values of the samples were expressed as IU/mL.

Fractionation of plasma samples

The plasma samples were filtered by a 0.45 μm cellulose ace-

tate membrane in a Spin-x centrifuge tube filter (Corning,

Corning, NY, USA) to remove cell debris and precipitates. A

volume of 150 μL of the filtered plasma sample was injected

into a fast protein liquid chromatography (FPLC) system (GE

Healthcare Bio-Sciences, Piscataway, NJ, USA) equipped

with a Superdex 200 10/300 gel filtration column (Amersham

Biosciences, Piscataway, NJ, USA). A mixture of protein

standard containing human fibrinogen, human albumin and

IgG was run in parallel to further identify different peaks. All liq-

uid chromatography runs were programmed at a flow rate of

0.4 mL/minute with PBS and fractions of 0.5 mL were col-

lected. To measure total protein content of the fractions, 20 μL

of each fraction was mixed with 100 μL of BCA buffer (Pierce

Biotechnology, Rockford, IL, USA) and the mixture was incu-

bated at 37°C for 30 minutes before the results were read at

562 nm on a spectraMAX190 instrument (Molecular Devices,

Sunnyvale, CA, USA). To measure IgG and fibrinogen ICs, 50

μL of each fraction was applied to the C1q ELISA described

above. To measure total IgG and fibrinogen content, the frac-

tions were first diluted 10-fold with PBS. Then 1 μL of the

dilutes was deposited onto a nitrocellulose membrane and left

to dry overnight. After blocking with 5% milk in PBST, HRP-

conjugated anti-human IgG or anti-human fibrinogen was

applied to the membranes. Detection was carried out with

SuperSignal West Pico Substrate (Pierce Biotechnology,

Rockford, IL, USA). The densitometry of exposed film were

measured with FluorChem imaging system (Alpha Innotech,

San Leandro, CA, USA).

Immunoblot

Plasma fractions were further separated with Precast Criterion

Tris-HCl gels (4 to 20% linear gradient; Bio-Rad, Hercules,

CA, USA), and separated proteins blotted onto nitrocellulose

membranes. After blocking with 3% BSA in PBS, sera from

RA patients or healthy controls were used to probe the mem-

branes. Bound antibodies were detected with HRP-conju-

gated anti-human IgG (Jackson Immunoresearch, West

Grove, PA, USA) using a SuperSignal kit (Pierce biotechnol-

ogy, Rockford, IL, USA) and chemiluminescence was imaged

with FluorChem imaging system (Alpha Innotech, San Lean-

dro, CA, USA). Immunoblot with anti-modified citrulline was

performed with an anti-citrulline detection kit (Upstate, Chi-

cago, IL, USA) according to the manufacturer's instructions

[13,27].

Immunohistochemistry

Slides were deparaffinised and hydrated with water. Endog-

enous peroxidase was inhibited with 3% hydrogen peroxide,

and non-specific staining blocked with DAKO Protein Block

Serum-Free (Dako, Carpinteria, CA, USA). Staining for com-

Table 1

Source and description of samples used in the study

Sample source Disease Number Female, no. (%) Age (range) anti-CCP positive, no. (%) RF positive, no. (%)

Dr. P. Gregersen, plasma set 1 RA 30 28 (93) 72.6 (51 to 89) 20 (67) 24 (80)

Healthy 10

Dr. P. Gregersen, plasma set 2 IBD 20 13 (65) 46.4 (23 to 82)

JRA 20 16 (80) 37.3 (10 to 71) 6 (30) 6 (30)

PsA 14 11 (79) 52.6 (23 to 75)

PS 20 10(50) 55.3(22 to 86)

RA 20 19(95) 59.0(35 to 89)

SLE 20 13 (65) 51.3 (29 to 67)

CCP, cyclic-citrullinated peptides; RF, rheumatoid factor; RA, rheumatoid arthritis; IBD, inflammatory bowel disease; JRA, juvenile rheumatoid 
arthritis; PsA, psoriatic arthritis; PS, psoriasis; SLE, systemic lupus erythematosus.
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plement C3 was performed using a 1:2000 dilution of rabbit

polyclonal antibodies against human complement C3 (Dako,

Carpinteria, CA, USA). For fibrinogen and IgG staining, pre-

treatment of proteinase K (Dako, Carpinteria, CA, USA) was

used before the primary antibody incubation. Slides positive

for fibrinogen were immunohistochemically stained with a rab-

bit polyclonal antibody against human fibrinogen (Dako,

Carpinteria, CA, USA), at room temperature at a dilution of

1:1600 for 30 minutes. After incubation with primary antibody,

the tissue sections were sequentially incubated with Dako

Envision+ Rabbit System Labeled Polymer HRP (Dako,

Carpinteria, CA, USA) or biotinylated rabbit anti-goat antibod-

ies (Vector, Burlingame, CA, USA) followed by streptavidin

HRP (Dako, Carpinteria, CA, USA). Staining was developed

with Liquid DAB+ (Dako, Carpinteria, CA, USA) and counter-

stained with haematoxylin and eosin.

Statistics

All statistics were run using InStat™ software (GraphPad Soft-

ware Inc., San Diego, CA, USA). For quantitation of ICs and

autoantibodies to fibrinogen, unpaired t-tests with Welch cor-

rection were used.

Results
Identification of fibrinogen-containing circulating 

immunecomplexes in RA

C1q binds aggregated immunoglobulin Fc regions and has

been used to capture and quantitate ICs [28]. We used C1q-

capture immunoassays and HRP-labelled secondary antibod-

ies specific for human IgG and IgM to quantitate circulating

ICs in plasma derived from anti-CCP+ RA, anti-CCP- RA and

healthy control patients (Figures 1a,b). Elevated circulating

IgG (p = 0.01; Figure 1a) and IgM (p = 0.0002; Figure 1b) ICs

were observed in anti-CCP+ RA patients when compared with

healthy controls. Most anti-CCP- RA patients did not possess

circulating ICs (Figures 1a,b).

To determine if circulating ICs containing fibrinogen are

present in RA, a fibrinogen-specific secondary antibody was

used after C1q capture. One-half of anti-CCP+ RA patients

possessed fibrinogen-containing ICs when compared with

healthy controls (p = 0.0004) and anti-CCP- RA patients (p =

0.0008) (Figure 1c). Anti-CCP+ RA patients showed elevated

titres of fibrinogen-containing ICs relative to anti-CCP- RA and

healthy controls with low standard deviations (Figure 1e).

To further demonstrate that the observed fibrinogen-contain-

ing ICs did not result from non-specific binding of fibrinogen

to immobilised C1q, we immobilised anti-C1q monoclonal

antibodies to capture the C1q-bound ICs followed by detec-

tion with anti-fibrinogen antibodies. Similar results were

obtained with anti-C1q monoclonal antibody capture as com-

pared with C1q capture of ICs, and yielded a R2 value of 0.9

in a linear regression analysis of the two assays (data not

shown). Fibrinogen-containing ICs were also analysed from

freshly collected plasma samples from both anti-CCP+ RA

and anti-CCP- RA patients (within two hours of blood draw

using EDTA plasma collection tubes). Compared with the

same samples after a freeze-thaw cycle, no difference was

detected (Figure 1f).

To demonstrate that fibrinogen-containing ICs were specifi-

cally detected in RA compared with other autoimmune dis-

eases, these ICs were analysed from plasma samples

collected in a panel of healthy (n = 10), inflammatory bowel

disease (n = 20), juvenile RA (n = 20), psoriatic arthritis ([PsA]

n = 14), psoriasis (n = 20), systemic lupus erythematosus (n

= 20), and RA (n = 20) patients (Figure 1d). A subset of RA

and a small subset of juvenile RA patients exhibited elevated

circulating ICs containing fibrinogen, while patients with other

autoimmune diseases did not (Figure 1d). The subset of juve-

nile RA patients possessing circulating ICs containing fibrino-

gen also possessed anti-citrullinated fibrinogen antibodies, RF

and anti-CCP antibodies (Table 2). Chart reviews performed

on this subset of juvenile RA patients revealed that they exhib-

ited symmetrical polyarthritis (Table 2). These observations

suggest that this subset of 'juvenile RA' patients in fact have

adult RA, and is consistent with prior reports of 13% of juve-

nile RA patients exhibiting anti-CCP antibodies and clinical

features consistent with adult RA [29].

Liquid chromatographic separation demonstrates co-

fractionation of citrullinated fibrinogen with immune 

complexes

To demonstrate that the fibrinogen-containing ICs in plasma

are physically distinct from free fibrinogen and free immu-

noglobulin, we used size exclusion chromatography as previ-

ously described [16]. Size exclusion chromatography was

applied to fractionate plasma derived from an RA patient with

fibrinogen-containing circulating ICs, an RA patient with circu-

lating ICs but not fibrinogen-containing circulating ICs, a PsA

patient and a healthy control (Figure 2a). Forty-five fractions

were generated of each patient's plasma and each fraction

was assayed for ICs, fibrinogen-containing ICs, total immu-

noglobulin, total fibrinogen and total protein.

ELISA analysis of the fractions containing IgG ICs showed two

peaks in the elution profile of both RA samples, but not in the

corresponding fractions from the PsA and healthy control sam-

ples (Figure 2a, green line). The first peak (RA1 and RA2,

green line) corresponded to the first three fractions after the

void volume, which had a molecular mass of 300 kD or higher,

and corresponded to the fractions in which ICs eluted. The

second peak (RA1 and RA2, green line) corresponded to free

IgG as compared with a chromatography run of standards

(STD, blue line). ELISA analysis of fibrinogen ICs on RA1

(which possessed fibrinogen ICs) showed a single peak (Fig-

ure 2a, RA1, red line) that was eluted in the same fractions at

the IgG IC peak (Figure 2a, RA1 and RA2, first peak of green
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Figure 1

Fibrinogen-containing circulating immune complexes (ICs) in rheumatoid arthritis (RA)Fibrinogen-containing circulating immune complexes (ICs) in rheumatoid arthritis (RA). Circulating (a) IgG and (b) IgM ICs were detected in plasma 
derived from healthy individuals and anti-cyclic-citrullinated peptides (CCP) – and anti-CCP+ RA patients. ELISA plates were coated with C1q, incu-
bated with 1:50 dilutions of plasma samples and horseradish peroxidase (HRP)-conjugated (a) anti-IgG or (b) anti-IgM secondary antibodies were 
used to detect the immunoglobulin isotypes contained in ICs. (c, d) Circulating fibrinogen-containing ICs were detected using HRP-conjugated 
fibrinogen-specific antisera as the secondary reagent. Statistical comparisons are based on an unpaired t-test with Welch correction. (e) Fibrinogen-
containing ICs were detected with different dilutions of RA patient samples and healthy controls. Error bars represent the standard deviation of 
results from triplicate wells. (f) Fibrinogen-containing ICs were detected in fresh plasma and freeze-thawed plasma samples with no significant differ-
ences in values (data for anti-CCP status of RA5 is not available).
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line). Similar analysis on RA2 did not show a co-eluted peak

(RA2, red line).

To further determine that fibrinogen detected from IC fractions

was not a contamination from free fibrinogen in blood, free

fibrinogen from each RA1 fraction was quantitated by dot

assay (Figure 2a, right panel, pink line). The peak of free fibrin-

ogen was well separated from the peak of fibrinogen IC (Fig-

ure 2a, right panel, red line), as shown by the first two dotted

lines. PsA and healthy control patients did not possess circu-

lating ICs (PsA and healthy, green line). It is possible that fol-

lowing the collection of the plasma fractions, that the free IgG

fractions that contained high levels of IgG developed some

IgG aggregates that were then detected by the IgG IC assay.

These results demonstrate that the fibrinogen-containing cir-

culating ICs observed co-elute with the IgG ICs, and that the

fractions containing fibrinogen-ICs are distinct from those con-

taining free fibrinogen and free immunoglobulin.

To determine if the fibrinogen present in circulating ICs is cit-

rullinated, the FPLC fractions that contained fibrinogen ICs

were separated by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and immunoblotted with anti-

modified citrulline antibody (Figure 2b). Citrullinated polypep-

tides that co-migrated with fibrinogen polypeptides were

detected only in the fractions derived from RA patients but not

in the corresponding fractions isolated from controls. The

band, indicated as fibrinogen beta chain, was further analysed

by mass spectrometry. Two distinct citrullinated peptides from

the fibrinogen beta chain were identified (Figure 2c).

Laboratory and clinical features associated with 

fibrinogen-containing circulating immune complexes

We observed positive correlations between fibrinogen-con-

taining ICs with IgG and IgM ICs, anti-citrullinated fibrinogen

antibodies, anti-CCP antibodies, RF and certain clinical char-

acteristics (Figures 3a–h). Of anti-CCP+ RA patients, three-

quarters possess anti-citrullinated fibrinogen antibodies (Fig-

ures 3c, i) and one-half possess fibrinogen-containing circulat-

ing ICs (Figures 3d, i). All patients with fibrinogen-containing

circulating ICs possess RF, while more than one-half of RF+

patients did not possess fibrinogen-containing ICs (Figures

Table 2

Clinical and laboratory characteristics of the juvenile rheumatoid arthritis (JRA) patients characterised

Sample Clinical features and 
rheumatoid factor status

Age
Onset

Age
History

Fibrinogen ICs (O.D.) Anti-cit. fibrinogen IgG (O.D.) anti-CCPa

(IU/mL)
RFb

(IU/mL)

JRA 1 Polyarthritis, RF- 2 2 0.18 0.11 21.3 11.7

JRA 4 Polyarthritis, RF+ 13 0.77 1.25 841.1 127.6

JRA 8 Polyarthritis, RF+ 3 16 0.53 0.43 483.2 262.6

JRA 13 Polyarthritis, RF+ 13 13 0.54 1.45 255.4 274.7

JRA 17 Systemic arthritis 0.15 0.10 24.8 24.9

JRA 22 Polyarthritis, RF- 15 15 0.13 0.09 22.7 27.1

JRA 27 Polyarthritis, RF- 1 2 0.10 0.08 20.3 7.6

JRA 31 Persistent oligoarthritis 0.16 0.13 21.5 7.3

JRA 32 Polyarthritis, RF- 5 5 0.12 0.37 26.7 6.3

JRA 41 Enthesitis-related arthritis 13 14 0.14 0.08 20.8 13.1

JRA 42 Systemic arthritis 12 12 0.17 0.08 21.8 7.1

JRA 44 Polyarthritis, RF- 9 9 0.19 0.09 20.9 10.1

JRA 49 Polyarthritis, RF+ 9 1.72 0.74 1275.4 295.2

JRA 51 Systemic arthritis 5 5 0.14 0.09 21.4 7.6

JRA 71 Polyarthritis, RF+ 10 0.19 0.21 360.9 186.1

JRA 79 Polyarthritis, RF- 4 4 0.20 0.10 22.1 11.7

JRA 88 Polyarthritis, RF+ 11 11 0.51 0.35 287.0 236.4

JRA 106 Extended oligoarthrits 1 3 0.15 0.12 22.0 10.0

JRA 110 Persistent oligoarthritis 0.15 0.10 24.9 14.6

JRA 112 Enthesitis related arthritis 0.14 0.12 22.5 15.9

a,bMeasured with commercial kits. JRA, juvenile rheumatoid arthritis; IC, immune complex; CCP, cyclic-citrullinated peptides; RF, rheumatoid 
factor; O.D., optical density



Available online http://arthritis-research.com/content/10/4/R94

Page 7 of 13

(page number not for citation purposes)

Figure 2

Citrullinated fibrinogen-containing immune complexes (ICs) are separated from rheumatoid arthritis (RA) plasmaCitrullinated fibrinogen-containing immune complexes (ICs) are separated from rheumatoid arthritis (RA) plasma. (a) Liquid chromatographic separa-
tion of RA plasma. Fast protein liquid chromatography (FPLC) was used to fractionate plasma derived from RA and control patients. Forty-five frac-
tions were collected from each plasma sample, and individual fractions were analysed for total protein, fibrinogen, IgG, IgG ICs and fibrinogen ICs 
(FIC), and relative levels of each of these components are plotted. Plasma samples from two RA patients (RA1 and RA2), a psoriatic arthritis (PsA) 
patients and a healthy control were characterised. The right panel presents individual traces from patient RA1, with the dashed lines indicating the 
fractions containing the peak levels of ICs, free fibrinogen and free Ig. (b) Citrullinated fibrinogen was identified by anti-modified citrulline blot. (c) In-
gel trypsin digestion of the bands followed by mass spectrometry revealed two citrullinated peptides derived from beta chain of human fibrinogen.
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Figure 3

Fibrinogen-containing circulating immune complexes (ICs) are associated with anti-cyclic-citrullinated peptides (CCP) antibodies, rheumatoid factor (RF) and a disease duration of more than 10 yearsFibrinogen-containing circulating immune complexes (ICs) are associated with anti-cyclic-citrullinated peptides (CCP) antibodies, rheumatoid factor 
(RF) and a disease duration of more than 10 years. Scatter plots are presented for the association of (a, b) fibrinogen ICs with IgG and IgM ICs; (c) 
anti-citrullinated fibrinogen antibodies with anti-CCP antibodies; (d) fibrinogen ICs with anti-CCP antibodies; (e) RF; and (f) anti-citrullinated fibrino-
gen. Lines were drawn to mark the negative and positive measurements of each species. (g, h) Levels of fibrinogen ICs are also plotted in RA 
patients with (g) more than 10 years disease duration and (h) smoking history. (i) Unsupervised hierarctical clustering [54] of 30 RA patients and lev-
els of fibrinogen-circulating ICs, anti-citrullinated fibrinogen antibodies, RF and anti-CCP are presented as a heatmap. Tree dendrograms represent 
the statistical relatedness between patients.
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3e, i). Interestingly, fibrinogen-containing ICs were not

detected in a subset of the RA patients who possessed high

IgG and IgM plasma ICs, suggesting that circulating ICs con-

taining other antigens are present in this subset of RA patients

(Figures 3a,b). In RA patients, the presence of circulating ICs

containing fibrinogen was associated with a disease duration

of more than 10 years (p = 0.02; Figure 3g), and there were

trends towards associations with smoking (p = 0.1; Figure

3h).

Unsupervised hierarchical clustering of 30 RA patients based

on their anti-CCP antibody, RF, anti-citrullinated fibrinogen

antibody and fibrinogen-containing circulating IC levels dem-

onstrates statistical groupings (Figure 3i). The anti-CCP+ RF+

patients cluster together, and more than one-half of these

patients possess anti-citrullinated fibrinogen autoantibodies

and circulating ICs containing fibrinogen.

Immunohistochemistry demonstrates co-staining of 

fibrinogen, complement component C3, and 

immunoglobulin in pannus tissue derived from RA 

patients

To further investigate the role of fibrinogen-containing ICs in

RA, we performed immunohistochemistry on remnant pannus

tissue derived from two anti-CCP+ RF+ RA patients. Pannus

tissue was obtained from RA patients at the time of knee

arthroplasty, fixed and sectioned, then consecutive sections

were stained with antibodies specific for complement compo-

nent C3, fibrinogen and immunoglobulin. Representative

results are presented from the analysis of consecutive sec-

tions of pannus derived from two independent patients. Immu-

nohistochemical staining demonstrates co-localisation of the

complement component C3, fibrinogen, and IgG in both RA

patients (Figures 4a,b).

RA synovial tissue was minced and the protein contents

extracted with tissue protein extraction buffer. Lysates were

immunoprecipitated with protein-G-sepharose to capture ICs

present in the rheumatoid synovial tissue. These ICs were

eluted from the protein-G beads, trypsinised and the trypsin

digests directly analysed by mass spectroscopy to demon-

strate the presence of citrullinated fibrinogen in ICs isolated

from RA pannus tissue (Figure 4c). These data suggest that

citrullinated-fibrinogen containing ICs either deposit or form in

synovial tissue in RA. The co-localisation of citrullinated fibrin-

ogen-containing ICs with complement component C3 in RA

pannus further suggests that they could activate the comple-

ment cascade to cause synovitis in RA.

Discussion
The presence of ICs in the blood and inflamed joints of

patients with RA was described decades ago [30], and sev-

eral recent findings have resulted in a resurgence of interest in

the role of autoantibodies and B cells in RA. These findings

include the facts that: anti-citrullinated protein autoantibodies

can predate the development of clinical arthritis and provide a

sensitivity of approximately 70% and a specificity of 97% for

the diagnosis of RA [7,11,12,31]; anti-CD20-mediated B cell

depletion provides efficacy in treating RA [9]; and the K/BxN

mouse model develops spontaneous arthritis mediated by

antibodies targeting the ubiquitous glycolytic enzyme GPI

[32]. Although ICs have been isolated from RA patient plasma

by means of polyethylene glycol precipitation [33] and C1q

affinity columns [22], the identity of the antigens incorporated

in these ICs is not well defined. In the present study we char-

acterise circulating and synovial tissue ICs, and demonstrate

the presence of circulating ICs containing fibrinogen in one-

half of anti-CCP+ RA patients (Figure 1). We used immunob-

lotting and mass spectroscopy to demonstrate that the fibrin-

ogen contained in these circulating ICs is citrullinated (Figures

2b,c), and that ICs isolated from RA pannus tissue also con-

tain citrullinated fibrinogen (Figure 4c). Finally, we demon-

strate co-localisation of complement component C3,

fibrinogen and immunoglobulin in RA pannus tissue (Figures

4a,b), suggesting that these complexes contribute to synovitis

in RA.

Although it is difficult to completely exclude the possibility that

the ICs detected are formed in vivo rather than ex vivo, Figure

1f provides reassurance that freezing and freeze-thaw are not

responsible for the observed ICs. Further, fibrinogen-contain-

ing ICs were not observed in plasma derived from patients

with a variety of other inflammatory arthritidies for which the

plasma was collected and stored alongside the anti-CCP+ RA

plasma in which fibrinogen ICs were demonstrated (Figures

1c,d). Although complement containing ICs usually bind to

erythrocytes and are transported to the liver for clearance, in

plasma derived from anti-CCP+ RA patients we found circu-

lating C1q-bound ICs that contain fibrinogen. Further, fibrino-

gen ICs were also detected by anti-C1q monoclonal antibody

capture and results were concordant with our results from

C1q capture of ICs (comparison of results yielded a R2 value

of 0.9 in linear regression; data not shown).

There is growing evidence that fibrin could be an important

autoantigen in RA [13,18]. Consistent with previous findings

[34], autoantibody reactivity is only observed against citrulli-

nated fibrinogen, and not against its native form (data not

shown). Although the anti-citrullinated fibrinogen antibodies

observed in RA do not result in overt clinical haematological

manifestations, RA is characterised by extravascular coagula-

tion and the accumulation of fibrin in the arthritic joint [17,35].

It has been hypothesised that a local imbalance between

coagulation and fibrinolysis contributes to pathogenesis, and

it is possible that autoantibodies targeting citrullinated fibrino-

gen could contribute to this imbalance by altering the struc-

tural and/or functional properties of fibrinogen and/or fibrin.

Fibrin is one of the classical citrulline-modified proteins [36],

and the presence of citrullinated fibrinogen and/or fibrin has
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been demonstrated in the rheumatoid joint [14,37]. Neverthe-

less, citrullinated fibrinogen is generated in inflamed synovia

arising from a variety of inflammatory conditions [37]. Our

observation that ICs containing citrullinated fibrinogen are

present in the plasma of anti-CCP+ RA patients, but not in

plasma derived from anti-CCP- RA, anti-CCP-juvenile RA and

PsA patients (Figures 1 and 2), suggests a potential role for

citrullinated fibrinogen-containing circulating ICs in RA. Our

mass spectrometry analysis of the fibrinogen contained in cir-

culating ICs derived from anti-CCP+ RA patients demon-

strated a few citrullinated peptides from the α-chain of

fibrinogen, but these peptides were not included in Figure 2c

because of low Mascot scores. Our results are consistent with

several previous publications that describe citrullinated

epitopes derived from the beta, but not the alpha, chain of

fibrinogen [38,39]. Although trypsin has been described to be

incapable of cleaving C-terminal to citrulline residues [40], two

of the three citrullinated peptides identified contain a citrulline

at the C-terminus (Figures 2c and 4c). Using mass spectrom-

etry analysis, we have detected multiple citrullinated peptides

with C-terminal citrullines (as well as non-C terminal citrullines)

in tryspin digests of multiple different citrullinated proteins in

Figure 4

Synovial tissue immune complexes (ICs) contain citrullinated fibrinogenSynovial tissue immune complexes (ICs) contain citrullinated fibrinogen. (a, b) immunohistochemistry demonstrates co-localisation of fibrinogen, 
complement component C3 and immunoglobulins in rheumatoid arthritis (RA) pannus tissue. Representative staining of synovium derived from two 
separate cyclic-citrullinated peptides (CCP) + rheumatoid factor (RF) + RA patients are shown in (a) and (b). Immunohistochemistry was performed 
on articular cartilage samples derived from RA patients. Samples were fixed, paraffin-embedded and sections stained with antisera specific for com-
plement component C3, fibrinogen and IgG, as well as with matched pre-immune sera. Horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were utilised to detect primary antibody reactivity. These stainings demonstrate co-localisation of complement component C3, fibrinogen and 
immunoglobulin staining at the surface of the articular cartilage sections. (c) Mass spectrometry analysis of ICs immunoprecipitated from RA synovial 
tissue demonstrates the presence of citrullinated fibrinogen peptides.
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several experiments. In addition, citrullinated peptides with C-

terminal citrullines were also observed from multiple citrulli-

nated proteins that were sent to and analysed by an independ-

ent mass spectrometry core facility. The explanation for this

observation remains unclear, and it is possible that our results

are due to altered trypsin cleavage, which is polypeptide

sequence and/or trypsin reaction condition dependent. The

highly significant Mascot scores of our reported citrullinated

peptides (Figures 2c and 4c) support the validity of our results.

The excessive formation of fibrin in the rheumatoid joint in com-

bination with its citrullination and structural properties that

include repetitive antigenic motifs, could result in activation of

B cells specific for citrullinated fibrinogen via cross-linking of

surface immunoglobulin receptors. Citrullination of collagen

was demonstrated to increase its immunogenicity and arthri-

togenicity in a rat arthritis model [41]. Recently, immunisation

with citrullinated fibrinogen was described to induce arthritis in

human leucocyte antigen (HLA) DR4-IE expressing transgenic

mice, demonstrating the arthritogenic potential of citrullinated

fibrinogen in mice expression RA-associated major histocom-

patibility complex (MHC) class II molecules [42].

Fibrin and/or fibrinogen plays an important role in a variety of

inflammatory and immunological processes. Multiple cells,

including neutrophils and macrophages, express integrins and

other receptors that bind fibrin and/or fibrinogen [43]. Fibrino-

gen has also been hypothesised to serve as a structural scaf-

fold for the formation and growth of pannus [44]. Fibrinogen is

chemotactic for endothelial cells that are involved in angiogen-

esis [45], which is integral to the formation of pannus. Fibrin

deposits in RA synovial tissue are hypothesised to activate

synovial fibroblast proliferation and cytokine release, as well as

other inflammatory cell responses [17]. Fibrinogen has been

shown to stimulate macrophage chemokine secretion through

TLR-4 [46]. Further, it was recently demonstrated that RA-spe-

cific autoantibodies complexed to citrullinated fibrinogen stim-

ulate macrophages to produce TNF via engagement of FcγRIIa

[47].

Cantaert and colleagues suggested that the expression of cit-

rullinated proteins is essential but not sufficient for the devel-

opment of RA, and that generation of well-defined citrullinated

epitopes is likely to play a critical role [48]. In this context, our

results might suggest that the development of autoantibodies

targeting citrullinated epitopes specific to fibrinogen might

play an important role in the pathogenesis of RA. In further

support of a potential pathogenic role for citrullinated fibrino-

gen in RA, it was recently demonstrated that citrullinated fibrin-

ogen bound by autoantibodies present in RA patient sera

stimulate macrophage through FcγRIIa to secrete TNF [47].

It was unexpected to observe autoantibodies targeting citrulli-

nated fibrinogen along with fibrinogen-containing circulating

ICs in a subset of juvenile RA patients (Figure 1 and Table 2).

However, late-onset polyarticular juvenile RA is associated

with RF-positivity in about 5% of patients, and has been con-

sidered to be identical to adult RA. Further, a recent report

described 13% of polyarticular-onset juvenile RA patients

exhibiting anti-CCP antibodies [29]. Following the observation

of anti-citrullinated fibrinogen autoatibodies and fibrinogen-

containing circulating ICs in a subset of juvenileRA patients

(Table 2), we performed chart reviews with anti-CCP and RF

ELISA tests on these plasma samples. Of the six juvenile RA

patients exhibiting elevated levels of anti-citrullinated fibrino-

gen antibodies, all exhibited a symmetrical polyarthritis and

possessed RF antibodies. All but one of the six anti-CCP+ and

RF+ juvenile RA patients possessed high levels of fibrinogen

ICs. The age of disease onset of the anti-CCP+ and RF+ juve-

nile RA patients were 13, 11, 3, 13 and 9 years, and these

patients were relatively older than the other juvenile RA

patients included in this cohort. Interestingly, five out of six

anti-CCP+ and RF+ juvenile RA patients possessed fibrino-

gen-containing ICs, compared with only 50% of anti-CCP+

and RF+ adult RA patients. This observation suggests that

anti-fibrinogen autoimmunity and fibrinogen-containing ICs

play a significant role in this subset of juvenile RA patients.

Characterisation of larger cohorts of juvenile RA patients will

be necessary to validate and further investigate this observa-

tion.

Immunohistochemical analysis demonstrated co-localisation

of the staining for fibrinogen, complement component C3 and

immunoglobulin in serial sections derived from RA pannus tis-

sue (Figure 4). These results suggest that fibrinogen-contain-

ing ICs deposit on or form in synovial lining tissue, and activate

the complement cascade to cause inflammatory arthritis. In the

K/BxN model, arthritis is mediated by anti-GPI antibodies and

was demonstrated to depend on FcRγ and components of the

alternative complement pathway [49]. It has been speculated

that accumulation of ICs involving GPI may activate the alter-

native complement pathway to cause inflammatory arthritis

[16]. We hypothesise that autoantibodies targeting citrulli-

nated fibrinogen could result in IC-mediated arthritis based on

mechanisms analogous to those observed in the K/BxN model

[16] and via macrophage FcγRIIa-mediated TNF production

[47].

Anti-citrullinated fibrinogen autoantibodies were detected in

three-quarters of anti-CCP+ RA patients (data not shown)

while fibrinogen containing ICs were found in one-half (Figures

1 and 3). These observations are consistent with RA being a

clinically and molecularly heterogeneous disease, as evi-

denced by differential expression of anti-citrulline antibodies

[7,11], variable responsiveness to anti-tumor necrosis factor

(TNF) therapy [50] and heterogeneity in the genetic back-

ground of patients which includes polymorphisms in the MHC

(major histocompatibility complex), TRAF1-C5 (encoding

tumor necrosis factor receptor-associated factor 1 and com-

plement component 5) [51], STAT4 (encoding signal trans-
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ducer and activator of transcription 4) [51,52] and PTPN22
(encoding protein tyrosine phosphatase, non-receptor type

22) [53] genes. CCP is derived from filaggrin, a protein

expressed by keratinocytes in the epidermis, and it is likely that

autoantibody reactivity against the CCPs derived from filag-

grin represents molecular cross reactivity. Our findings sug-

gest that the development of citrullinated fibrinogen-

containing ICs in RA synovial tissue activates the complement

cascade and contributes to synovitis in RA.

Conclusion
In summary, the data presented herein suggest that autoimmu-

nity targeting citrullinated fibrinogen and the development of

fibrinogen-containing ICs could contribute to synovitis in

approximately one-half of anti-CCP+ RA patients. These

results expand the possibility for the development of novel

diagnostics as well as for the development of specific thera-

pies for this subset of RA patients.
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