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Abstract

Objectives. RA is a common, relapsing autoimmune disease primarily affecting the joints. Fibroblast-like

synovial (FLS) cells are thought to be responsible for pannus formation and secretion of factors that recruit

leucocytes to affected joints, thereby promoting bone and cartilage destruction. Fibrocytes are multipotent

circulating stem cells that may have a role in RA pathogenesis, perhaps as the precursors of the FLS cells,

or by regulating FLS cell function.

Methods. We utilized multidimensional phospho-specific flow cytometry to characterize the activation

status of peripheral blood (PB) fibrocytes derived from human RA patients at different stages of disease

and from mice with CIA.

Results. Human PB fibrocytes from RA patients exhibited phosporylation activation of the p44/42 and p38

MAP kinases (MAPKs), and STAT3 (signal transducer and activator of transcription) and STAT-5 early in

disease, within the first year of diagnosis. Similarly, in murine CIA, an increase in the total number of PB

phosphoSTAT5-positive fibrocytes was observed at early time points in disease. Notably, in the affected

paws of mice with CIA, we identified an increased number of fibrocytes, in contrast to the paws of control

mice.

Conclusions. These data suggest that activated fibrocytes may influence the disease process in RA and

may serve as surrogate markers for disease in the PB of affected patients.
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Introduction

RA is a chronic inflammatory disease affecting 0.5–1% of

the adult population worldwide [1]. Dramatic changes to

the synovial micro-environment occur in RA, specifically,

proliferation and transformation of synovial lining cells,

pannus accumulation over articular cartilage, bone ero-

sion and the infiltration of inflammatory cells. The aetiol-

ogy of RA is complex, but breakdown of self-tolerance

resulting in T cell-mediated autoimmune responses

appears critical [2]. Hyperplastic synovial tissue (ST) sup-

ports the chronic inflammatory process, in part by driving

continued leucocyte accumulation. Fibroblast-like syno-

vial (FLS) cells synthesize and secrete many pro-inflam-

matory mediators [3] and, therefore, are critical effectors

in regulating the inflammatory response in RA.

FLS cell hyperproliferation has been implicated in

pannus formation [3]. However, direct evidence for hyper-

proliferation is lacking as few mitotic figures are observed

and thymidine uptake occurs only in a percentage of cells

[4]. While FLS cells do grow in culture, they divide rela-

tively slowly ([5] and personal observation). The outgrowth

of FLS cells that contributes to pannus formation may be a

consequence of their decreased senescence and/or the

fact that they retain telomerase activity [6]. Notably, FLS

cells are not immortalized in vitro [6, 7]. The outgrowth of

FLS cells in the ST of affected RA joints is, therefore, an

enigma, and one possible explanation might be that FLS

cells are recruited from the circulation.

Fibrocytes are a unique population of circulating pro-

genitor cells, comprising 0.1–0.5% of the total circulating

leucocyte population [8]. In vitro, fibrocytes express
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markers of both stromal and haematopoietic cells, includ-

ing fibronectin, collagen, CD11b, CD34 and CD45RO

[8, 9]. In vivo evidence indicates that fibrocytes contribute

to the myofibroblast population in a murine wound healing

model [10]. Fibrocytes secrete extracellular matrix com-

ponents, thereby enhancing granulation formation.

Additionally, fibrocytes express a-smooth muscle actin

(a-SMA), are contractile and enhance wound contraction

and healing. Notably, variable levels of a-SMA expressing

cells are present in RA patients (1–30%) [11]. Fibrocytes

function as antigen presenting cells [12] and can secrete

chemokines, cytokines and angiogenic factors [8], sug-

gesting that fibrocytes contribute to the inflammatory pro-

cess. Fibrocytes have been implicated in influencing

disease development in tumour biology, scleroderma,

asthma and pulmonary fibrosis [8, 13–15]; however, the

role of these cells in an autoimmune/inflammatory

response, specifically in RA, remains largely ill-defined

[16–18].

Recent advances in flow cytometry have expanded the

number of parameters available to allow for the simulta-

neous detection of surface and intracellular epitopes to

assess specific subsets of cells and functional activation

in heterogeneous cell populations. Phospho-specific flow

cytometry (phospho-flow) permits the quantification of

phosphorylation levels of intracellular signalling proteins

in individual cells, including rare cell populations [19–21].

The method is highly quantitative [20, 22], allowing for a

novel network-based screen of complex populations in

disease samples [19]. Phospho-flow has been success-

fully used to identify mutated signalling pathways in leu-

kaemia [23], predict the responsiveness of leukaemic

patients to chemotherapy [24] and to assay the effective-

ness of drugs in blocking cellular signalling [25]. Here, we

describe phospho-flow analysis of peripheral blood (PB)

fibrocytes from healthy individuals and from RA patients

with early and established disease. The data suggest that

a signature phosphorylation profile in RA fibrocytes may

be predictive of disease.

Methods

Patients

Informed consent was obtained from all study partici-

pants, and ethical approval was granted by the Mount

Sinai Hospital, St Michael’s Hospital and Sunnybrook

and Women’s College Health Sciences Centre ethics

committee (Toronto, Ontario, Canada). Early RA (ERA)

was defined as within the first year following the onset

of symptoms with a minimum of three swollen joints.

Both ERA and established RA patients were diagnosed

according to the ACR 1987 revised criteria [26]. Sample

collection involved confirmation of the diagnosis of RA

using clinical, serological and radiological data (Tables 1

and 2). The study included a total of 4 patients with ERA,

12 patients with late-stage RA and 10 healthy controls

(non-RA and non-OA). ERA patients had a median disease

duration of <1 year and 18.8� 10.3 years for RA.

ST

RA ST samples (n¼ 11) were collected from 10 patients

(one patient was sampled from both knee joints) with ero-

sive, end-stage RA at the time of joint replacement sur-

gery. All ST specimens were immediately transferred to

research personnel for processing.

Blood collection

Human PB was collected into heparinized vacutainer

tubes, and PB mononuclear cells (PBMCs) were isolated

by Ficoll gradient centrifugation at 800�g for 20 min.

PBMCs were washed, counted, resuspended in 90%

human serum (Irvine Scientific, Irvine, CA, USA) and 10%

dimethyl sulfoxide (Sigma, St Louis, MO, USA) and frozen in

liquid nitrogen to maintain cellular activation levels.

Extensive lot testing was performed to identify a human

serum batch that was suitable for these studies, i.e. to

ensure that cell activation was not influenced [27]. This

methodology has been employed successfully with

immune cells harvested from patients with other autoim-

mune disorders [21, 28]. Blood samples from control

healthy adults (University Health Network, Toronto) were

handled and processed in parallel. Murine blood was col-

lected by terminal cardiac puncture from anaesthetized

mice and immediately fixed with BD fix and lyse buffer

(BD Biosciences) at 37�C for 10 min. Samples were

stored at �80�C. Murine PBMCs were permeabilized in

BD Perm Buffer III (BD Biosciences, Mississauga,

Ontario, Canada) according to the manufacturer’s protocol.

Cell surface and intracellular phospho-specific flow
cytometry

Human PBMCs were thawed at 37�C, washed twice and

incubated for 1 h. PBMCs were then fixed in 2% parafor-

maldehyde at 37�C for 10 min and permeabilized with 90%

ice-cold methanol for 15 min. PBMCs were stained with

directly conjugated antibodies against CD45-PeCy7,

CD14-Ax700 and CD34-PE (Becton-Dickinson; San Jose,

CA, USA; or eBiosciences, San Diego, CA, USA) as pre-

viously described [21]. Intracellular stains consisted of anti-

collagen I antibody (Millipore, Billerica, MA, USA or

Rockland, Gilbertsville, PA, USA), prolyl hydroxylase anti-

body (5B5, Abcam, Cambridge, MA, USA), biotinylated

anti-vimentin antibody (Thermo Scientific, Rockford, IL,

USA) and phospho-specific proteins for p38 (pT180/

Y202), p44/42 (pT201/Y202), STAT3 (pY705) and -5

(pS727) (BD Biosciences). Murine cells were stained for

30 min at room temperature and washed twice, followed

by addition of secondary antibodies. Anti-rabbit-Alexa405

conjugate (Molecular Probes, Eugene, OR, USA) and APC-

Cy7 streptavidin (eBiosciences) were incubated for an

additional 30 min. 100 000–500 000 cells were acquired

on an LSRII FACS machine (12 colours, BD Biosciences)

with DiVa software (Becton-Dickinson). Data were ana-

lysed using Flojo software (Treestar, San Carlos, CA, USA).

CIA

CIA was induced in male DBA/1 mice (6–12 weeks,

Taconic Farms, NY, USA or Jackson Laboratories, ME,
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USA) by injecting 100�g chicken collagen II (CII) dis-

solved in 0.05 M acetic acid at a concentration of

4 mg/ml (Chondrex, Seattle WA, USA) and emulsified in

2 mg/ml complete Freund’s adjuvant (CFA). Mice were

immunized at the base of the tail with either 100�g CII

or phosphate buffered saline (PBS) (as a control) and were

boosted 21 days later with CII or PBS in incomplete

Freund’s adjuvant (IFA). Animals were sedated with

isofluorane, and up to 1 ml of PB was collected by terminal

cardiac puncture on Days 0, 7, 14, 21, 22, 23 and 24 (prior

to the onset of disease). Joints were collected from ani-

mals with swollen paws collected between Days 30 and

40. Clinical scores were defined as follows: 0, normal joint;

1, paw swelling only; 2, one joint of one limb along with

paw swelling; 3, multiple joints on a limb involved; and

4, all joints involved or limb fusion. An arthritis score,

TABLE 2 Individual patient demographics and clinical parameters

Demographics RA #1 RA #2 ERA #1 ERA #2 ERA #3 ERA #4

Age, years 55.32 56.78 47 36 57 61

Male/female F F F F F F

RFþ/� Positive Positive Negative NA Negative Negative
Erosions Yes Yes No Yes No No

HAQ score 1.625 1.625 1.75 0.5 0.25 0.38

DAS28-4 5.02 2.89 4.89 3.24 3.99 5.67

MDGA 6 7 6 6 4 3
Pat Global 7 7 7 7 3 1

Functional class 3.5 3 2 2 1 2

No. of tender joints 8 0a 15 6 12 15
No. of swollen joints 6 0a 8 4 7 12

ESR 45 54 14 6 6 35

CRP 89.1 17.65 9.6 0.8 NA 24.5

No. of failed biologicals 4 0 0 0 0 0
Parenteral corticosteroids, % No No No Yes No Yes

Prednisone, % No No Yes No No Yes

MTX, % No Yes Yes Yes No No

Values are given as mean S.E.M. *Patient had multiple joint replacement surgeries affecting TJS/SJS. NA: not available; DAS28;

disease activity score 28; MDGA: Physician global assessment; Pat Global: Patient global assessment.

TABLE 1 Summary of patient demographics and clinical parameters

Demographics
Late RA,

n¼ 2
ERA,
n¼ 4

Late RA
n¼ 10

Age, mean (S.D.), years 56.05 (1.03) 50.25 (11.17) 57.88 (10.73)

Male/female 0/2 0/4 2/8

RFþ, % 100 0a 80b

Erosions, % 100 25 100

HAQ score, mean (S.D.) 1.63 (0) 0.72 (0.69) 1.66 (0.54c)

DAS28, mean (S.D.) 3.95 (1.51) 4.45 (1.06) NA

MDGA score, mean (S.D.) 6.5 (0.71) 4.75 (1.5) NA
Pat Global, mean (S.D.) 7 (0) 4.5 (3) 4.5 (2.69c)

Functional class, mean (S.D.) 3.25 (0.35) 1.75 (0.5) NA

No. of tender joints,
mean (S.D.)

4.0 (5.66d) 12.0 (4.24) NA

No. of swollen joints,
mean (S.D.)

3.0 (4.24d) 7.75 (3.30) NA

ESR, mean (S.D.) 49.5 (6.37) 18.33 (14.98a) 61.0 (11.43a)

CRP, mean (S.D.) 53.38 (50.52) 17.05 (10.54e) 23.7 (22.3a)

Parenteral corticosteroids, % 0 50 NA

Prednisone, % 0 50 30
MTX, % 50 50 70

Failed biologicals 1/2 0/4 NA

an¼ 3. bn¼ 5. cn¼7. dOne patient had multiple joint replacement surgeries affecting tender joint score/swollen joint score.
en¼ 2. NA: not available; DAS28: disease activity score 28; MDGA: Physician global assessment; Pat Global: Patient global

assessment; Specimens from a distinct cohort of patients were analyzed using BD Powerblots.
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range 0–16, is assigned to each mouse by summing the

scores of each paw. The paws and knee joints of CIA mice

were fixed in 10% formalin for routine histology and

immunohistochemistry.

Immunohistochemistry

Immunohistochemistry was performed on plastic-

(Pathology Department, Mount Sinai Hospital, Toronto,

Ontario, Canada) or paraffin-embedded joint tissue from

mice with late-stage arthritis. All samples were fixed in

10% formalin and samples for routine histology were dec-

alcified and processed (Histology Laboratory, Toronto

General Research Institute, Toronto, Ontario, Canada).

Plastic-embedded tissue was processed in ascending

grades of alcohol and infiltrated with ascending grades

of Spurr plastic resin and cut on a motorized Leica 2165

microtome using a tungsten carbide knife. Longitudinal

sections were taken through the inflamed joints (paws)

and stained for the presence of fibrocytes/myofibroblasts

using anti-CD45 and anti-a-SMA. Briefly, sections were

rinsed in xylene and dehydrated through a series of alco-

hol washes (100, 95, 70 and 50%), followed by a final

wash in water. Antigen retrieval was performed in a micro-

wave with 0.01 M citrate for 20 min. Sections were

blocked in a solution of 2% gelatin/PBS for several

hours or overnight at 4�C. Sections were stained with

anti-CD45-PE (1:50), anti-a SMA-FITC (1 : 50) at 4�C over-

night. Slides were examined under a confocal microscope

(Leica Microsystems Heidelberg GmbH, Mannheim,

Germany).

FLS cell isolation and BD PowerBlot immunoarray
analysis

FLS cells from ST from affected joints of RA patients were

isolated, passaged and assessed as previously described

[29]. RA FLS cell lysates were collected in lysis buffer

(10 mM Tris, pH 7.4, 1 mM sodium orthovanadate, 1%

SDS), sonicated and frozen at �80�C. Protein samples

(200�g) were resolved by electrophoresis on a 4–15%

gradient SDS–polyacrylamide gel, and transferred onto

an Immobilon-P membrane (Millipore) and analysed as

previously described [30]. Briefly, the membrane was

blocked for 1 h with blocking buffer (LI-COR, Lincoln,

NE, USA) and clamped with a western blotting manifold

(isolating 40 longitudinal channels). Antibody cocktails for

either the full or phosphoprotein BD array were added to

each channel and hybridized for 1 h at 37�C. The blot was

washed and hybridized for 30 min at 37�C with secondary

goat anti-mouse antibody conjugated to Alexa Fluor 680

fluorescent dye (Molecular Probes) and goat anti-rabbit

antibody conjugated to IRDye 800 fluorescent dye

(Rockland). The membrane was washed, dried and

scanned at 700 and 800 nm with the Odyssey infrared

imaging system (LI-COR). Densitometry analysis of

detected bands was performed. Intensity readings were

normalized to the sum intensity of all of the valid spots on

a blot and then multiplied by 1 000 000, and molecular

weight was determined from molecular weight markers.

Triplicate readings for each sample were averaged.

Statistical analysis

Results are expressed as mean values� S.E., unless

otherwise indicated. The percentage of activated PB

fibrocytes from RA patients and controls was evaluated

by a Student’s t-test. The number of PB fibrocytes and

their activational state was assessed by multifactorial ana-

lysis of variance followed by Dunnett’s multiple compar-

ison test. Correlations were assessed using a two-tailed

Pearson’s correlation coefficient. The Wilcoxon signed

rank test was used to confirm significant differences in

BD PowerBlot data assuming a theoretical density value

0 for non-activated samples. P-values <0.05 were consid-

ered as statistically significant. Statistical tests were

performed using GraphPad Prism software (San Diego,

CA, USA).

Results

Immunophenotyping of PB fibrocytes

Fibrocytes express markers of both haematopoietic and

stromal cells. Since the majority of the published studies

report data with cultured fibrocytes, at the outset, we

characterized the expression profile of freshly harvested

circulating human PB fibrocytes. As reported for cultured

fibrocytes, human PB fibrocytes were found to be

CD45high, CD14þ, CD34þ, ColIþ and 5B5þ (Fig. 1, repre-

sented in orange). In all subsequent studies, we employed

this signature surface marker profile to select for

fibrocytes.

Phospho-specific signalling in human fibrocytes

Fibrocytes are multipotent mesenchymal stem cells that

circulate in the PB. Our working hypothesis was that

activated fibrocytes may be recruited to the RA joint and

contribute to pannus formation, potentially differentiating

into FLS cells. To test this, PB was collected from healthy

individuals, patients with ERA or established RA (>1 year)

and fibrocyte cells were examined for phospho-specific

activation of specific signalling effectors that would

depict cell activation. Given the limited specimen

availability, we investigated MAP kinase (MAPK) and

signal transducer and activator of transcription (STAT)

activation, since these signalling effectors are critical

nodes in different signalling pathways and therefore are

good candidates to serve as indicators of activation in

this cell population. Fibrocytes from healthy individuals

exhibited basal levels of signalling: phospho-p44/42

at 9.10� 3.78% (Fig. 2A), phospho-p38 at 21.11� 8.31%

(Fig. 2B), phospho-STAT3 at 21.64� 9.11% (Fig. 3A) and

phospho-STAT5 at 18.0� 2.54% (Fig. 3B). Circulating

fibrocytes from patients diagnosed with ERA and estab-

lished RA showed a significant (P < 0.05) increase in

the percentage of fibrocytes expressing phospho-

p44/42 (ERA/RA 15.73� 2.28%, Fig. 2A), phospho-p38

(ERA/RA 51.65� 11.06%, Fig. 2B), phospho-STAT3

(ERA/RA 57.38� 11.20%, Fig. 3A) and -5 (ERA/RA

51.08� 9.47%, Fig. 3B) compared with fibrocytes from

healthy individuals. Interestingly, there was no significant

difference in the activation status of PB fibrocytes from
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FIG. 1 Characterization of human PB fibrocytes by multidimensional phospho-specific flow cytometry. Human PB was

stained with anti-CD45-PeCy7, -CD34-PE, -CD14-A�700 and intracellular anti-ColI-A�488 and -prolyl hydroxylase-

A�647 (5B5) antibodies, then examined by multi-channel phospho-specific flow cytometry, as described in ‘Methods’

section. Population staining is colour coded and the fibrocyte lineage, shown in orange, was identified as CD45high,

CD14þ, CD34þ, ColIþ and 5B5þ. Specific stains can be observed by comparing the row (y-axis, labelled on the right side)

vs the column (x-axis, labelled along the top). A histogram of each population is shown at the bottom of each column.

FIG. 2 MAPK phosphorylation in PB CD45þ/CD34þ/ColIþ fibrocytes from patients with ERA/established RA.

Representative profile of PB CD45þ/CD34þ/CD14þ cells expressing ColIþ and (A) phospho-p44/42 or (B) phospho-p38

expression in healthy individuals (n¼ 10) and ERA/RA patient (n¼ 6) samples. A significant (P < 0.01) increase in

(A) phospho-p44/42 and (B) phospho-p38 signalling in the fibrocyte population was observed in ERA/late-RA

patients compared with healthy controls. Gates were determined using unstained, permeabilized cells. Data are shown

as mean � S.E.M.
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patients with ERA or established RA (phospho-p44/42:

ERA mean 14.76� 2.81% vs established RA 17.68�

4.98%; phospho-p38: ERA mean 52.66� 12.58% vs

established RA 49.63� 29.68%; phospho-STAT3: ERA

mean 53.01� 11.18% vs established RA 47.20�

23.95%; and phospho-STAT5: ERA mean 59.73�

12.69% vs established RA 52.70� 29.70%). Moreover,

there was no significant difference in the total number or

percentage of circulating fibrocytes between the control

or ERA/RA groups (data not shown). Notably, we

observed a direct correlation between the extent of fibro-

cyte phosphorylation and disease activity score 28

(DAS28) for phospho-p38, phosph-STAT3 and -5

(Fig. 4B, C and D), but not for phospho-p44/42 (Fig. 4A).

FIG. 3 STAT phosphorylation in PB CD45þ/CD34þ/ColIþ fibrocytes from patients with ERA/established RA.

Representative profile of PB CD45þ/CD34þ/CD14þ cells expressing ColIþ and (A) phospho-STAT3 or (B) phospho-

STAT5 expression in healthy individuals (n¼ 10) and ERA/RA patient (n¼ 6) samples. A significant (P < 0.01) increase in

(A) phospho-STAT3 and (B) phospho-STAT5 signalling in the fibrocyte population was observed in ERA/late-RA patients

compared with healthy controls. Gates were determined using unstained, permeabilized cells. Data are shown as

mean� S.E.M.

FIG. 4 Fibrocyte activation correlates with DAS28. Dot plot of the correlation of DAS28 with the percentage of (A) p44/42

(r¼ 0.2103; P¼ 0.5119), (B) p-p38 (r¼ 0.8350; P¼ 0.007), (C) pSTAT3 (r¼ 0.8019; P¼ 0.0017) and (D) pSTAT5

(r¼ 0.7765; P¼ 0.003) activation in PB fibrocytes in RA patients.
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Phospho-specific signalling in murine fibrocytes

In order to further characterize fibrocyte activation in the

context of phosphorylation activation at specific stages

of arthritis development, we employed a mouse CIA

model of RA. In time course studies, phospho-activation

of STAT5 in circulating fibrocytes was examined by

phospho-flow cytometry. This analysis permitted evalua-

tion of fibrocyte activation prior to the onset of symptoms,

generally detectable in mice around Day 28 post-

immunization. An increase in the total number of

circulating fibrocytes was observed in the circulation

7 days after mice were immunized (Day 0: 66 741� 18

990 vs Day 7: 142 512� 17 923), which subsequently

declined (Fig. 5A). Likewise, we observed a significant

increase in the total number of phospho-STAT5-

positive circulating fibrocytes 7 days post-immunization

(Day 0: 16 675� 3882 vs Day 7: 55 430� 13 275;

Fig. 5B). By Day 21 following the initial immunization,

the total number of phospho-STAT5-positive circulating

fibrocytes returned to baseline. Boosting the mice with

CII in IFA on Day 21 had no effect on the decline in

phospho-STAT5-positive fibrocytes in the circulation.

Interestingly, the percentage of fibrocytes in the circula-

tion increased by Day 7 post-immunization (1.48%)

compared with basal levels (0.31%) (data not shown).

Localization of fibrocytes/myofibroblasts in affected
joints

Immunohistochemistry was performed on joints harvested

from mice with CIA with clinical scores 53. Profound

inflammatory infiltrates with CD45þ/SMAþ fibrocytes loca-

lized within the inflammatory infiltrate surrounding affected

joints were identified (Fig. 6A and B). Few CD45þ/SMAþ

cells were observed in mice immunized with adjuvant

alone (Fig. 6C and D).

Phosphorylation activation of signalling effectors in RA
ST FLS cells

Activated PB fibrocytes may migrate to affected RA joints

to become resident ST FLS cells. In an earlier publication,

we provided the evidence that RA ST FLS cells exhibit

elevated gene expression consistent with an inflammatory

response [29]. Accordingly, using stored cells from 11 of

the RA ST FLS cell aliquots from our earlier publication

[29], we employed the BD PowerBlot immunoarray as a

high-throughput western blot screen for phosphorylated

signalling effectors and identified phospho-p38, phospho-

STAT1, -3 and -5 levels in the majority of the samples

(Fig. 7).

Discussion

In the present study, we have compared the phospho-

signalling profiles of a rare population of PB fibrocytes

from RA patients with fibrocytes from healthy individuals.

Most of the information relating to PB fibrocytes has been

obtained from in vitro cultured cells, where differentiation

occurs [8]. Few studies have examined circulating fibro-

cytes in vivo [13, 31] and their activation status. Based on

in vitro and in vivo data, it has been suggested that the

combination of collagen production and CD45, CD11b,

CD13 or CD34 expression is sufficient to discriminate

fibrocytes from other leucocytes in the circulation [32].

We confirm that expression of CD45, CD34 and ColI is

sufficient to distinguish the PB fibrocyte population. This

circulating CD45þ/ColIþ fibrocyte population exhibits a

signature phospho-specific activation in ERA, which is

similar to the phospho-profile identified in fibrocytes

from patients with longstanding disease. Additionally,

the phospho-activation profile of PB fibrocytes from RA

patients is similar to that observed in the ST FLS cells from

affected joints. In a mouse model of arthritis, CIA, we

observed both an increase in fibrocyte numbers and

their phospho-STAT5 activation, conspicuously prior to

the onset of symptoms. Taken together, our data suggest

that PB fibrocyte activation may have a role in the early

activation/initiation of RA.

FIG. 5 Circulating fibrocytes are activated during early

stages of CIA. Murine PB was stained with anti-CD45

PeCy7, -CD34-Alexa 647, -CD14 PeCy5.5 or -CD11b

PeCy5, -ColI Alexa 405 and/or anti-CD3 Alexa700 and

anti-vimentin APC-Cy7 and visualized on a BD LSRII flow

cytometer. (A) The total number of CD45þ/ColIþ/a-SMAþ

fibrocytes per millilitre blood on Days 0, 7, 14, 21, 22,

23 and 24 post-immunization with collagen is shown.

(B) The total number of pSTAT5-positive/CD45þ/ColIþ/

a-SMAþ fibrocytes per millilitre blood on Days 0, 7, 14, 21,

22, 23 and 24 post-immunization with collagen is shown.

Data are shown as mean� S.E.M. of duplicate experiments

(Day 0, n¼ 9; Day 7, n¼ 10; Day 14, n¼ 9; Day 21, n¼ 10;

Day 22, n¼ 4; Day 23, n¼ 10; and Day 24, n¼ 5) and the

range of fibrocyte and pSTAT5-positive cells in normal

mice are shown by the dashed lines.
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Previously, we have shown that RA ST FLS cells

express genes that denote an inflammatory response,

and also genes unique to embryonic limb development

[29]. This has led us to hypothesize that a multipotent

progenitor-like cell, such as the fibrocyte, may be involved

in RA pathogenesis, specifically as either a progenitor of

the ST FLS cell or as has been reported for wound healing

in burn patient tissue, as a cell that activates fibroblasts to

proliferate [31]. Comparing the phosphorylation profiles of

PB fibrocytes with ST FLS cells, we observed phospho-

STAT3, -5 and phospho-p38 activation in both popula-

tions. Given these similarities, we speculate that activated

PB fibrocytes may be recruited to affected joints where

they may contribute to pannus formation and influence

FLS cell differentiation and/or proliferation. Direct interac-

tions between activated fibrocytes and resident fibro-

blasts may generate FLS cell differentiation. The

relationship of the kinetics of PB fibrocyte activation to

FLS cell activation in affected joints is the subject of our

ongoing investigations.

Pannus formation is central to the process of joint

destruction. The FLS cell layer expands, albeit in the

FIG. 6 CD45 and a-SMA double positive cells are found in the inflammatory infiltrate in CIA. Mice were immunized with

either 100�g CII or PBS in CFA at Day 0 and boosted on Day 21 with CII or PBS in IFA. Joints were collected from CIA

animals with a clinical score >3. Haematoxylin and eosin (H & E) staining showing profound inflammatory infiltrate

(asterisks) in the CII immunized mice (A, 200� magnification) and no obvious inflammation in control-immunized animals

(C, 200�magnification). Immunohistochemistry of plastic embedded joints from CIA or control mice were stained with a-

SMA-FITC (green) and CD45-phycoerythrin (red). (A and B) Double positive a-SMA/CD45þ fibrocytes from CIA mice [(A),

magnification 200�, (B) magnification 400�; smooth muscle, open arrow and infiltrating leucocytes, asterisks] or control-

immunized mice (C, magnification 400�) are shown. (D) Isotype control (magnification 200�).

FIG. 7 Phospho-signalling profile in RA ST FLS cells. Cell

lysates (n¼ 11) were prepared from ST FLS cells from

patients with end-stage RA, at the time of joint replace-

ment, as described in ‘Methods’ section, then analysed by

BD PowerBlot. Values represent the average intensity of

triplicate readings. Statistical significance was determined

using the Wilcoxon signed rank test with P < 0.05

(asterisks).
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absence of obvious evidence for excessive proliferation.

Stem cell recruitment and differentiation may contribute to

pannus formation, although de-differentiation or transfor-

mation of FLS cells is an alternative explanation. While

there is a paucity of data for PB fibrocyte trafficking in

RA, these cells are capable of migrating into many inflam-

matory sites [15, 33]. Certainly, circulating endothelial

progenitor cells migrate into RA joints [34] and PB fibro-

cytes express the cognate chemokine receptors for many

chemokine ligands found in RA SF (CXCR4, CCR3, CCR5

and CCR7). In the CIA model we employed, we observed

increased numbers of circulating fibrocytes following col-

lagen immunization, which would be consistent with bone

marrow mobilization and trafficking to inflammatory sites.

Increased numbers of circulating cells are observed in

several diseases where there is a subsequent recruitment

to affected sites, fibrocytes in idiopathic pulmonary fibro-

sis [31] and endothelial progenitor cells during the onset of

CIA [35]. Elevated levels of G-CSF are found in the serum

and SF of RA patients [36], and G-CSF can mobilize

CD34þ cells from the bone marrow [37, 38]. Although

we did not observe elevated numbers of fibrocytes in

our human RA samples, this process may be transient

and because of the limited patient sampling, missed. In

as much as the PB fibrocyte population that constitutes a

minor population in the circulation, fibrocytes constitute

10% of the leucocytes infiltrating into wound chambers

[39], and 1–30% of the synovial fibroblasts from affected

joints of RA patients express a-SMA [11]. Here we provide

evidence that a-SMA-positive fibrocytes accumulate in

the inflammatory infiltrate in affected paws of mice with

CIA, where they may influence the disease process.

Clinical information revealed that the ERA patients in

this study, who were within 1 year of diagnosis, had

lower HAQ, MDGA and functional class scores than the

late-RA cohort, corroborating our approach to distinguish-

ing ERA from late RA. Notably, FACS analysis of PB fibro-

cytes revealed activation of MAPK and STAT signalling

effectors in both ERA and established RA. We specifically

included ERA patient specimens to assess whether fibro-

cyte activation occurs early in the disease process and

whether differences in the activation profiles might distin-

guish early and established disease. Since the levels of

fibrocyte phosphorylation activation were equivalent in

established vs ERA patient specimens, we infer that fibro-

cyte activation likely occurs early in the pathogenesis of

RA. Further scrutiny of other signalling effectors may dis-

criminate early from established disease. Our ERA patient

cohort had moderate to high DAS28, and we observed a

positive correlation between fibrocyte activation and

DAS28. DAS are strong predictors of radiological progres-

sion and future disability, and the correlation of

fibrocyte activation with DAS may implicate fibrocytes

in joint destruction.

Accordingly, in a subsequent series of mouse studies,

we examined the time course of phosphorylation activa-

tion of STAT5 in circulating fibrocytes in a CIA model of

arthritis. We observed early phospho-STAT5 activation 7

days after CII immunization. Intriguingly, phosphorylation

of STAT5 was transient in this mouse CIA model, at early

time points in pathogenesis. Notably, all mice immunized

to develop CIA were sampled prior to the development of

symptoms; whereas, all of the ERA patients were sympto-

matic and fulfilled ACR criteria for RA at the time that their

PB was collected for fibrocyte analysis. Thus, differences

in the kinetics of fibrocyte activation between our mouse

studies and the human samples may be reflective of both

of the species differences and the timing of sampling.

Additionally, the ERA patients were taking medications,

potentially influencing the phosphorylation status of sig-

nalling effectors. Nevertheless, the data suggest that

phosphorylation activation of fibrocytes is an early pro-

cess in RA.

Asymptomatic synovitis precedes clinical disease in RA

[40]. Whether activated PB fibrocytes migrate into joints to

contribute to this synovitis is unknown. In the mouse CIA

model of arthritis, by Day 10 post-immunization joints

exhibit synovial hyperplasia, and there is evidence of infil-

trating mesenchymal cells, albeit in the absence of an

inflammatory infiltrate [16]. There is evidence that the

mesenchymal cells originate directly from the bone

marrow and not from the circulation. Fibrocytes lose

expression of haematopoietic markers following their dif-

ferentiation into myofibroblasts [32] and, therefore, it is

difficult to track the fate of these cells following their extra-

vasation into affected joint tissue. Certainly, fibrocyte acti-

vation in the circulation and recruitment into joints in the

preclinical phase would be consistent with previous

observations in humans, monkeys and rats, where micro-

scopic joint inflammation is observed early on in disease

[16, 40].

Elevated levels of a number of cytokines are found in

the serum of RA patients, including TNF-a, IL-1, -2, -6, -10

and GM-CSF [41–43]. Serum cytokine levels generally

correlate with disease severity. MAPKs are positive regu-

lators of pro-inflammatory cytokine production in arthritis,

including IL-1, -6, -12, -23 and TNF [44]. Herein, we pro-

vided the evidence for elevated levels of phospho-MAPKs

p42/44 and p38 in the circulating fibrocytes; this signalling

may culminate in the production of pro-inflammatory

cytokines. IL-1� activates cultured PB fibrocytes to

secrete TNF-a, chemokines and haematopoietic growth

factors [45]. Furthermore, since IL-2, -6, CCL2 and -4

levels are elevated in the serum from patients with RA

and activate their respective cognate receptors to

invoke STAT activation, fibrocyte cell surface expression

of these receptors may contribute to fibrocyte activation.

Fibrocytes are multipotent progenitor cells capable of

differentiating along multiple lineages. Therefore, activa-

tion of PB fibrocytes may be the prelude of cellular differ-

entiation. Fibrocytes differentiate into a-SMA-expressing

cells when cultured with T cells, or upon TGF-� stimula-

tion [33]. Notably, TGF-� activates stress-activated pro-

tein kinase/Jun-amino-terminal kinase and p44/42 in

fibrocytes [46], and elevated levels of TGF-� are present

in RA ST [47]. TGF-�, in the context of an inflammatory

cytokine milieu, supports de novo differentiation of IL-17-

producing T cells [48] and synovial fibroblasts in affected
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joints [49]. The implications are that activated fibrocytes

may be recruited to affected joints, where the cytokine

environment could influence their differentiation into FLS

cells. Inhibitors of fibrocyte differentiation (serum amyloid

P and aggregated IgG) are found in discrete regions of

affected joints, the exception being pannus [9, 50].

Therefore, specific sites within the inflamed joint may

favour the differentiation of fibrocytes along specific

lineages. Additionally, patients with ERA exhibit a distinc-

tive and transient Th2 cytokine profile [51]. T cell contact

induces fibrocyte differentiation in vitro [33], and the Th2

cytokines IL-4 and -13 promote fibrocyte differentiation

[52], suggesting that the early stages of RA may favour

fibrocyte differentiation. Establishing the cellular localiza-

tion and activation status of infiltrating fibrocytes may help

elucidate the mechanisms involved in pannus formation

in RA.

Activated fibrocytes infiltrating the synovium of RA

joints might influence many facets of joint disease. Their

specific role in FLS cell pannus outgrowth, either as the

precursor cells of FLS cells, or as the activated cytokine

secreting cells that promote resident FLS cell activation,

remains unclear. Fibrocytes secrete chemotactic chemo-

kines that recruit CD4þ T lymphocytes, critical mediators

of the persistent inflammation in RA [12]. Moreover, acti-

vated fibrocytes exhibit enhanced gene expression for a

number of pro-inflammatory cytokines, suggesting that

they may amplify an inflammatory response. Fibrocytes

constitutively express M-CSF, required for the differentia-

tion of osteoclasts. M-CSF, together with IL-1, -6 and

PGE2, up-regulates receptor activator from nuclear

factor K B ligand (RANKL) expression on synovial fibro-

blasts, thereby promoting bone resorption by osteoclasts

[53]. In addition, TNF suppresses the maturation of osteo-

blasts [54], preventing the formation of new bone. Viewed

altogether, we infer from our data that phosphorylation

activation of specific signalling effectors in circulating

fibrocytes in RA patients may contribute to both the

induction phase and the persistent inflammation in RA.

Moreover, given the evidence in the mouse CIA model

of the appearance of activated circulating fibrocytes

prior to the onset of symptoms of disease, phospho-acti-

vation of PB fibrocytes may serve as a surrogate marker

for early diagnosis. Our ongoing studies are directed at

validating the diagnostic and prognostic potential of fibro-

cytes for ERA and exploring the potential of targeted inhi-

bitors as a therapeutic intervention strategy.

Rheumatology key messages

. PB fibrocytes are activated early in RA.

. PB fibrocytes are likely recruited into inflamed
joints.

. PB fibrocytes may contribute to FLS
hyperproliferation.
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