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ABSTRACT 

This study elucidates the mechanism of CCL25 and CCR9 in rheumatoid arthritis. RA 

synovial fluid (SF) expresses elevated levels of CCL25 compared to OA SF and plasma from 

RA and normal. CCL25 was released into RA SF by fibroblasts (FLS) and macrophages 

(MΦs) stimulated with IL-1β and IL-6. CCR9 is also presented on IL-1β and IL-6 activated 

RA FLS and differentiated MΦs. Conversely, in RA PBMCs neither CCL25 nor CCR9 are 

impacted by 3-month longitudinal TNF inhibitor therapy. CCL25 amplifies RA FLS and 

monocyte infiltration via p38 and ERK phosphorylation. CCL25-stimulated RA FLS secrete 

potentiated levels of IL-8 which is disrupted by p38 and ERK inhibitors. CCL25 polarizes 

RA monocytes into non-traditional M1 MΦs that produce IL-8 and CCL2. Activation of p38 

and ERK cascades are also responsible for the CCL25-induced M1 MΦ development. 

Unexpectedly, CCL25 was unable to polarize RA PBMCs into effector Th1/Th17 cells. 

Consistently, lymphokine like RANKL was uninvolved in CCL25-induced 

osteoclastogenesis; however, this manifestation was regulated by osteoclastic factors such as 

RANK, cathepsin K (CTSK) and TNFα. In short, we reveal that CCL25/CCR9 manipulates 

RA FLS and MΦ migration and inflammatory phenotype in addition to osteoclast formation 

via p38 and ERK activation.  

 

INTRODUCTION 

Rheumatoid Arthritis (RA) is a chronic autoimmune disease in which synovial tissue 

(ST) macrophages (MФs) and fibroblasts (FLS) play a critical role in pannus formation [1]. 

Notably, joint monokines and fibrokines attract cells that express their corresponding 

receptors to potentiate RA inflammatory and erosive phenotypes [2]. In this study, we 
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investigated the expression and the mechanism by which ligation of CCL25 to CCR9 

amplifies RA pathology.  

CCR9 belongs to the β-chemokine receptor family that binds to its non-promiscuous 

ligand CCL25, also known as thymus expressed chemokine (TECK) [3, 4]. In physiological 

condition, CCL25 is expressed in the thymus or the small intestine and recruits CCR9 

positive CD4
+
 and CD8

+
 T cells and IgA secreting B cells [5-7]. Additionally, the number of 

lymphocytes is only mildly reduced in CCR9-/- murine intestines under homeostatic 

conditions, in part due to compensatory action modulated by the CXCR3 function [5]. 

Extending these observations, in colitis patients, upregulation of CCL25 contributes to 90% 

of the colon CD4
+
T cells expressing CCR9, compared to 10% of CD3

+
CCR9

+
 colon cells 

detected in normal (NL) individuals [8].  

Nevertheless, the impact of CCL25 and CCR9 on effector T cell differentiation is 

rather conflicting. In TNFSF15 transgenic mice, the frequency of CCR9
+
 cells was markedly 

elevated in mesenteric lymph nodes (MLNs) which led to potentiated Th1 and Th17 cell 

differentiation [9]. Similarly, TLR4-/- mice were resistant to experimental autoimmune 

encephalomyelitis (EAE), due to reduced levels of CCL25 and decreased the number of 

CCR9
+
CD4

+
 T cells in the spinal cord that contributed to diminished Th17 cell development 

[10]. In contrast, others have shown that CCR9-/- mice are highly susceptible to colitis, in 

part because T cells from MLNs secrete significantly higher levels of IFNγ and IL-17 

compared to wild type (WT) mice [11]. Yet, the number of circulating CCR9
+
 T cells is 

elevated in patients with small bowel inflammation; these cells are also responsible for 

enhanced IFNγ and IL-17 production from MLNs of individuals with Crohn disease 

compared to normal controls [12, 13].  
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Intriguingly, expression of murine CCL25 is enriched during wound healing in oral 

mucosa and antigen presentation to facilitate leukocyte recruitment and retention [14, 15]. 

Consistently, in labial salivary glands of Sjogren’s Syndrome (SS) patients, the enhanced 

CCL25 concentration was directly connected to B cell hyperactivity. It was also determined 

that the circulating CCR9
+
 T cells attracted by CCL25 in SS patients exhibited a specific 

phenotype [16]. Compared to CXCR5
+
 T cells, expression levels of IL-7R, ICOS, PD1, IL-

21, IL-10, IFNγ and IL-17 were highly upregulated in SS CCR9
+
 T cells [16]. Moreover, 

CCR9 deficiency or blockade ameliorated collagen-induced arthritis (CIA) disease activity 

[17]. 

The expression of CCR9 is also implicated in melanoma, ovarian, lung, breast and 

colon cancer [18-22]. Because of the broad expression pattern and functional importance of 

CCR9 in cancer, this receptor is considered as a tumor biomarker [20]. CCL25 interaction 

with CCR9 fosters tumor chemoresistance and metastasis via diverse signaling pathways and 

strategies. Due to the pivotal role of CCL25 and CCR9 in cancer biology, various therapeutic 

approaches have been developed to disrupt their action [22].   

   In this study, we sought to elucidate the expression pattern, regulatory factors and 

functional consequence of CCL25 and CCR9 in RA synovitis. We found that CCL25 and 

CCR9 are highly co-expressed on RA relative to NL synovial tissue (ST) FLS, MФ and 

vasculature. Interestingly, the elevated release of CCL25 from RA synovial fluid (SF) 

instigates RA FLS and monocytes migration through activation of ERK and p38 pathways. In 

RA FLS, expression of CCL25 and CCR9 is modulated by IL-1β and IL-6 stimulation. In 

contrast, while the expression of CCR9 in RA MФs was unaffected by inflammatory stimuli, 

differentiation of monocytes to MФs, markedly increased its cell surface levels. We found 

that ligation of CCL25 to CCR9 in RA FLS and MФs was accompanied by secretion of 
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proangiogenic factors such as IL-8 and/or CCL2. Surprisingly, joint CCL25 was unable to 

amplify RA Th1 or Th17 cell polarization. Later in the disease, transcriptional upregulation 

of RANK and cathepsin K (CTSK) advances CCL25-induced osteoclastogenesis; while 

induction of TNFα stabilizes this manifestation. Finally, since TNF inhibitor (i) therapy was 

inconsequential on CCL25 and CCR9 expression, targeted therapy against this chemokine 

and receptor pair may provide a novel strategy for these RA patients.      

 

RESULTS 

CCL25 and CCR9 are mainly expressed on RA ST FLS and MФs  

To determine the significance of CCL25 and CCR9 in RA, their expression was 

characterized in ST and/or SF. Co-expression of CCL25 and CCR9 was markedly higher in 

RA compared to NL ST lining (x2), sublining cells (x2-4) and vasculature (x3-8), while their 

presentation in RA was comparable to OA STs (Figs. 1A, 1F). Moreover, CCL25 

concentration was higher in RA SF compared to OA SF and plasma from NL and RA 

individuals (Fig. 1B). We substantiated that in RA ST lining and sublining, CCL25 is 

primarily expressed in vimentin+ RA FLS and CD68+ MФs (Supplementary 1; Fig. S5) and 

its expression was further amplified by IL-1β, IL-6 and/or LPS (x2) stimulation, while TNF 

had no impact on this function (Figs. 1C-D). In contrast, inflammatory stimuli were unable to 

potentiate CCL25 transcription in endothelial cells; despite its higher expression levels in RA 

compared to NL ST vasculature (Figs 1A, 1E). In line with morphological studies, Western 

blot and FACS analyses displayed that CCR9 frequency was 25-48% increased on RA FLS 

(Figs. 1F-H). It was also shown that MФs differentiated from RA monocytes, expressed 

higher cell surface levels of CCR9 (9-20x) (Figs. 1I). Consistent with CCL25, CCR9 cell 

surface levels were unaffected by inflammatory signals in endothelial cells (Fig. 1J). Taken 
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together, RA FLS and MФs, by secreting CCL25 and expressing cell-surface CCR9, are both 

producers and responders of this pathway.           

CCL25 attracts CCR9
+
 RA FLS via MAPK signaling 

Given that CCR9 expression was expanded on RA FLS, we asked if the inflammatory 

factors present in RA SF could impact its frequency on these cells. Interestingly, several 

monokines including IL-1β, TNFα, IL-6 amplified the CCR9 cell surface expression on RA 

FLS by 4-6 fold (Fig. 2A). Next, the significance of CCL25 was examined in a model system 

relevant to FLS migration and its contribution to pannus formation. Using a scratch assay, 

CCL25 dose-dependently (250-500ng/ml) potentiated RA FLS migration by 10-20 fold (Figs. 

2B-C). In contrast, RA FLS proliferation was unaffected by CCL25 stimulation, despite this 

process being amplified by bFGF treatment at 72h and 96h (Fig. 2D). Subsequently, the 

mechanism of CCL25-induced RA FLS migration was examined. While p38, ERK and JNK 

pathways were phosphorylated by CCL25 stimulation in RA FLS (Fig. 2E); activation of 

AKT1 and STAT3 was not implicated in this feature. In spite of,  p38i and ERKi efficiency 

in obstructing CCL25-induced RA FLS migration (4-6x); JNKi was ineffective on this 

manifestation (Figs. 2F-G). In RA FLS, CCL25 inflammatory response was mediated by IL-8 

(3.5x) secretion; however, levels of IL-6, CCL2, CCL5, MMP1 and MMP3 were unchanged 

(Fig. 2H). Consistent with FLS migration, only p38 and ERK pathways were involved in IL-8 

production accentuated by CCL25 stimulation (Fig. 2I). Collectively, our findings indicate 

that phosphorylation of p38 and ERK by CCL25 escalates CCR9
+
 RA FLS recruitment and 

joint IL-8 secretion.  

CCL25 is a monocyte chemoattractant that cultivates a narrow range of M1 monokines 

Since CCL25 and CCR9 are co-localized in RA MΦs, studies were conducted to 

elucidate their mechanism of action. Differentiation of RA monocytes into MΦs upregulates 
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CCR9 expression (Fig. 3A-B). Conversely, CCR9 cell surface expression was not influenced 

by inflammatory factors or RA SF stimulation in RA MΦs (Fig. 3C-D, Supplementary 1; Fig. 

S6). Next, we asked whether TNFi therapy would impact CCR9 and CCL25 function in RA 

blood cells. For this purpose, transcription levels of CCR9 and CCL25 were compared in RA 

patients pre- and post- TNFi therapy. We found that CCR9 and CCL25 transcription was 

unchanged in RA PBMCs (+/- DMARDs) prior to and following TNFi therapy (Figs. 3E-F). 

Corroborating our findings in RA FLS, monocyte trafficking was dose-responsively 

expanded by CCL25 stimulation (Fig. 3G). Interestingly like RA FLS, phosphorylation of 

p38, ERK and JNK were enhanced by CCL25 signaling in RA MΦs without affecting AKT 

and STAT3 activation (Fig. 3H). However, unlike RA FLS, inhibition of all MAPK pathways 

was implicated in CCL25-driven monocyte infiltration (Fig. 3I). IL-8 and CCL2 (2x) 

production was accentuated in CCL25-stimulated RA MΦs, while expression of TNFα, IL-6, 

CCL5, MMP1 and MMP9 was unaffected (Fig. 3J). In RA MΦs, CCL25-modulated IL-8 and 

CCL2 secretion were dependent on p38 and ERK phosphorylation, however, JNK signaling 

was not involved in this process (Fig. 3K-L). Interestingly, neither IL-8 nor CCL2 protein 

levels were potentiated by CCL25-stimulation in RA FLS and MΦ coculture compared to 

PBS treatment (Supplementary 1; Figs. S1 & S2). Moreover, zymosan-induced RA MΦ 

phagocytosis was suppressed by CCL25 treatment (Fig. 3M). In short, our results indicate 

that the standard of care, TNFi therapy, does not affect the CCL25/CCR9 pathway and that 

this chemokine and receptor pair manipulates the infiltrating RA monocytes to advance 

inflammation and repress phagocytosis.    

CCL25 ligation transforms CCR9
+
 myeloid progenitor cells into mature osteoclasts  

CCL25 and CCR9 play an important role in T effector cell function, thus experiments 

were performed to test their influence on RA Th1/Th17 cell differentiation. While the 

positive controls IL-12 and IL-1β+IL-6+TGFβ enhanced polarization of RA Th1 and Th17 
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cells, this component was unaffected by CCL25 stimulation (Figs. 4A-C). Supporting this 

notion, the lymphoid nuclear factor of activated T-cells (NFATc) was not induced in CCL25-

activated osteoclast progenitor cells (Fig. 4D). On the contrary, transcriptional upregulation 

of myeloid receptor activator of nuclear factor κ B (RANK) and Cathepsin K (CTSK) 

initiates CCL25-mediated osteoclast formation (Fig. 4D). Due to potentiated IL-8 and CCL2 

production and MAPK activation in CCL25 stimulated RA myeloid cells, we characterized 

the impact of these monokines and signaling pathways on RA osteoclastogenesis. 

Surprisingly, while Abs against CCL2 and IL-8 did not impair CCL25-induced osteoclast 

maturation, this function was abrogated by MAPK inhibitors (Fig. 4E). It was also noted that 

in addition to RANK and CTSK, the expression of TNFα (2x) was elevated by CCL25 once 

RA osteoclasts were fully differentiated (Fig. 4F). Lack of NFATc transcription in CCL25-

driven myeloid progenitor cells (Fig. 4D) was consistent with the absence of RANKL 

induction in osteoclasts formed by CCL25 (Fig. 4F). These findings highlight the importance 

of myeloid cells and lack of T cell involvement in CCL25-induced RA osteoclast formation.  

 

DISCUSSION 

The current study describes a hitherto undefined role for CCL25 and CCR9 in RA 

pannus formation. Expression of CCL25 and CCR9 was potentiated in RA compared to NL 

ST FLS and MΦs. Intriguingly, CCL25 and CCR9 levels were highly responsive to 

inflammatory stimuli in RA FLS, and both were mutually amplified by IL-1β and IL-6 

stimulation. On the contrary, in RA MΦs, cell surface expression of CCR9 was unresponsive 

to inflammatory stimuli, while its levels were upregulated by the differentiation. 

Nevertheless, certain monokines such as IL-1β and IL-6, but not TNF, upregulated CCL25 

transcription in RA MΦs. In line with these observations, the expression of CCL25 and 
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CCR9 in RA PBMCs was unaffected by longitudinal TNFi therapy. We exhibited that 

CCL25-induced p38 and ERK phosphorylation was responsible for joint infiltration of RA 

FLS and monocytes in addition to the secretion of proangiogenic factors, IL-8 and CCL2, 

from these cells. Furthermore, activation of MAPK and induction of RANK, CTK and TNF 

were implicated in CCL25-induced osteoclastogenesis (Fig. 5).  

 Earlier studies have observed that CCL25 and CCR9 concentrations were elevated in 

RA compared to OA specimen [23]; however, their cellular expression and mechanism of 

function was undefined. Expression of CCL25 & CCR9 was detected in the small intestine; 

where they contribute to dendritic & T cell infiltration as well as promoting T cell homing to 

the thymus and spleen [24]. Moreover, CCR9 is present in melanoma skin lesions and on 

lymphoblastic leukemia cells and its ligation to CCL25 facilitates cancer cell polarization, 

microvilli absorption and tumor metastasis [25, 26].  

Interestingly, elevated expression of CCL25 in cutaneous basal cell carcinoma 

patients is in part responsible for fibroblast influx and tissue matrix remodeling [27]. Others 

have shown that thioglycollate induced inflammation, escalates the frequency of 

CD11b
+
F480

+
CCR9

+
 macrophages in the peritoneal cavity [28]. CCR9

+
 MΦs played an 

integral role in liver inflammation instigated in preclinical hepatitis [29]. Extending these 

observations, elevated CCL25 levels in RA SF, attracted CCR9
+
 MΦs and RA FLS into the 

joints. In contrast to earlier findings in colitis [30, 31] or cancer [32], where CCR9 is 

primarily expressed on intestinal T cells or has a lymphocytic origin, neither CCL25 nor 

CCR9 was detected in RA or OA joint T cells. Mechanistically, retinoic acid increases CCR9 

expression on mouse naive CD4
+
 T cells and this function is dependent on NFATC2 and 

retinoic acid receptors [33]. On the contrary, IL-2 and IL-4 treatment downregulate the 

expression of CCR9 expression on CD4
+
 T cells [34]. Although the mechanism of 
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CCL25/CCR9 function has been mainly focused on T cells; in RA STs it is MΦs and FLS 

that are the targets cells for this pathway.  

Stimulation with LPS, IL-1β and IL-6, markedly enhanced CCL25 expression on RA 

MΦs. In opposition to previous studies [35], expression of CCR9 or CCL25 was not 

impacted by TNFα treatment in RA MΦs. Corroborating these results, transcription levels of 

CCR9 and CCL25 were unchanged in RA PBMCs following 3-month of TNFi therapy. 

While inflammatory stimuli were ineffective on myeloid CCR9 cell surface expression, these 

levels were upregulated when RA monocytes differentiated into mature MΦs. Notably, in RA 

FLS, IL-1β and IL-6 were the overlapping factors that amplified both CCR9 and CCL25 

levels. Although CCL25 and CCR9 have not been implicated in the RA FLS function, it has 

been shown that CCR9
+
 MΦs advanced liver fibrosis through the expression of collagen1α1, 

transforming growth factor (TGF)β1 and tissue inhibitor of metalloproteinase (TIMP)1 [36]. 

In agreement with this notion, MΦ-modulated liver inflammation was mitigated in CCR9-/- 

compared to WT mice [29]. These studies indicate that CCL25/CCR9 activation contributes 

to crosstalk between MΦs and fibroblasts.    

We demonstrate that joint CCL25 facilitates RA FLS and monocyte migration and 

triggers IL-8 and/or CCL2 production, via phosphorylation of ERK and p38 pathways. 

Nonetheless, in RA FLS and MΦs, AKT and STAT3 signaling pathways were not activated 

by CCL25 signaling. Conversely, others have shown that CCL25-induced AKT 

phosphorylation triggers NF-κB and mTOR activation; leading to an anti-apoptotic 

mechanism in lung cancer [37] and chemoresistance in prostate cancer [38]. However, in an 

experimental model of myocardial infarction (MI), cardiac remodeling in WT tissues 

exhibited greater ERK and p38 phosphorylation compared to healthy or MI tissues harvested 

from CCR9-/- mice [39]. These findings indicate that the differential signaling pathways 
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activated by CCL25 in diseased tissues are primarily dependent on the cell types that express 

CCR9 and respond to CCL25 stimulation. 

Contrasting RA FLS migration, the JNK pathway is uniquely involved in CCL25-

induced monocyte migration. Supporting our findings, the elevation of cardiac CD68
+ 

MΦs 

was detected in WT compared to CCR9-/- mice induced with MI [39]. Earlier studies have 

shown that NL monocytes stimulated with CCL25 produce increased TNF and IL-6 levels 

[17]. Opposing these findings, induction of sepsis in CCR9-/- mice resulted in greater disease 

severity and higher peritoneal production of IL-6, TNF and CXCL10 relative to WT mice 

[28]. RA MΦs polarized by CCL25 exhibit a non-traditional M1 profile that expresses IL-8 

and CCL2; while IL-6, TNFα, CCL5, MMP1 and MMP9 production levels remained 

unchanged. We found that zymosan ligation to myeloid TLR2 and TLR6 and stimulation of 

phagocytosis [40] was suppressed by CCL25. We postulate that the suppressed antigen 

presentation observed in CCL25-activated RA MΦs may be the consequence of its 

potentiated inflammatory response. Much like CCL25’s incapability to potentiate 

phagocytosis, RA CCR9
+
 PBMCs were not differentiated into effector Th1/Th17 cells by 

CCL25 stimulation. Our results suggest that CCL25/CCR9-induced pathology is 

differentially regulated in RA compared to SS [16] or EAE [10]. In SS patients, IL-7R 

elevation in CCR9
+
 T cells and response to IL-7 and antigen were responsible for Th17 cell 

polarization [16]. In the EAE model, TLR4 induced upregulation of CCL25 and CCR9 was 

involved in Th17 cell infiltration [10]. We suspect that the lack of Th1/Th17 master 

regulators (IL-12, IL-6, IL-1β) is accountable for CCL25’s inability to polarize RA naïve 

cells into Th1/Th17 cells.             

Lack of T cell participation is also evident in CCL25-driven osteoclast formation, as 

the maturation of the progenitor cells is accentuated by RANK and CTSK but not RANKL or 

NFATc. It is also notable that TNF is expressed in osteoclast matured by CCL25, while its 
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expression was undetectable in CCL25-differentiated MΦs. Taken together, the 

CCL25/CCR9 pathway interconnects RA MΦ and FLS function to potentially advance 

pannus formation and neovascularization.        

MATERIALS AND METHODS 

Ethical Approval: Patients were recruited from the practices of orthopedic surgeons or 

rheumatologists in the group practice of the academic physicians of the University of Illinois 

at Chicago. STs and fibroblasts extracted from the synovium were obtained from individuals 

undergoing total joint replacement or synovectomy. RA patients were diagnosed according to 

the 1987 revised criteria from the ACR [41]. All studies were approved by the University of 

Illinois at Chicago Institutional Review Board and all donors provided written informed 

consent. Data recorded at the time of the ST collection are the date of collection and patient 

diagnosis. RA ST or SF samples submitted to our research required no special handling. 

Immunohistochemistry: STs from RA, OA and NLs were de-identified and were formalin-

fixed, paraffin-embedded and sectioned. Briefly, slides were deparaffinized in xylene and 

antigens were unmasked by incubating slides
 
in Proteinase K digestion buffer (Dako, CA). 

STs were stained with CCL25 (TECK, 1:50; Santa Cruz ), CCR9 (1:250, R&D Systems) or 

control IgG
 
Abs and staining was scored on a 0-5 scale [42] by two blinded observers. Where 

0= normal appearance, 1= minimal changes, 2= mixed appearance, 3= moderate changes, 4= 

marked changes and 5= severe changes [43].  

Normal and RA cell isolation: Studies were approved by the University of Illinois at 

Chicago (UIC) IRB board and all donors gave informed written consent. RA patients were 

diagnosed according to the 1987 revised criteria from the ACR [41]. RA peripheral blood 

was drawn into tubes containing citrate phosphate dextrose solution. Mononuclear cells were 

separated
 
by histopaque gradient centrifugation and monocytes were isolated from NL or RA 
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peripheral blood (PB) using a negative selection kit without CD16 depletion (StemCell 

Technology, Cat#19058) according to the manufacturer’s instruction [42, 43]. RA PB MФs 

were differentiated in vitro in the media containing 20% FBS. 

RA patient population: Peripheral blood was obtained from patients with RA, diagnosed as 

aforementioned [41].  Blood was obtained from 6 women and 2 men with an average age of 

60.4 years. At baseline, patients were treated with methotrexate (n=1), no therapy (n=1), 

corticosteroid (n=2), methotrexate plus corticosteroid (n=2), leflunomide, 

hydroxychloroquine plus corticosteroid (n=1), and methotrexate, sulfasalazine, 

hydroxychloroquine plus corticosteroid (n=1).  Following the 3-month of TNFi therapy, 

blood was procured from the same RA patients (n=8). These studies were approved by the 

UIC IRB board and all donors gave informed written consent.  

ELISA: Human CCL25, IL-8, IL-6, TNFα, CCL2, CCL5, MMP1 and MMP9 protein levels 

were quantified by ELISA according to the manufacturer’s instructions (R&D Systems, 

Minneapolis, MN, USA). 

Western blot analysis: To determine CCL25 signaling, RA FLS or MФs were untreated or 

stimulated with CCL25 (250ng/ml) for 0-30 min and phosphorylation of p38, ERK, JNK, 

Akt, STAT3 (Cell Signaling Technology, 1:1000) was determined by Western blotting. In a 

different experiment, RA MФ progenitor cells in culture were harvested on days 2, 4, 6 and 8 

following differentiation. The collected lysates were probed for CCR9 (R&D Systems, 1:500) 

and actin (1:3000).  

MTT assay: To determine the impact of CCL25 on RA ST fibroblast proliferation, MTT 

assay was performed. Cells were plated to 60–70% confluency in a 96 well plate and were 

either untreated (PBS) or treated with CCL25 (500 ng/ml) or bFGF (+ control; 100 ng/ml). 

After 24, 48, 72 or 96h of treatment, MTT solution (5mg/ml) was added into each well for 3 
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h. Thereafter, the MTT reaction was stopped  and the OD was determined at 570nm [44]. The 

data in each time point are shown as fold increase above the counterpart control. 

Flow cytometry analysis: Human Th1 and Th17 cell frequency was quantified in RA PBMCs 

cultured in 0.25µg/ml of CD3 Ab and CD28 Ab (Biolegend) and cells were untreated (PBS) 

or treated with IL-12 (20ng/ml; +control for Th1), (4ng/ml) TGFβ+IL-6+IL-1β (R&D, 

20ng/ml each; +control for Th17) or CCL25 (250ng/ml) for 4-5 days. Prior to staining, cells 

were treated with BFA (5µg/ml), PMA (50ng/ml) and ionomycin (1µg/ml) for 4h. Next, 

FITC-conjugated CD4 Ab (Biolegend) staining, cells were fixed and permeabilized using 

cyto-fastfix/perm buffer set (Biolegend cat#426803) and RA PBMCs were stained with APC-

conjugated IFN or PE-labeled IL‐ 17 Ab (Invitrogen). In a different experiment, RA FLS, 

HUVECs or RA MФs were untreated or treated with 100ng/ml of LPS, IL-1β, TNFα or IL-6 

for 24h prior to quantifying the frequency of viable CCR9
+
 cells (Biolegend, 1:200) or CD14

+
 

(Biolegend, 1:1000) CCR9
+
 cells. For extracellular staining, DAPI or 7AAD negative cells 

were regarded as viable and for intracellular staining zombie violet negative cells (before 

fixation and permeabilization) were considered as viable. All the stainings were normalized 

to viable unstained cells. Data are presented at % CCR9
+
 cells in RA FLS, HUVECs or RA 

MФs. Gating strategy for CD14
+
 MФs, RA FLS, HUVECs and CD4

+
 T cells are shown in 

supplementary 2-4.     

RA ST fibroblast scratch assay: Fibroblasts from fresh RA ST were isolated by mincing and 

digestion in a solution of Dispase, collagenase, and DNase. Cells were used between passages 

3- 9 [42-45]. A scratch was created in the middle of the wells that contained confluent RA 

FLS [46]. Thereafter, RA FLS were untreated (PBS) or treated with bFGF (+control; 

100ng/ml) and the experimental group consisted of CCL25 (250 or 500ng/ml) with DMSO or 

combined with 10µM of p38i (SB203580), ERKi (PD98059) or JNKi (SP600125) for 24h. 
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Subsequently, cells were fixed for 1h with 10% formalin and stained for 1h with 0.05% 

crystal violet before imaging with NIS-Elements Software from Nikon. The cell number in 

the scratch area was counted and compared to the untreated control [44, 46]. 

Real-time RT-PCR: RNA isolated using TRIzol (Life Technologies) was reverse transcribed 

to cDNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems) for 

subsequent qRT-PCR analysis. We used Taqman primer/probe mixes predesigned by 

Integrated DNA Technologies and Taqman gene expression master mix (Applied 

Biosystems) to perform qRT-PCR. Data are presented as fold changes in RNA levels 

compared to control treatment, calculated following the 2−ΔΔCt method. The expression 

level of each gene was normalized to GAPDH.  

HUVECs: Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza 

and used at passages 3-6. Confluent HUVECs were untreated (PBS) or treated with 100ng/ml 

of LPS, IL-1β, TNFα or IL-6 for 6h or 24h before quantifying the expression of CCL25 and 

CCR9 by real-time RT-PCR or flow cytometry analysis.  

Transwell monocyte migration assay: Chemotaxis was assayed in 24-well transwell. Briefly, 

blood monocytes were negatively selected and loaded onto inserts at 1x10
6
 cells. PBS (-Ctl), 

FMLP (+Ctl, 50nM), CCL25 (250 or 500ng/ml) with DMSO or combined with 10µM of p38i 

(SB 203580), ERKi (PD98059) or JNKi (SP600125) (inhibitors were pre-incubated 1h prior 

to initiation) was placed in the lower compartment. Following 2h of incubation, cells on the 

inserts were detached and cells migrated to the lower surface were fixed with 10% formalin 

for 1h. Thereafter, the migrated cells were stained with 0.05% crystal violet, imaged and 

counted.  
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Phagocytosis: Phagocytosis was assayed in RA MФs by measuring the engulfment of 

Zymosan in absence of treatment (PBS) or presence of CCL25 (250ng/ml) or Cytochalasin D 

(-Ctl, 2µM) for 6h following the manufacturer’s instruction (Cell Biolabs).    

RA osteoclast differentiation: To generate mature osteoclasts, RA monocytes cultured in 0% 

FBS RPMI media were allowed to attach for 1h. Thereafter, cells were cultured in αMEM 

(10% FBS) and were treated with 20ng/ml of human M-CSF & RANKL (+control) for 14-21 

days and the culturing media was replaced every 3-4 days. In addition, cells in suboptimal 

conditions (10ng/ml of M-CSF+RANKL) were cultured in the presence of the test reagents to 

determine their ability to form mature osteoclasts for 14-21 days. To quantify osteoclast 

formation, TRAP staining was performed according to the manufacturer’s instruction 

(Sigma-Aldrich). In vitro experiments were performed in triplicates and the total number of 

osteoclasts was quantified by counting TRAP+ multinuclear (> 3 nuclei) cells in each well 

[47-49].  

Statistical Analysis: For comparison among multiple groups, one-way ANOVA followed by 

Tukey's multiple comparisons or Bonferroni test was employed, using Graph Pad Prism 8 

software. The data were also analyzed using a two-tailed Student’s t-test for
 
paired or 

unpaired comparisons between two groups. Values of p < 0.05 were considered
 
significant.  
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Figure 1. The expression of CCL25 and CCR9 is accentuated in RA compared to NL 

specimens. NL (n=6), OA (n=7) and RA (n=7) STs were immunostained with CCL25 Ab 

(1:50) (A) or CCR9 Ab (1:250) (F) and staining was scored on a 0-5 scale (scale bar= 

100µm; original magnification×400), n=6-7 different tissues from 6 to 7 different NL, OA 

and RA donors in 3 different experiments. B. The protein concentration of CCL25 was 

quantified in NL plasma (n=29 different donors), RA plasma (n=29 different donors), OA SF 

(n=18 different donors) and RA SF (n=40 different donors) using R&D Systems Duoset 

ELISA in 3 different experiments. RA FLS (C), in vitro differentiated RA MΦs (D) or 

HUVECs (E) were untreated (PBS) or treated with 100ng/ml of LPS, IL-1β, TNFα, IL-6 for 

6h before quantifying the expression of CCL25 by real-time RT-PCR and normalizing to 

GAPDH, (n=4-5 independent experiments) using 4 different RA FLS donors, MΦs obtained 

from 5 different RA patients and 4 independent experiments using HUVECs. G. CCR9 
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protein levels (1:500) were assessed in 4 different RA FLS donors compared to equal loading 

(actin) by Western blot analysis. H. Frequency of CCR9 (PE-Cy7 labeled CCR9 Ab, 1:200) 

positive cells were determined in 5 different RA FLS donors (796, 55, 44, 33 and 38) in 3 

independent experiments. I. One representative of 3 different RA patients is shown as % 

CD14
+
CCR9

+
RA PB MΦs from days 2, 4, 6 & 8  in vitro differentiation by flow cytometry 

analysis, n=3 different RA MΦs were used in 3 independent experiments. J. HUVECs were 

untreated (PBS) or treated with 100ng/ml of LPS, IL-1β, TNFα or IL-6 for 24h prior to 

quantifying the expression of CCR9 by flow cytometry analysis, n=4 independent 

experiments. All the flow cytometry stainings were normalized to unstained viable cells. The 

data are shown as mean ± SEM, * represents p<0.05 and ** denotes p<0.01 using one-way 

ANOVA followed by Tukey's multiple comparisons or Bonferroni test (Fig. A and F).   
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Figure 2. CCL25 promotes RA FLS recruitment via scratch assay and inflammatory 

response through p38 and ERK activation.  A. RA FLS were untreated (PBS) or treated 

with 100ng/ml of LPS, IL-1β, TNFα or IL-6 for 24h before quantifying % CCR9
+
 cells by 

flow cytometry analysis, n=4 independent experiments were performed using 4 different RA 

FLS lines. B and C. Representative images are shown for RA FLS scratch area assay where 

cells were untreated (PBS) or were treated with bFGF (+Ctl; 100ng/ml) or CCL25 (250-

500ng/ml) for 24h and the number of cells was normalized to PBS in 4 different RA FLS 

patients used in 4 independent experiments. D. RA FLS were either untreated (PBS) or 

treated with CCL25 (500 ng/ml) or bFGF (+ control; 100ng/ml) for 24h, 48h, 72h or 96h 

prior to performing the MTT assay, using 4 different RA FLS donors in 2 independent 

experiments. E. RA FLS was stimulated with 250ng/ml of CCL25 from 0-30 min prior to 

detecting phosphorylation of p38, JNK, AKT, STAT3 and ERK in addition to equal actin 

loading by Western blot analysis, n=3-4 independent experiments were performed using 3 

different RA FLS donors. Note that p-p38, pJNK, pAKT and pSTAT3 have the same actin; 

while pERK was detected on a different gel and has a different equal loading. F and G. RA 

FLS were untreated (PBS) or treated with bFGF (+control; 100ng/ml) and the experimental 

group consisted of CCL25 (250ng/ml) with DMSO or combined with 10µM of p38i 

(SB203580), ERKi (PD98059) or JNKi (SP600125) (pretreated for 18h before stimulation) 

for 24h, prior to determining the number of cells in the scratch area, n=4 independent 

experiments were performed using 4 different RA FLS. Data are shown as fold increase 

relative to the PBS control. H. RA FLS was untreated or treated with 100ng/ml of LPS/IFNγ 

or 250ng/ml of CCL25 for 24h before quantifying supernatant IL-6, IL-8, CCL2, CCL5, 

MMP1, MMP3 protein levels by ELISA (R&D Systems), n=3-6 independent experiments 

were performed using 3 to 4 different RA FLS. I. RA FLS was untreated or stimulated with 

CCL25 (250ng/ml) with DMSO or combined with 10µM of p38i (SB203580), ERKi 
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(PD98059) or JNKi (SP600125) for 24h, before measuring IL-8 levels by ELISA, n=4 

independent experiments were performed using 4 different RA FLS cell lines. The data are 

shown as mean ± SEM, * represents p<0.05 and ** denotes p<0.01 using one-way ANOVA 

followed by Tukey's multiple comparisons.   

 

 

Figure 3. Activation of p38 and ERK pathways fosters CCL21-induced RA monocyte 

infiltration and differentiation into a specific M1 MΦ profile. CCR9 protein expression 

was analyzed by Western blotting and normalized to actin (A) or % CD14
+
CCR9

+
cells were 

evaluated by flow cytometry (B) in RA MΦ progenitor cells differentiated over 2-6 days, n=3 

independent experiments from 5 different RA patients. RA PB in vitro differentiated MΦs 

were untreated (PBS) or treated with 100ng/ml of LPS, IL-1β, TNFα or IL-6 (C) or 1:10 of 
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NL plasma, RA plasma, OA SF or RA SF (D) for 24h before quantifying % of CD14
+
CCR9

+
 

by flow cytometry analysis. Data are shown as fold increase above PBS control, n=3 

independent experiments from 3 different RA patients. Expression of CCR9 (E) and CCL25 

(F) was analyzed by qPCR and normalized to GAPDH in PBMCs from RA patients on 

±DMARDS and following 3-month of TNFi therapy, n=8 different RA patients in 3 

experiments (please see M&M). G. Chemotaxis was performed using NL PB monocytes in 

response to PBS, FMLP (+Ctl, 50nM), CCL25 (250-500ng/ml) for 2h and cells were counted 

in 3 HPF/condition, n=4 independent experiments from 4 different RA patients. H. RA PB in 

vitro differentiated MΦs were activated with 250ng/ml of CCL25 from 0-30 min before 

detecting phosphorylation of p38, ERK, JNK, AKT and STAT3 in addition to equal actin 

loading by Western blot analysis, n=4 independent experiments using 4 different donors. 

Note that p-p38, pERK and pJNK have the same actin; while pAKT and pSTAT3 were 

detected on a different gel and have a different equal loading. I. Chemotaxis was performed 

using NL PB monocytes in response to PBS or bFGF (+control; 100ng/ml) and the 

experimental group c2onsisted of CCL25 (250ng/ml) with DMSO or combined with 10µM of 

p38i (SB203580), ERKi (PD98059) or JNKi (SP600125) (pretreated 1h before the assay) for 

24h, prior to determining the number of cells in 3 HPF, n=8 independent experiments with 1 

donor per experiment. J. RA PB in vitro MФs was untreated, stimulated with 100ng/ml of 

LPS/IFNγ or 250ng/ml of CCL25 for 24h before quantifying the supernatant levels of IL-6, 

IL-8, TNFα, CCL2, CCL5, MMP1, MMP9 by ELISA (R&D Systems), n=10-15 independent 

experiments from 10 to 15 different patients. RA PB in vitro MФs was untreated, stimulated 

with 250ng/ml of CCL25 with DMSO or combined with 10µM of p38i (SB203580), ERKi 

(PD98059) or JNKi (SP600125) for 24h, prior to measuring IL-8 (K) or CCL2 (L) levels by 

ELISA, n=8-10 independent experiments from 8 to 10 different patients. M. Phagocytosis 

was assayed in RA PB in vitro MФs by measuring the engulfment of Zymosan in absence of 
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treatment (PBS) or presence of CCL25 (250ng/ml) or Cytochalasin D (-Ctl, 2µM) for 6h 

following the manufacturer’s instruction, n=9 independent experiments from 9 different RA 

patients. The data are shown as mean ± SEM, * represents p<0.05 and ** denotes p<0.01 

using one-way ANOVA followed by Tukey's multiple comparisons.   

 

 

Figure 4. CCL25-mediated osteoclastogenesis is mainly regulated by myeloid cells. RA 

PBMCs were cultured in presence of CD3 Ab plus CD28 Ab (0.25µg/ml each) which were 

untreated (PBS) or treated with IL-12 (10ng/ml; Th1 +Ctl), IL-1β+IL-6 (20ng/ml)+TGFβ 

(4ng/ml; Th17+Ctl) or CCL25 (250ng/ml). Following 4-5 days of treatment, frequency of 

CD4
+
IFNγ

+
(Th1) and CD4

+
IL-17

+
(Th17) cells was determined by flow cytometry, n=5 

independent experiments from 5 different RA patients (A) and secretion of IFNγ (B) or IL-17 
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(C) was measured in supernatants by ELISA, n=4 independent experiments from 4 different 

RA patients. D. RA osteoclast progenitor cells were cultured in suboptimal condition 

(10ng/ml M-CSF+RANKL) for 7 days prior to PBS or CCL25 (250ng/ml) stimulation for 6h. 

Levels of NFATc, RANK and CTSK were determined by real-time RT-PCR and normalized 

to GAPDH, n=5-15 independent experiments from 5 to 15 RA patients. E. RA osteoclast 

progenitor cells cultured in suboptimal condition was treated with CCL25 (250ng/ml) in 

presence of IgG/DMSO (I/D), 10µg/ml of IL-8 Ab or CCL2 Ab (R&D Systems) as well as 

10µM of p38i (SB203580), ERKi (PD98059) or JNKi (SP600125) for 14-21 days prior to 

TRAP staining, n=4 independent experiments from 4 different RA patients. F. Mature RA 

osteoclasts were treated with PBS or CCL25 (250ng/ml) for 6h prior to quantifying 

transcription of TNF, RANK, CTK, RANKL, OPG, IL-8, CCL2 and CCL5 by real-time RT-

PCR and normalized to GAPDH, n=10-12 independent experiments from 10 to 15 different 

RA patients. The data are shown as mean ± SEM, * represents p<0.05 and ** denotes p<0.01 

using one-way ANOVA followed by Tukey's multiple comparisons.   
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Figure 5. Ligation of CCL25 to CCR9
+
 RA FLS and MФ can potentially advance 

pannus formation. CCL25 induces RA FLS and monocyte migration and contributes to an 

inflammatory phenotype orchestrated by RA FLS and MФ crosstalk. RA osteoclast formation 

driven by CCL25 is instigated through transcriptional upregulation of RANK, CTSK and 

TNF, which is accompanied by activation of p38 and ERK pathways.  
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Graphic abstract 

 

Rheumatoid arthritis synovial fluid (RA SF) express markedly higher levels of CCL25 compared to 

osteoarthritis (OA) SF. We found that CCL25 is secreted from RA fibroblast like synoviocytes (FLS) 

and macrophages in response to IL-1β and IL-6 activation. Moreover, RA FLS and monocyte 

infiltration is potentiated by CCL25 through ERK and p38 phosphorylation. Extending these 

observations, inhibition of ERK and p38  pathways interferes with CCL25-induced inflammatory 

phenotype in RA FLS and macrophages as well as its ability to promote osteoclastogenesis.  


