
UC San Diego
UC San Diego Previously Published Works

Title

Targeting fibroblast-like synoviocytes in rheumatoid arthritis

Permalink

https://escholarship.org/uc/item/24m371h4

Authors

Tsaltskan, Vladislav
Firestein, Gary S

Publication Date

2022-12-01

DOI

10.1016/j.coph.2022.102304
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/24m371h4
https://escholarship.org
http://www.cdlib.org/
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Diego School of Medicine, La Jolla, CA, USA

Abstract

Fibroblast-like synoviocytes (FLS) are mesenchymal-derived cells that play an important role 

in the physiology of the synovium by producing certain components of the synovial fluid and 

articular cartilage. In rheumatoid arthritis (RA), however, fibroblasts become a key driver of 

synovial inflammation and joint damage. Because of this, there has been recent interest in FLS as 

a therapeutic target in RA to avoid side effects such as systemic immune suppression associated 

with many existing RA treatments. In this review, we describe how approved treatments for RA 

affect FLS signaling and function and discuss the effects of investigational FLS-targeted drugs for 

RA.

Introduction

Rheumatoid arthritis (RA) is a common systemic autoimmune disease affecting 0.5–1% 

of the population worldwide[1]. The most prominent clinical feature of RA is destructive 

polyarthritis of diarthrodial joints characterized by synovial inflammation and hypertrophy, 

leading to eventual erosion of cartilage and periarticular bone[2]. RA causes significant 

morbidity in affected individuals and can cause chronic pain, disability, and increased 

mortality. RA was historically managed with synthetic disease-modifying anti-rheumatic 

drugs (DMARDs) prior to the era of targeted therapies. In the last three decades, an 

explosion of biologic agents led to a revolution in its treatment[3]. Despite the wealth of 

new treatments, many patients still fail to achieve remission[4], suggesting the need for new 

drug targets.

Many currently available biologic therapies for RA target systemic mediators of 

inflammation such as TNF or IL-6[5]. Recently, to avoid some of the systemic immune 

suppressive effects of current therapies, there has been renewed interest in the mesenchymal 

elements involved in the pathophysiology of RA, especially in synovium[6]. RA results in 

numerous alterations in the synovium, including infiltration with adaptive immune cells. 

However, expansion of fibroblast-like synoviocytes (FLS) and changes in their behavior are 

among the most significant differences. These mesenchymal cells reside in the synovial 

Corresponding Author: Gary S. Firestein MD, Division of Rheumatology, Allergy and Immunology, UC San Diego School of 
Medicine, 9500 Gilman Drive, Mail Code 0602, La Jolla, CA, USA, 92092. gfirestein@health.ucsd.edu. 

HHS Public Access
Author manuscript
Curr Opin Pharmacol. Author manuscript; available in PMC 2023 February 21.

Published in final edited form as:
Curr Opin Pharmacol. 2022 December ; 67: 102304. doi:10.1016/j.coph.2022.102304.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intimal lining in contact with macrophage-like synoviocytes[7]. Fibroblasts with a variety of 

phenotypes also populate the sublining regions (see below).

FLS maintain synovial fluid and extracellular matrix homeostasis in healthy joints through 

production of articular and synovial fluid components such as lubricin and hyaluronic 

acid[8]. In RA, FLS are imprinted by their environment and display an aggressive 

phenotype[9]. FLS then play a key role in the development of the RA pannus, a mass 

of inflammatory, invasive synovial tissue responsible for the erosive damage of advanced 

RA[10]. FLS within pannus produce matrix metalloproteinases (MMPs) that digest a variety 

of proteins in the cartilage and support structures, enabling further expansion and invasion 

by pannus[11]. FLS also have additional pro-inflammatory effects through production of 

cytokines such as interleukin-6 (IL-6) and Granulocyte macrophage colony-stimulating 

factor (GM-CSF) that activate B and T cell cells[12,13], chemotactic factors such as C-C 

Motif Chemokine Ligand 2 (CCL2) and IL-8 (CXCL8) that recruit myeloid cells, Receptor 

activator of nuclear factor kappa-B ligand (RANKL) that promotes osteoclast formation[7] 

and Dickkopf-related protein 1 that suppresses osteoblast-mediated bone repair[14].

The phenotypes of CD90+ fibroblasts within the synovium form a gradient, with FLS in the 

synovial lining expressing more proteoglycan 4 (PRG4) and podoplanin, while those within 

the sublining near blood vessels express the surface marker FAPα[15,16]. This transition is 

established, in part, through FLS interactions with endothelial cell-derived NOTCH within 

the sublining. In a mouse model of inflammatory arthritis, NOTCH3 blockade by an anti-

NOTCH3 antibody reduced arthritis severity[15]. These results, along with studies showing 

that cadherin-11 directed therapies ameliorate pre-clinical models of arthritis, suggest that 

targeting FLS or other fibroblasts is a promising avenue for potential new RA treatments. 

In this review, we will discuss how current DMARDs and biologic therapies affect FLS and 

speculate on targeted therapies that could target FLS.

Effect of Conventional Synthetic DMARDs on FLS

The class of drugs known as conventional synthetic DMARDs (csDMARDs) includes 

methotrexate, hydroxychloroquine, sulfasalazine, and leflunomide. Methotrexate is an 

inhibitor of dihydrofolate reductase, decreases purine synthesis in rapidly dividing cells, 

and increases local adenosine concentrations[17,18]. Methotrexate remains a mainstay of 

the treatment of RA[19] and has multiple effects on FLS, including decreased MMP1 

expression due to activation of adenosine A2b receptors[20]. A recent study of the 

cultured FLS transcriptome identified candidate genes that were differentially expressed 

after exposure to methotrexate. Notable changes included decreased transcription of MMP1 

and MMP13, decreased production of the proinflammatory cytokines IL-6 and IL-7, 

and decrease in COL14A1 and CYTL1 which regulate cartilage homeostasis[21]. The 

in vitro growth rate of FLS is also reduced by methotrexate because it interferes with 

purines required for DNA synthesis[22]. FLS exposed to methotrexate also have decreased 

expression of RANKL, which would limit osteoclast formation and bone damage. Of 

interest, co-cultures of FLS and peripheral blood mononuclear cells (PBMCs) exposed to 

methotrexate resulted in decreased osteoclast differentiation[23].
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Methotrexate.

Methotrexate also influences FLS autophagy, which is a survival strategy for stressed 

cells and protects tumor cells from chemotherapy[24]. For example, co-treatment with 

methotrexate and theaflavin-3,3’-digallate restored the apoptosis-autophagy balance in RA 

FLS[25]. In addition HMGB1-induced autophagy might be a marker of methotrexate 

resistance in RA patients[26]. Finally, methotrexate alters microRNA expression in FLS, 

with increased expression of the microRNA miR-877–3p leading to decreased production of 

CCL3 and granulocyte-macrophage colony-stimulating factor (GM-CSF), both of which are 

associated with increased RA activity[27].

Anti-malarial drugs.

Hydroxychloroquine is an antimalarial drug with anti-rheumatic effects through poorly 

defined mechanisms, although the agent appears to inhibit MHC class II expression, 

interfere with Toll-like receptor signaling, and block of cytokine production[28]. 

Hydroxychloroquine can potentially increase apoptosis in FLS through its effects on the 

pro-apoptotic enzyme caspase-3 and enhances apoptosis mediated by CD95[29]. This 

process is potentiated by decreased FLS expression of FLIP, which acts as an inhibitor 

against CD95-induced apoptosis[29]. Hydroxychloroquine also decreases the expression of 

15-hydroxyprostaglandin dehydrogenase (HPGD) in FLS, resulting in decreased release 

of the pro-inflammatory prostaglandin E2 through a MAP-kinase dependent pathway[30]. 

Sulfasalazine, another csDMARD frequently used in combination therapy with methotrexate 

and hydroxychloroquine, decreases HPGD expression and osteoclast formation in a similar 

way to methotrexate and hydroxychloroquine[23,30].

Leflunomide.

This agent is an inhibitor of dihydroorotate dehydrogenase and exerts its anti-inflammatory 

effects through suppression of pyrimidine synthesis, primarily targeting rapidly dividing 

cells such as lymphocytes[31]. In FLS, leflunomide and its active metabolite teriflunomide 

(A77 1726) also inhibit production of prostaglandin E2, MMP1, and IL-6[32,33]. 

Leflunomide also decreases hyaluronic acid production by FLS[34], which could contribute 

to RA activity. In a mouse model of inflammatory arthritis, leflunomide and methotrexate 

co-treatment reduced FLS viability and expression of osteoclastic genes to a greater extent 

that monotherapy with either drug[35].

Effect of Biologic Agents on FLS

There are currently five classes of biologics approved for the treatment of RA in the United 

States: 1) TNF inhibitors, 2) IL-6 inhibitors, 3) IL-1 inhibitors, 4) T cell CD28-CD80/86 

blockers and 5) a CD20-expressing B cell depletor[36].

TNF blockers.

The TNF inhibitors include infliximab, etanercept, adalimumab, golimumab, and 

certolizumab, exert their effects by blocking the interaction of TNF with its receptor 

on a variety of cell types. Dysregulated TNF signaling in FLS contributes to a robust 

inflammatory response[37]. Thus, blocking TNF receptor ligation would interfere with the 
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effects of TNF on FLS, including cytokine, MMP and prostanoid production. Infliximab 

treatment is also associated with decreased levels of ID-1, which is a transcription 

factor expressed by FLS that regulates FLS proliferation and cytokine secretion[38]. 

Infliximab and etanercept decrease FLS production of CCL20, which activates CCR6 

on pro-inflammatory Th17 cells and directs their migration to sites of inflammation[39]. 

Infliximab, adalimumab, and etanercept can potentially induce apoptosis in FLS, although 

etanercept might be the most active[40]. This might be because infliximab and adalimumab 

activate a survival signal through their Fab regions, while etanercept is an Fc-soluble TNF 

receptor fusion protein and lacks this region[40]. Like methotrexate, infliximab decreases 

RANKL expression and reduces osteoclast formation[23,41]. Finally, increased expression 

by FLS of genes associated with cell division and cytokine expression might be associated 

with clinical response to adalimumab[42].

IL-6 blockers.

IL-6 responses and the IL-6 pathway are influenced by a wide variety of epigenetic 

changes in RA FLS, underscoring their importance in the pathogenesis of RA[43]. The 

IL-6 receptor inhibitors currently approved for RA in the United States include tocilizumab 

and sarilumab and, like TNF blockers, can affect FLS function. For example, tocilizumab 

blocks RANKL production in FLS in vitro[44]. Treatment with tocilizumab reduced FLS 

production of CCL20 like TNF inhibitors, although this likely occurs through an indirect 

process since stimulation of FLS with IL-6 does not increase CCL20 production[39]. 

Finally, expression of the chemokine Monocyte Chemoattractant Protein-1 (MCP-1) in 

FLS-PBMC co-cultures was significantly decreased by tocilizumab[45]. MCP-1 is expressed 

by FLS in RA synovium and plays an important role recruiting mononuclear cells to the 

joint, suggesting that this process is disrupted by tocilizumab.

Other biologics.

Anakinra is a natural IL-1 inhibitor that has been approved for use in RA, although it is 

less effective than other approved biologics[46]. Treatment with anakinra did not affect 

MCP-1 production by RA FLS, although it blocks in vitro functions of IL-1 like MMP and 

cytokine expression[45]. The CD80/86 inhibitor abatacept could affect FLS function like 

MMP expression, albeit indirectly because fibroblasts do not express CD80 or CD86[47],

[48]. No data are available on the effects of rituximab on FLS, but direct effects are also 

unlikely because they do not express CD20.

Effect of Targeted Synthetic DMARDs on FLS

The three currently FDA-approved targeted synthetic DMARDs (tsDMARDs) for RA are 

tofacitinib, baricitinib, and upadacitinib. All three inhibit Janus kinas 1 (JAK1); tofacitinib 

and baricitinib also inhibit JAK2 while the former inhibits JAK3 to some extent[49]. JAK1 is 

likely the most important JAK for RA, as it lies downstream of IL-6, and interferon-gamma 

signaling pathways[50]. The IL-6 JAK-STAT signaling pathway in particular has distinctive 

epigenetic marks in RA FLS and is thought to be critical to FLS activity[51]. A recent 

study showed that tofacitinib decreased IL-6 and interferon-gamma pathway signaling in 

FLS[52], as well as IL-6 and MMP production[53] and downstream chemokine expression 
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in that pathway[54]. Tofacitinib also suppresses FLS autophagy but does not cause FLS 

apoptosis[55]. Baricitinib suppresses the interferon-gamma pathway[56] with a resultant 

decrease in IL-6 and MCP-1 production[57].

Experimental Therapies That Directly Target FLS

Two biologic agents intended to target FLS directly have completed Phase 2 human trials 

to date. RG6125 is a humanized monoclonal antibody that binds cadherin 11, which is 

an adhesion molecule expressed by FLS and responsible for aggregation in the synovial 

intimal lining. Pre-clinical models suggest that cadherin 11 is involved in articular cartilage 

erosion[58]. However, a Phase 2 trial RG6125 in RA failed to show benefit, including 

clinical disease activity scores and MRI synovitis scores[59]. ASP5094 is a monoclonal 

antibody directed against integrin alpha-9, which is highly expressed by RA FLS and also 

contributes to cell adhesion and inflammation[60]. ASP5094 failed in a Phase 2a trial, where 

it did not show any difference in disease activity scores compared to placebo[61].

Despite these disappointing results, several other therapeutic candidates are being explored 

in human trials. Seliciclib is a cyclin-dependent kinase (CDK) inhibitor initially developed 

for treatment of non-small cell lung cancer[62]. In RA FLS, endogenous CDK inhibitors 

such as p21 are lower than in osteoarthritis FLS, which results in increased proliferation, 

IL-6 and MMP production[63]. Seliciclib (previously known as roscovitine) blocks CDK 

directly[64] and increases expression of p21[65]. A phase 1b trial of seliciclib in RA patients 

refractory to TNF inhibitors had a good safety profile with a trend towards decreased disease 

activity. A phase 2a study is in progress to assess clinical efficacy[66].

FLS also express several Toll-like receptors which signal through the interleukin-1 receptor-

associated kinase 4 (IRAK4) and increase production of IL-6 and MMPs[67]. PF-06650833 

is a small-molecule inhibitor of IRAK4 that decreased the release of MMPs and cytokines 

in-vitro and attenuated arthritis severity in a rat model[68]. The potential benefit of this 

compound is now being explored in Phase 2 trials, and interim data at week 12 suggests 

a greater clinical response rate than placebo[69]. Numerous other candidate drugs are 

currently being studied in preclinical studies[15,70–75] (see Table 2).

Conclusion

FLS play a key role in the pathogenesis of RA through MMP and cytokine production, 

osteoclast activation, and immune cell recruitment. These pro-inflammatory mechanisms are 

modulated by currently existing RA therapies. The effects of current treatments on FLS can 

be direct and indirect with various agents modulating FLS signaling, metabolism, apoptosis, 

and cytokine production. None of the current treatments are specific for FLS, however, 

and to date no FLS-targeted therapy demonstrated efficacy. One potential advantage of FLS-

targeted therapy might be clinical benefit without systemic immune suppression associated 

with current RA treatments. For that reason several FLS-targeted drugs are being developed, 

despite some clinical trial failures so far. As we learn more about the functions of various 

fibroblast phenotypes and subsets in RA, new opportunities for safer and more targeted 
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treatment options may become apparent, with the potential to place more RA patients into 

remission.
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Figure 1. 
FLS signaling and function in RA. FLS have numerous effects on the synovial immune 

environment through production of cytokines, chemokines, and prostaglandins, and directly 

erode cartilage using MMP. Some approved drugs (green) and investigational drugs (red) for 

RA inhibit several important FLS functional pathways.

Abbreviations: CCL2: C-C Motif Chemokine Ligand 2; CDK: cyclin-dependent kinase; 

GM-CSF: Granulocyte macrophage colony-stimulating factor; IL: interleukin; JAK: Janus 

kinase; IRAK4: interleukin-1 receptor-associated kinase 4; MMP: matrix metalloproteinase; 

RANKL: Receptor activator of nuclear factor kappa-B ligand; STAT: Signal transducer and 

activator of transcription; TNF: tumor necrosis factor;
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Table 1:

Summary of currently approved drugs for rheumatoid arthritis and their effects on FLS

Drug Name Target/Biologic effect Effect on FLS

csDMARDs

 Methotrexate Dihydrofolate reductase ↓MMP, IL-6, RANKL, growth, autophagy

 Hydroxychloroquine Possible effect on MHC Class II, Toll-like receptors ↑Apoptosis
↓Prostaglandins

 Sulfasalazine Multiple effects of metabolites sulfapyridine and 5-
aminosalicylic acid

↓Prostaglandins, osteoclast formation

 Leflunomide Dihydroorotate dehydrogenase ↓MMP, IL-6, prostaglandins

Biologics

 Infliximab
Etanercept
Adalimumab
Certolizumab
Golimumab

TNF ↑Apoptosis
↓Proliferation, chemokine production, RANKL, 
osteoclast formation

 Tocilizumab
Sarilumab

IL-6 receptor ↓Chemokines, RANKL

tsDMARDs

 Tofacitinib
Baricitinib
Upadacitinib

JAK1, JAK2, and/or JAK3 ↓IL-6, MMP, chemokines, autophagy

Abbreviations: csDMARDs: conventional synthetic disease modifying antirheumatic drugs; FLS: fibroblast-like synoviocytes; IL: interleukin; 
MHC: major histocompatibility complex; JAK: Janus kinase; MMP: matrix metalloproteinase; RANKL: Receptor activator of nuclear factor 
kappa-B ligand; TNF: tumor necrosis factor; tsDMARDs: targeted synthetic disease modifying antirheumatic drugs
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Table 2:

Selected FLS-targeted therapies under investigation

Drug Name Target Status Effect on FLS

Small Molecules

 Seliciclib Cyclin-dependent kinase Phase 2a (ongoing) ↓Proliferation, IL-6, MMP[66]

 PF-06650833 IRAK4 Phase 2 (ongoing) ↓MMP, cytokines[69]

 Trichostatin A
Givinostat
SAHA
M808

Histone deacetylase Preclinical* ↓IL-6, MMP, chemokines, synovitis[70–73]

 5-azacytidine DNA methyltransferase Preclinical* ↓IL-6, chemokines, synovitis[74]

Biologics

 RG6125 Cadherin 11 Phase 2 (no efficacy) ↓Adhesion[59]

 ASP5094 Integrin alpha-9 Phase 2a (no efficacy) ↓Adhesion[61]

 Anti-NRR3 Notch3 Preclinical* ↓Synovitis, bone erosion[15]

 28H1 Fibroblast activation protein-α Preclinical* ↓Synovitis[75]

*
Preclinical studies in rodent arthritis models

Abbreviations: IL: interleukin; IRAK4: interleukin-1 receptor-associated kinase 4; MMP: matrix metalloproteinase; NRR: negative regulatory 
region; SAHA: suberoylanilide hydroxamic acid;

Curr Opin Pharmacol. Author manuscript; available in PMC 2023 February 21.


	Abstract
	Introduction
	Effect of Conventional Synthetic DMARDs on FLS
	Methotrexate.
	Anti-malarial drugs.
	Leflunomide.

	Effect of Biologic Agents on FLS
	TNF blockers.
	IL-6 blockers.
	Other biologics.

	Effect of Targeted Synthetic DMARDs on FLS
	Experimental Therapies That Directly Target FLS
	Conclusion
	References
	Figure 1.
	Table 1:
	Table 2:



