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T helper cells in synovial fluid of patients
with rheumatoid arthritis primarily have a
Th1 and a CXCR3+Th2 phenotype
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Abstract

Background: The majority of CD4+ T helper (Th) cells found in the synovial fluid (SF) of patients with rheumatoid
arthritis (RA) express CXCR3, a receptor associated with Th1 cells. In blood, subsets of Th2 and Th17 cells also
express CXCR3, but it is unknown if these cells are present in RA SF or how cytokines from these subsets affect
cytokine/chemokine secretion by fibroblast-like synoviocytes (FLS) from patients with RA.

Methods: We examined the proportions of Th1, Th2, CXCR3+Th2, Th17, CXCR3+Th17, Th1Th17, peripheral T helper
(TPh) and T follicular helper (TFh) cells in paired SF and blood, as well as the phenotype of TPh and TFh cells in RA
SF (n = 8), by the use of flow cytometry. We also examined the cytokine/chemokine profile in paired SF and plasma
(n = 8) and in culture supernatants of FLS from patients with chronic RA (n = 7) stimulated with Th-associated
cytokines, by the use of cytometric bead arrays and ELISA. Cytokine receptor expression in FLS (n = 3) were assessed
by the use of RNA sequencing and qPCR.

Results: The proportions of Th1 and CXCR3+Th2 cells were higher in SF than in blood (P < 0.05). TPh and PD-1highTFh
in RA SF were primarily of a Th1 and a CXCR3+Th2 phenotype. Moreover, the levels of CXCL9, CXCL10, CCL20, CCL2,
CXCL8, IL-6 and IL-10 were higher in SF than in plasma (P < 0.05). Lastly, IL-4, IL-13 and IL-17A induced RA FLS to
secrete proinflammatory IL-6, CCL2, CXCL1 and CXCL8, while IFNγ mainly induced CXCL10.

Conclusion: These findings indicate that not only Th1 but also CXCR3+Th2 cells may have a pathogenic role in RA
synovial inflammation.
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Background
Rheumatoid arthritis (RA) is a highly heterogeneous sys-
temic chronic autoimmune disease that affects approxi-
mately 0.5–1% of individuals across different populations
worldwide [1]. RA is characterised by inflammation of the
synovial membrane and destruction of the cartilage and
adjacent bone in the joints. In RA, the pattern of immune

cell infiltration differs between individuals and the syn-
ovial inflammation can be subdivided into different patho-
types. Approximately half of the patients display organised
B and T cell infiltrates in the synovial tissue that forms ec-
topic lymphoid-like structures (lympho-myeloid patho-
type) [2]. Other patients lack these organised structures
and have a more diffuse infiltration of macrophages and
monocytes (diffuse-myeloid pathotype), or lack the infil-
tration of immune cells (pauci-immune pathotype) [2].
Genetic association studies specifically implicate CD4+ T
cells as key actors in the induction of RA [3]. The classical
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CD4+ T cell subsets T helper 1 (Th1) and Th17 have been
the focus of T cell research in RA [4], while the role of
Th2 and non-classical Th subsets has been less well
studied. Indeed, the majority of Th cells found in the
SF of patients with RA express the chemokine recep-
tor CXCR3 [5], a receptor conventionally used to cat-
egorise Th1 cells. However, we and others have
shown that subsets of circulating Th2 and Th17 cells
in both healthy individuals and RA patients also ex-
press CXCR3 [6, 7]. When stimulated in vitro, these
non-classical CXCR3+Th2 and CXCR3+Th17 cells
produce IFNγ as well as their associated cytokines IL-
4 and IL-17A, respectively [7]. However, it is un-
known if CXCR3+Th2 and CXCR3+Th17 cells are
part of the population of CXCR3+ Th cells found in
RA synovial fluid (SF).
Recently, a novel population of CXCR5negPD-1high Th

cells named peripheral T helper cells (TPh) has been
described in RA. This subset is expanded in RA SF and
tissue and shares the B cell supporting characteristics
(e.g. expression of PD-1, ICOS and IL-21) of T follicular
helper cells (TFh) [8]. It is unknown if TPh cell can be
subcategorised into Th1, Th2 and Th17 phenotypes
similarly to circulating TFh cells [9].
The role of fibroblast-like synoviocytes (FLS) as active

mediators of inflammation in the RA synovium through
production of cytokines and chemokines has been well
established [10, 11]. Th1- and Th17-associated cytokines
IFNγ and IL-17A are known to promote cytokine and
chemokine production by RA FLS. However, individuals
who later develop RA present with elevated levels of
multiple Th-associated cytokines in both SF and blood
before RA diagnosis, and different Th subsets may be in-
volved at different developmental stages of RA [12, 13].
In untreated early RA (ueRA) patients, recent findings
point to activated Th1 and Th2 pathways in joints with
a high level of lymphocyte infiltration [2]. We have re-
ported that the proportions of Th2 cells are elevated in
blood from ueRA patients compared to healthy controls
[7] and that proportions of circulating Th2 cells correl-
ate with disease activity in male patients with ueRA [14].
Furthermore, elevated levels of IL-13, IL-2, IL-15 and
IL-4 in the SF most strongly distinguished early RA pa-
tients from other forms of early arthritis [12]. Despite
these findings, the effects of IL-4 and IL-13 on the pro-
duction of cytokines and chemokines by FLS from pa-
tients with RA have not been evaluated.
To address these gaps in knowledge, we here exam-

ined the distribution of classical and non-classical Th
subsets in paired SF and blood from patients with RA.
We also subcategorised TPh and TFh cells from RA SF
into four Th phenotypes based on their expression of
CCR4, CCR6 and CXCR3. Additionally, we examined
the effects of Th1-, Th2- and Th17-associated cytokines

on the cytokine/chemokine secretion profile of FLS from
patients with RA. We found a higher proportion of not
only Th1 cells but also CXCR3+Th2 cells in RA SF com-
pared to blood. The majority of TPh and PD-1highTFh in
RA SF also expressed CXCR3 and were of a Th1 or a
CXCR3+Th2 phenotype. Moreover, we found that not
only IL-17 and IFNγ, but also IL-4 and IL-13 induced
RA FLS to secrete proinflammatory cytokines/chemo-
kines, which were also found at higher levels in RA SF
compared to plasma.

Methods
Blood, synovial fluid and tissue samples
Blood and SF were collected from patients diagnosed with
RA (n = 8) according to either the American College of
Rheumatology (ACR) 1987 or the European League
Against Rheumatism (EULAR) 2010 classification criteria
at the Rheumatology Clinic, Sahlgrenska University Hos-
pital, Gothenburg, Sweden [15, 16]. Key inclusion criteria
were clinically active RA, ≥ 18 years of age and ≥ one swol-
len joint. Patients with other arthritides were excluded.
Patient characteristics are shown in Table 1.
Synovial tissue samples were collected from RA pa-

tients undergoing joint replacement surgery (n = 9). All
RA patients fulfilled the ACR 1987 revised criteria [16].
Only patients with established RA, ≥ 18 years of age and
in a state of low disease activity were included. Samples
from patients with other arthritides were excluded.
Patient characteristics are shown in Table 1. The
study was performed in compliance with the declar-
ation of Helsinki, the regional ethics committee of
Gothenburg approved all procedures and all patients
provided written informed consent.

Isolation and expansion of fibroblast-like synoviocytes
Synovial tissue samples from each of the nine respective
patients were dissected into 1–2-mm segments and
transferred to a tube containing 5 ml of Dulbecco’s
modified Eagle’s medium (DMEM) GlutaMAX™ (Life

Table 1 Patient characteristics

Donation Blood and synovial
fluid (n = 8)

Synovial tissue
(n = 9)

Age, yearsa 57 (30–72) 62 (27–70)

Disease duration, yearsa 6.5 (< 1–13) 10.5 (1–22)

Female sex, n (%) 6 (75) 8 (89)

ACPA+ and/or RF+, n (%) 6 (75) 5 (56)

CRP, mg/La 25 (1–54) N/A

ESR, mm/ha 51 (11–64) N/A

SJC28a 1.5 (1–5) N/A

TJC28a 1 (1–4) N/A

N/A data at the time of donation is not available
aMedian and range
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Technologies Inc., Carlsbad, CA) with 25 μg/ml of Liber-
ase™ TM (Roche, Mannheim, Germany) and incubated
for 60 min. Dissolved tissue was rinsed twice in phos-
phate-buffered saline (PBS; HyClone™, GE Healthcare,
Chicago, IL) and transferred into a culture flask containing
5ml of complete media, i.e. DMEM GlutaMAX™ supple-
mented with 10% heat-inactivated foetal bovine serum
(FBS; Life Technologies Inc.) and 50 mg/ml of genta-
micin (Sigma-Aldrich, St. Louis, MO). Cells (FLS)
were incubated at 37 °C at 5% CO2 and cultured until
passage 4 before use. The number of patient samples
used for each analysis is specified in the respective
method sections.

Flow cytometry
We identified the proportions of Th1, Th1Th17, Th2,
CXCR3+Th2, Th17, CXCR3+Th17, TPh and TFh based
on chemokine receptor expression in paired blood and
SF from patients with active RA (n = 8) (summarised in
Fig. 1) [7, 14]. Mononuclear cells were isolated by the
use of Lymphoprep (Axis-Shield, Oslo, Norway) and
freshly stained with fluorochrome-conjugated antibodies
against CD4 (clone SK3, BD Bioscience, San Jose, CA),
CD45RA (clone L48; BD Bioscience), CXCR3 (clone
G025H7; BioLegend, San Diego, CA), CCR4 (clone
L291H4, BioLegend), CCR6 (clone G034E3, BioLegend),
CXCR5 (clone RF8B2; BD Bioscience) and PD-1 (clone
EH12.2H7; BioLegend) followed by flow cytometry ana-
lysis. To exclude dead cells, 7-aminoactinomycin D (7-
AAD, BD Bioscience) was used. Cells were acquired on a
FACSCanto II (BD Bioscience) flow cytometer and FlowJo
software (Tree Star Inc., Ashland, OR) was used to
characterise Th subsets (gating strategy in Supplemen-
tary Figures 1 and 2).
Cultured primary FLS (passage 4–7) from patients

with established RA (n = 5) were detached with 0.05%
trypsin-EDTA (Life Technologies Inc.), washed in PBS
and suspended in FACS buffer. Cells were stained with

fluorochrome-conjugated antibodies against CD90 (clone
5E10, BioLegend), podoplanin (clone NZ-1.3; eBioscience,
San Diego, CA) and CD55 (clone JS11, BioLegend). Viabil-
ity dye eFluor® 506 (eBioscience) was used as viability
stain. Cells were acquired using a BD FACSVerse (BD Bio-
science) flow cytometer and analysed using FlowJo soft-
ware (Tree Star Inc.). Fluorescence minus one was used to
set gates for positive and negative populations.

Stimulation of fibroblast-like synoviocytes
FLS from patients with established RA (n = 7) were cul-
tured in U-bottomed 96-well plates (5000 cells/well)
(TPP®, Trasadingen, Switzerland) in 85 μl of complete
media with or without 10 ng/ml of IL-4 (Peprotech,
London, UK), IL-13 (Peprotech), IL-17A (Peprotech),
IFNγ (R&D Systems, Minneapolis, MN) or TNF (Life
Technologies Inc.), respectively. Samples that contained
added TNF were used as positive controls, and samples
without an added cytokine were used as media controls.
All stimulations were performed in duplicates. After 48
h, supernatants were collected and centrifuged for 5 min
at 480g to remove cell debris and then stored at − 80 °C.

RNA sequencing and qPCR
FLS from patients with established RA (n = 3) were
serum starved (1% FBS) for 24 h and then lysed with
RLT lysis buffer (Qiagen, Hilden, Germany), and total
RNA was isolated using RNeasy® Micro kit (Qiagen).
RNA sequencing was performed using the Nextseq500
platform, 2 × 75 read length and Nextseq500 Kit High
Output V2 reagents. The library was prepared using
TruSeq stranded Total RNA Sample preparation kit with
Zero Gold according to the preparation guide (15031048
Rev. E). Data quality assessment was performed using
FastQC (https://www.bioinformatics.babraham.ac.uk/pro-
jects/fastqc/). The Fastq files were filtered with Prinseq
(version 0.20.3). Quality-filtered Fastq files were then
mapped towards the human reference genome (hg19,

Fig. 1 Summary of included T helper (Th) phenotypes, main cytokines produced [7, 8], receptors used for identification and related chemokine
receptor ligands. TPh peripheral T helper cell, TFh T follicular helper cell
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UCSC assembly, February 2009) with STAR (version
2.5.2b). SAM tools (version 1.3.1) was used for alignment,
sorting and indexing. Gene counts were calculated using
Htseq (version 0.5.3p3).
For qPCR, total RNA was extracted from lysed RA

FLS (n = 3) using a QIAcube with RNeasy® Micro kit
(Qiagen). cDNA conversion was performed using a High
Capacity cDNA Reverse Transcription kit with RNase
inhibitor (Applied biosystems, Foster City, CA). The
relative cDNA levels were determined by qPCR on a
ViiA7 Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA). Labelled primers for IL-4Rα (assay ID:
Hs00166237_m1), IL-5Rα (Hs00602482_m1), IL-13Rα1
(Hs00609817_m1), IL-13Rα2 (Hs00152924_m1), IL-17RA
(Hs01064648_m1), TNFRSF1A (Hs00533560_m1), TNFR
SF1B (Hs00153550_m1) and IFNGR1 (Hs00988304_m1)
along with GAPDH (Hs99999905_m1) (Taqman™; Ap-
plied biosystems) were used. Gene expression was normal-
ised to GAPDH expression for each sample, respectively.

Cytokine and chemokine analysis
The concentrations of cytokines/chemokines were mea-
sured in paired SF and plasma from patients with active
RA (n = 8) and in culture supernatants from FLS derived
from patients with established RA (n = 7). The cyto-
kines/chemokines IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-
13, IL-17A, IL-17F, IL-21, IL-22, IFNγ, TNF, CXCL1
(GROα), CXCL5 (ENA-78), CXCL8 (IL-8), CXCL9
(MIG), CXCL10 (IP-10), CXCL11 (I-TAC), CCL2 (MCP-
1), CCL3 (MIP-1α), CCL4 (MIP-1β), CCL5 (RANTES),
CCL11 (eotaxin), CCL17 (TARC) and CCL20 (MIP-3α)
were analysed using three different bead-based immuno-
assays (LEGENDplex™; Human T Helper Cytokine Panel,
Human Th17 Panel and Human Proinflammatory Che-
mokine Panel, BioLegend) in accordance with the manu-
facturer’s instructions. Samples were acquired on a FACS
Verse (BD Bioscience) equipped with FACSuite software
(BD Bioscience) and analysed by the use of FCAP Array
software (Soft Flow Ltd., Pécs, Hungary). GM-CSF con-
centration in plasma and SF, and RANKL and GM-CSF
concentrations in FLS supernatants were analysed using
DuoSet® ELISA (R&D Systems) according to the manufac-
turer’s instructions.

Statistical analysis
Non-parametric Wilcoxon matched-pairs signed rank
test was used to compare proportions of Th subsets and
cytokine/chemokine levels in paired samples of blood
and SF (GraphPad Software, San Diego, CA). Orthogonal
projection to latent structures discriminant analysis
(OPLS-DA, SIMCA-P+ software; Umetrics, Umeå, Sweden)
was performed in order to investigate if proportions of
specific Th subsets associated with the SF or blood com-
partment in RA patients. Non-parametric Friedman test

followed by Dunn’s multiple comparisons test was used to
compare cytokine/chemokine levels between unstimulated
(media control) and stimulated FLS (GraphPad Software).
In all univariate analyses, a P value ≤ 0.05 was regarded as
statistically significant.

Results
A substantial proportion of CXCR3+ T helper (Th) cells in
RA synovial fluid are CXCR3+Th2 cells
Several CD4+ Th subsets and their associated cytokines
have been linked to RA disease pathogenesis. Most studies
have focused on the Th1 and Th17 subsets, while Th2 cells
as well as non-classical CXCR3+Th2 and CXCR3+Th17
cells have been less well studied. Therefore, Th subset pro-
portions were examined in samples of paired SF and blood
by the use of a comprehensive panel of Th subsets, as previ-
ously described [7, 14]. CD4+ cells were categorised into
Th1, Th2, Th17, Th1Th17 and non-classical CXCR3+Th2
and CXCR3+Th17 subsets by their expression of CCR6,
CCR4 and CXCR3 (gating strategy for blood and SF in
Supplementary Figure 1A-B, respectively), and into TFh
and TPh subsets by their expression of CXCR5 and PD-1
(gating strategy in Supplementary Figure 2). The proportion
of CD4+ Th cells among lymphocytes did not differ be-
tween blood and SF (Fig. 2a), but as expected, the propor-
tions of memory Th cells and CXCR3+ Th cells were
significantly higher in SF than in blood (Fig. 2a). We then
investigated the association of specific T cell subsets to
either the SF or blood compartment by OPLS-DA. The
proportions of TPh, PD-1highTFh, CXCR3+Th2 and Th1
cells associated positively with the SF compartment (Fig. 2b)
and were significantly higher in SF than in blood (Fig. 2c).
The CXCR3+Th17, Th1Th17 and PD-1+ TFh cell subsets
were present in both SF and blood, but the proportions of
these cells did not differ significantly between the two com-
partments. In contrast, the proportions of Th2 and Th17
cells associated positively with the blood compartment
(Fig. 2b) and were significantly lower in SF compared to
blood (Fig. 2c). There were no clear differences in Th sub-
set distribution in RA SF and blood among RF+ and/or
ACPA+ patients and RFnegACPAneg patients. Thus, in
addition to confirming the association of the TPh and Th1
subsets with RA SF, our results show that a substantial pro-
portion of CXCR3+ Th cells in RA SF are non-classical Th
cells and that proportions of CXCR3+Th2 and PD-1highTFh
cells were higher in RA SF compared to paired blood.

The majority of SF TPh and PD-1highTFh cells are of a Th1
or CXCR3+Th2 phenotype in RA
As the proportions of both TPh and PD-1highTFh were
higher in RA SF than in blood, we subcategorised these
subsets based on their expression of CCR6, CCR4 and
CXCR3 (gating strategy shown in Supplementary Figure
2). The majority of TPh and PD-1highTFh in RA SF
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Fig. 2 (See legend on next page.)
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expressed CXCR3 and both subsets primarily consisted
of cells with a Th1 or CXCR3+Th2 phenotype (Fig. 3a,
b). Only a small fraction of TPh and PD-1highTFh cells
in RA SF had a CXCR3+Th17 or Th1Th17 phenotype
(Fig. 3a, b). The number of cells categorised as TPh and
PD-1highTFh in blood samples was too few to subcat-
egorise (< 50 cells/subgate). Thus, the proportion of Th
phenotypes within TPh and PD-1highTFh cells reflects
the CD4+ T cell population in RA SF where the majority
of cells are of a Th1 and CXCR3+Th2 phenotype.

Differences in chemokine and cytokine levels in paired
synovial fluid and plasma in RA
To investigate mechanisms for immune cell recruitment
and cytokine signalling in the RA joint, we assayed
paired SF and plasma samples for 27 chemokines and
cytokines. Among the CXCR3 receptor ligands, the con-
centrations of CXCL9 and CXCL10 were significantly

higher in SF than in plasma, while CXCL11 levels were
lower in SF than in plasma (Fig. 4a). The level of the
CCR6 ligand CCL20 was also detected at a higher con-
centration in SF than in plasma (Fig. 4b), while no such
difference was observed for the CCR4 ligand CCL17
(Fig. 4c). Monocyte and neutrophil chemoattractants
CCL2 and CXCL8, respectively, were both found at higher
concentration in SF than in plasma (Fig. 4d). In contrast,
CCL5 and eosinophil-recruiting chemokine CCL11 were
found in higher concentrations in plasma than in SF
(Fig. 4d). No differences were observed in the levels of
CCL3, CCL4, CXCL1 and CXCL5 between plasma and SF
(Supplementary Figure 3A). The concentrations of IL-6
and IL-10 were both higher in SF compared to plasma
(Fig. 4e). The levels of the cytokines IL-4, IL-13, IL-9, IL-
17A, IL-17F, IL-21, IFNγ and TNF were low in both
plasma and SF and did not differ significantly (Supple-
mentary Figure 3B). The concentrations of IL-2, IL-5, IL-

(See figure on previous page.)
Fig. 2 Distribution of memory T helper (Th) cell subsets in paired blood and synovial fluid (SF) from patients with rheumatoid arthritis (RA). a
Comparison of the proportions of total CD4+ lymphocytes, CD45RAnegCD4+ memory T cells and CXCR3+CD4+ T cells in blood and SF of patients
with RA (n = 8). b OPLS-DA column loading plots showing the association of CD45RAneg Th subset proportions (X-variables) to either SF or blood
(Y-variables). c Comparison of the proportions of TPh, PD-1highTFh, CXCR3+Th2, Th1, CXCR3+Th17, Th1Th17, PD-1+ TFh, Th17 and Th2 subsets of
CD45RAnegCD4+ lymphocytes in blood and SF (gating strategy shown in Supplementary Figure 1). Horizontal bars indicate median. P value
denotes the statistical significance of the difference between T cell proportions in blood and SF (Wilcoxon matched-pairs signed rank)

Fig. 3 CXCR3+ expression and Th phenotypes of peripheral T helper (TPh) and PD-1high T follicular helper (TFh) cells in synovial fluid (SF) from
patients with rheumatoid arthritis (RA). The proportions of TPh (a) and PD-1highTFh (b) cells in RA SF that express CXCR3, and the proportions that
express a Th1, CXCR3+Th2, Th1Th17 or CXCR3+Th17 phenotype as determined by the expression of chemokine receptors CCR6, CCR4 and CXCR3
(gating strategy shown in Supplementary Figure 2). Horizontal bars indicate the median
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22 and GM-CSF were below the detection limit of the
assay (data not shown). There were no clear differences in
cytokine/chemokine levels in RA SF and plasma among
RF+ and/or ACPA+ patients and RFnegACPAneg patients.
In conclusion, levels of chemokines that recruit in particu-
lar CXCR3+ T cells, together with proinflammatory CCL2,
CXCL8 and IL-6, were higher in SF than in plasma.

Th1-, Th2- and Th17-associated cytokines induce RA FLS
to produce proinflammatory cytokines and chemokines
To evaluate the cytokine response by FLS in response to
stimulation with various Th cell-associated cytokines, we
first examined the surface expression of three fibroblast
markers expressed by FLS in the RA synovium, CD90
(Thy-1), podoplanin and CD55 [17–19]. As shown in
Supplementary Figure 4A-B, the majority of unstimu-
lated RA FLS in culture expressed all three markers.
Moreover, in a data set of gene expression from RNA se-
quencing of three primary unstimulated RA FLS sam-
ples, we found that the receptors of IL-4 (IL-4Rα) and
IL-13 (IL-13Rα1 and IL-13Rα2), IL-17A (IL-17RA), TNF
(TNFRSF1A and TNFRSF1B) and IFNγ (IFNGR1) were
expressed by FLS, which was confirmed by qPCR (Sup-
plementary Figure 4C).
Next, we examined the cytokine/chemokine secretion

profile of RA FLS cultured in the presence of IL-4, IL-
13, IL-17A, IFNγ or TNF. As shown in Fig. 5a, b, stimu-
lation with IL-4, IL-13 and IL-17A induced significantly
higher levels of IL-6 by RA FLS compared to media con-
trol samples. IL-17A induced increased GM-CSF secre-
tion from RA FLS, while IFNγ and TNF had no
significant effect on either IL-6 or GM-CSF production.

Levels of IL-2, IL-4, IL-5, IL-9, IL-10, IL-13, IL-17A, IL-
17F, IL-21, IL-22, IFNγ, TNF and RANKL were below
the detection limit of the assay or did not differ signifi-
cantly between stimulated samples and media controls
(data not shown). Regarding chemokine secretion,
stimulation with IL-4, IL-13, IL-17A and TNF triggered
a significant increase in CCL2 production by RA FLS
compared to media controls (Fig. 5c). IL-4, IL-13 and
IL-17A also significantly increased the levels of CXCL1
compared to media controls, while IL-13 and IL-17A in-
creased the secreted levels of CXCL8 compared to media
controls. Only IL-4 and IL-13 induced significantly
higher levels of CCL11 by RA FLS compared to media
controls. As expected, IFNγ was the most potent stimu-
lus for CXCL10 secretion by RA FLS. Low levels of
CXCL5, CXCL9, CXCL11, CCL3, CCL4, CCL5, CCL17
and CCL20 were detected in stimulated and media con-
trols but no significant differences were found under the
present experimental conditions (data not shown). In
conclusion, these findings show that both Th2- and
Th17-associated cytokines are able to induce the pro-
duction of proinflammatory cytokines/chemokines IL-6,
CCL2, CXCL1, CXCL8 and CCL11, by RA FLS.

Discussion
The majority of CD4+ T cells found in the SF of RA pa-
tients express CXCR3, a characteristic of IFNγ-
producing Th1 cells [5]. We have recently shown that
subsets of circulating Th2 and Th17 cells also express
CXCR3 [7], although it is not known if these cells are
found in SF of RA patients. Additionally, it is not known
how the TPh cells that are expanded in RA SF can be

Fig. 4 Chemokine and cytokine concentrations in paired plasma and synovial fluid (SF) from patients with rheumatoid arthritis (RA). a CXCL9
(MIG), CXCL10 (IP-10) and CXCL11 (I-TAC); b CCL20 (MIP-3α); c CCL17 (TARC); d CCL2 (MCP-1), CXCL8 (IL-8), CCL5 (RANTES) and CCL11 (eotaxin); e
IL-6 and IL-10 concentrations in paired plasma and SF of patients with RA (n = 8) as measured by bead-based immunoassays. Horizontal bars
indicate the median. P value denotes the statistical significance of the difference in concentration between plasma and SF (Wilcoxon matched-
pairs signed rank test)
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subcategorised in this respect. Lastly, in contrast to
IFNγ, IL-17 and TNF, the effects of Th2-associated cyto-
kines IL-4 and IL-13 on FLS secretion of cytokines/che-
mokines have not been studied. We here report that
patients with RA have increased proportions of both
Th1 and non-classical CXCR3+Th2 cells in SF compared
to blood and that the majority of TPh and PD-1highTFh
cells in RA SF are of a Th1 or CXCR3+Th2 phenotype.
Furthermore, we report that Th2- and Th17-associated
cytokines trigger the secretion of proinflammatory mole-
cules such as IL-6, CCL2 and CXCL8, which were also
present at a higher concentration in RA SF compared to
plasma.
We have previously shown that untreated early RA

(ueRA) patients have higher proportions of Th2 cells in

the blood compared to healthy controls (HC), while the
proportion of Th1 cells tended to be lower in ueRA pa-
tients than in HC [7]. In this study on clinical samples
from patients with active RA, we find that the propor-
tions of Th2 cells are lower in SF than in blood, while
the proportions of CXCR3+Th2 and Th1 cells are signifi-
cantly higher in SF. The lower proportion of Th1 cells in
circulation of ueRA patients compared to HC may there-
fore be explained by a migration of the Th1 population
from blood to SF. In established RA, others have found
that approximately 90% of all CD4+ T cells in SF express
CXCR3, although all of these cells were assumed to be
Th1 cells in this study [5]. In the present study, we show
that up to 37% of the CXCR3+ memory Th cells in RA
SF are CXCR3+Th2 cells. In line with this, it was

Fig. 5 Fibroblast-like synoviocytes (FLS) from patients with rheumatoid arthritis (RA) produce proinflammatory cytokines and chemokines when
stimulated with T helper-associated cytokines. a The median fold change in IL-6, GM-CSF, CCL2, CXCL1, CXCL8, CCL11 and CXCL10 concentration
in supernatants of stimulated as compared to unstimulated FLS. b IL-6 and GM-CSF levels and c CCL2, CXCL1, IL-8, CCL11 and CXCL10 levels in
cell culture supernatant of RA (n = 7) FLS stimulated with IL-4, IL-13, IL-17A, IFNγ or TNF as measured by bead-based immunoassays and ELISA.
Lines within boxes indicate the median. P value denotes the statistical significance of the difference between respective cytokine stimulus and
media controls (Friedman test followed by Dunn’s multiple comparisons test)
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recently published that RA synovial tissue with a
lympho-myeloid pathotype shows enrichment in both
Th1 and Th2 activation pathways [2]. Thus, our findings
indicate that both Th1 and CXCR3+Th2 cells may be
important in the pathogenesis of RA joint inflammation.
TPh cells share characteristics of TFh cells and are

able to promote plasma cell development in vitro [8].
TPh differ from TFh in that they lack CXCR5 expression
and instead express the chemokine receptor CCR2 [8].
In line with previous findings [8], we find higher propor-
tions of TPh cells in RA SF compared to blood, and we
also find higher concentrations of the CCR2 ligand
CCL2 in SF than in plasma. In contrast to the previous
study [8], we also find a significantly higher proportion
of PD-1highTFh cells in SF compared to blood. Circulat-
ing TFh from healthy individuals can be subcategorised
into Th1, Th2 and Th17 phenotypes based on their ex-
pression of CXCR3 and CCR6 [9]. We here show that
the majority of TPh and PD-1highTFh cells in RA SF also
are of a Th1 or CXCR3+Th2 phenotype. Previous find-
ings show that circulating TFh with a Th2 phenotype in
healthy individuals can induce antibody production by
naïve B cells in vitro, while TFh of a Th1 phenotype
lacked this ability [9]. Further studies are needed to
evaluate if this difference in B cell helping capacity exists
in TPh and PD-1highTFh cells with a Th1 or a
CXCR3+Th2 phenotype.
We have previously reported that plasma CXCL10 is

associated with disease activity in early RA [20], and
others have shown that serum CXCL10 may be used to
predict treatment response in RA patients treated with
anti-TNF therapy [21]. In contrast to CXCL10, no rela-
tion with disease activity has been shown for plasma
CXCL9 [20]. We here show that the concentrations of
CXCL9 and CXCL10 are significantly higher in SF than
in plasma, but that IFNγ had a significant effect on the
secretion of only CXCL10 by RA FLS. In line with these
findings, others have shown that RA SF contains signifi-
cantly higher levels of CXCL10 compared to SF from pa-
tients with OA or traumatic joint injury [5] and that
deletion of either CXCL10 or its receptor CXCR3 signifi-
cantly abrogates CD4+ T cell infiltration in murine arth-
ritis models [22]. Thus, CXCL10 in RA SF may facilitate
the recruitment of Th1 and CXCR3+Th2 cells. However,
not all Th subsets that express CXCR3 were found at
increased proportions in SF. The proportions of
CXCR3+Th17 and Th1Th17 cells did not differ signifi-
cantly between SF and blood despite a higher concentra-
tion of CCR6 ligand CCL20 in SF than in blood.
Therefore, other factors may also be involved in the at-
traction of Th1 and CXCR3+Th2 cells to the RA joint.
TPh cells express CCR2 [8], and the TPh population
consists of cells with both a Th1 and a CXCR3+Th2
phenotype. Therefore, the combined expression of

CXCR3 and CCR2 may contribute to the preferential at-
traction of Th1 and CXCR3+Th2 cells to the RA joint.
The importance of FLS as mediators of inflammation

through the production of cytokines and chemokines in
the RA synovium has been well established [10, 11].
However, in contrast to IFNγ, IL-17A and TNF, the ef-
fect of IL-4 and IL-13 on the secretion of cytokines and
chemokines by RA FLS has not been studied. This is
likely due to that IL-4 and IL-13 have been considered
anti-inflammatory in RA [23]. In the present study, how-
ever, we found that IL-4 and IL-13 induced RA FLS to
secrete multiple proinflammatory cytokines/chemokines,
which were also found at higher concentrations in SF
than in plasma. In fact, the levels of IL-6, CCL2 and
CXCL8 secreted by RA FLS in vitro in response to IL-4
and IL-13 were comparable to those induced by IL-17.
The higher levels of IL-6, CCL2 and CXCL8 in SF than
in blood also suggest that they are produced locally in
the joint. Indeed, recent findings show that FLS in the
sub-lining layer of the RA synovium appear to be a pri-
mary source of IL-6 and CCL2 [10]. Moreover, it was
shown that ueRA patients with a lympho-myeloid patho-
type present with increased expression of the Th2 acti-
vation pathway [2]. These findings support that Th2-
associated cytokines could be inducers of IL-6 and CCL2
production by FLS in the RA synovium also in vivo. The
lympho-myeloid pathotype of RA frequently includes the
formation of organised ectopic lymphoid-like structures
(ELS), and the formation of ELS in Sjögren’s syndrome
has been shown to be dependent on IL-13 signalling
[24]. Specifically, IL-13 act synergistically with TNF to
promote a pathogenic phenotype in salivary gland fibro-
blasts characterised by increased VCAM-1 expression
[24]. IL-4 and IL-13 along with TNF have a similar effect
on RA FLS, where these cytokines induce a sustained ex-
pression of VCAM-1 [25]. Collectively, these findings
support a proinflammatory role of IL-4 and IL-13 in the
RA synovium where they may facilitate the development
of a lympho-myeloid pathotype.
The limitations of this study include the use of samples

from a relatively low number of RA patients with a diverse
treatment history and disease duration. This study
intended to explore if non-classical Th subsets are present
in RA SF, but additional studies are needed to verify these
findings and to further investigate the specific role of
CXCR3+Th2 cells in RA synovial inflammation.

Conclusion
In conclusion, we demonstrate that T helper cells in RA
SF consist mainly of Th1 cells and a population of
CXCR3+Th2 cells not previously identified in RA SF.
Thus, our findings indicate that both Th1 and
CXCR3+Th2 cells may have a pathogenic role in RA syn-
ovial inflammation.

Aldridge et al. Arthritis Research & Therapy          (2020) 22:245 Page 9 of 11



Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13075-020-02349-y.

Additional file 1: Supplementary Figure 1. Gating strategy for T
helper cells in paired blood and synovial fluid (SF) from patients with
rheumatoid arthritis (RA). Supplementary Figure 2. Gating strategy for
peripheral T helper (TPh) cells and T follicular helper (TFh) cells in synovial
fluid (SF) from patients with rheumatoid arthritis (RA). Supplementary
Figure 3. Chemokines and cytokines in plasma and synovial fluid (SF) of
patients with rheumatoid arthritis (RA). Supplementary Figure 4.
Expression of fibroblast markers and cytokine receptors by unstimulated
cultured fibroblast-like synoviocytes (FLS) from patients with rheumatoid
arthritis (RA).

Abbreviations
ACR: American College of Rheumatology; ELISA: Enzyme-linked
immunosorbent assay; EULAR: European League Against Rheumatism;
FLS: Fibroblast-like synoviocytes; DMEM: Dulbecco’s modified Eagle’s
medium; OPLS-DA: Orthogonal projection to latent structures discriminant
analysis; PCR: Polymerase chain reaction; RA: Rheumatoid arthritis;
SF: Synovial fluid; Th: T helper; TFh: T follicular helper; TPh: Peripheral T
helper; TPM: Transcripts per kilobase million; ueRA: Untreated early
rheumatoid arthritis

Acknowledgements
We thank Magnus Hallström at the Rheumatology Clinic of the
Sahlgrenska University Hospital for his assistance in collecting tissue
samples. We also gratefully acknowledge Dr. Thomas Eisler for
participating in the recruitment of patients to the synovial tissue
biobank and Karin Granhagen Önnheim, Charlotte Johnsson and
Georgios Vasileiadis for the collection of blood and synovial samples
and FLS culture. Lastly, we would like to thank the Genomics and
Bioinformatics Core Facility platforms, Sahlgrenska Academy, University
of Gothenburg, for their excellent work.

Authors’ contributions
J.A. performed the experiments, analysed the flow cytometry data,
performed all statistical analyses, analysed and interpreted all data, designed
all figures and drafted the manuscript. A-K.H.E. and I.G. were involved in
collecting blood samples, synovial samples and clinical data. L.M., B.B. and
K.A. performed experiments and were involved in collecting samples and
analysis of the data. A-C.L. and A-K.H.E. were involved in the analysis and
interpretation of the data. A.R. was involved in the analysis and interpretation
of the data and continuously supervised all aspects of the work. All authors
were involved in the critical revision of the manuscript for important
intellectual content, and all authors read and approved the final manuscript.
Dr. Rudin has full access to all of the data in the study and takes
responsibility for the integrity of the data and the accuracy of the data
analysis.

Funding
This study was supported by grants from Swedish Research Council (grant
2016-01574), the IngaBritt and Arne Lundberg’s foundation and the Swedish
state under the agreement between the Swedish government and the
county councils, the ALF-agreement (grant ALFGBG-143331 and ALFGBG-
775731). Open Access funding provided by Gothenburg University Library.

Availability of data and materials
The datasets used during the present study are available from the corresponding
author Jonathan Aldridge or Anna Rudin upon reasonable request.

Ethics approval and consent to participate
The study was approved by the regional ethics committee of Gothenburg,
Sweden (ethical approval numbers 1087-16, 459-18, 573-07 and S010-03/
T536-07), and all patients signed an informed consent form.

Consent for publication
Not applicable.

Competing interests
None of the authors has any potential conflict of interest related to this
manuscript.

Received: 23 June 2020 Accepted: 7 October 2020

References
1. Aletaha D, Smolen JS. Diagnosis and management of rheumatoid arthritis: a

review. J Am Med Assoc. 2018;320(13):1360–72.
2. Lewis MJ, Barnes MR, et al. Molecular portraits of early rheumatoid arthritis

identify clinical and treatment response phenotypes. Cell Rep. 2019;28(9):
2455–70 e2455.

3. Kim K, Bang SY, et al. Update on the genetic architecture of rheumatoid
arthritis. Nat Rev Rheumatol. 2017;13(1):13–24.

4. Firestein GS, McInnes IB. Immunopathogenesis of rheumatoid arthritis.
Immunity. 2017;46(2):183–96.

5. Patel DD, Zachariah JP, et al. CXCR3 and CCR5 ligands in rheumatoid
arthritis synovium. Clin Immunol. 2001;98(1):39–45.

6. Paulissen SMJ, van Hamburg JP, et al. CCR6+ Th cell populations distinguish
ACPA positive from ACPA negative rheumatoid arthritis. Arthritis Res Ther.
2015;17(1):344.

7. Pandya JM, Lundell AC, et al. Circulating T helper and T regulatory subsets
in untreated early rheumatoid arthritis and healthy control subjects. J
Leukoc Biol. 2016;100(4):823–33.

8. Rao DA, Gurish MF, et al. Pathologically expanded peripheral T helper
cell subset drives B cells in rheumatoid arthritis. Nature. 2017;542(7639):
110–4.

9. Morita R, Schmitt N, et al. Human blood CXCR5+CD4+ T cells are
counterparts of T follicular cells and contain specific subsets that
differentially support antibody secretion. Immunity. 2011;34(1):108–21.

10. Zhang F, Wei K, et al. Defining inflammatory cell states in rheumatoid
arthritis joint synovial tissues by integrating single-cell transcriptomics and
mass cytometry. Nat Immunol. 2019;20(7):928–42.

11. Croft AP, Campos J, et al. Distinct fibroblast subsets drive inflammation and
damage in arthritis. Nature. 2019;570(7760):246–51.

12. Raza K, Falciani F, et al. Early rheumatoid arthritis is characterized by a
distinct and transient synovial fluid cytokine profile of T cell and stromal cell
origin. Arthritis Res Ther. 2005;7(4):R784–95.

13. Kokkonen H, Söderström I, et al. Up-regulation of cytokines and
chemokines predates the onset of rheumatoid arthritis. Arthritis Rheum.
2010;62(2):383–91.

14. Aldridge J, Pandya JM, et al. Sex-based differences in association between
circulating T cell subsets and disease activity in untreated early rheumatoid
arthritis patients. Arthritis Res Ther. 2018;20(1):150.

15. Aletaha D, Neogi T, et al. 2010 rheumatoid arthritis classification criteria: an
American College of Rheumatology/European League Against Rheumatism
collaborative initiative. Arthritis Rheum. 2010;62(9):2569–81.

16. Arnett FC, Edworthy SM, et al. The American Rheumatism Association 1987
revised criteria for the classification of rheumatoid arthritis. Arthritis Rheum.
1988;31(3):315–24.

17. Stephenson W, Donlin LT, et al. Single-cell RNA-seq of rheumatoid arthritis
synovial tissue using low-cost microfluidic instrumentation. Nat Commun.
2018;9(1):791.

18. Mizoguchi F, Slowikowski K, et al. Functionally distinct disease-associated
fibroblast subsets in rheumatoid arthritis. Nat Commun. 2018;9(1):789.

19. Choi IY, Karpus ON, et al. Stromal cell markers are differentially expressed in
the synovial tissue of patients with early arthritis. PLoS One. 2017;12(8):
e0182751.

20. Pandya JM, Lundell AC, et al. Blood chemokine profile in untreated early
rheumatoid arthritis: CXCL10 as a disease activity marker. Arthritis Res Ther.
2017;19(1):20.

21. Han BK, Kuzin I, et al. Baseline CXCL10 and CXCL13 levels are predictive
biomarkers for tumor necrosis factor inhibitor therapy in patients with
moderate to severe rheumatoid arthritis: a pilot, prospective study. Arthritis
Res Ther. 2015;18:93.

22. Lee JH, Kim B, et al. Pathogenic roles of CXCL10 signaling through CXCR3
and TLR4 in macrophages and T cells: relevance for arthritis. Arthritis Res
Ther. 2017;19(1):163.

23. Chen Z, Bozec A, et al. Anti-inflammatory and immune-regulatory cytokines
in rheumatoid arthritis. Nat Rev Rheumatol. 2018;15(1):9–17.

Aldridge et al. Arthritis Research & Therapy          (2020) 22:245 Page 10 of 11

https://doi.org/10.1186/s13075-020-02349-y
https://doi.org/10.1186/s13075-020-02349-y


24. Nayar S, Campos J, et al. Immunofibroblasts are pivotal drivers of tertiary
lymphoid structure formation and local pathology. Proc Natl Acad Sci U S
A. 2019;116(27):13490–7.

25. Croft D, McIntyre P, et al. Sustained elevated levels of VCAM-1 in cultured
fibroblast-like synoviocytes can be achieved by TNF-α in combination with
either IL-4 or IL- 13 through increased mRNA stability. Am J Pathol. 1999;
154(4):1149–58.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Aldridge et al. Arthritis Research & Therapy          (2020) 22:245 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Blood, synovial fluid and tissue samples
	Isolation and expansion of fibroblast-like synoviocytes
	Flow cytometry
	Stimulation of fibroblast-like synoviocytes
	RNA sequencing and qPCR
	Cytokine and chemokine analysis
	Statistical analysis

	Results
	A substantial proportion of CXCR3+ T helper (Th) cells in RA synovial fluid are CXCR3+Th2 cells
	The majority of SF TPh and PD-1highTFh cells are of a Th1 or CXCR3+Th2 phenotype in RA
	Differences in chemokine and cytokine levels in paired synovial fluid and plasma in RA
	Th1-, Th2- and Th17-associated cytokines induce RA FLS to produce proinflammatory cytokines and chemokines

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

