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Targeting CD1c-expressing classical dendritic cells to prevent thymus
and activation-regulated chemokine (TARC)-mediated T-cell chemotaxis
in rheumatoid arthritis

MR Hillen1,2, FM Moret1,2, KMG van der Wurff-Jacobs1, TRDJ Radstake1,2, CE Hack1,2, FPJG Lafeber1, JAG van Roon1,2

1Department of Rheumatology and Clinical Immunology, and 2Laboratory of Translational Immunology, University Medical Centre
Utrecht, The Netherlands

Objectives: Thymus and activation-regulated chemokine (TARC) attracts cells that express the C-C chemokine
receptor type 4 (CCR4), including CD4 T cells. As expression of CCR4 is increased on peripheral T cells and intra-
articular interleukin (IL)-17-producing cells in patients with rheumatoid arthritis (RA), we investigated whether TARC
plays a role in the attraction of T cells to the synovial compartment. In addition, we assessed the role of classical
dendritic cells (cDCs) in the production of TARC in RA.
Method: TARC was measured in synovial fluid (SF) samples from RA and osteoarthritis (OA) patients. Spontaneous
and thymic stromal lymphopoietin (TSLP)-induced TARC production by mononuclear cells (MCs) and CD1c cDCs
from peripheral blood (PB) and SF was assessed. The role of TARC in CD4 T-cell migration towards cDCs was
assessed and the contribution of CD1c-expressing cells to TARC production was studied.
Results: TARC concentrations were higher in SF of RA patients compared to OA patients. MCs from SF produced
TARC spontaneously and produced more TARC upon stimulation than paired PBMCs. Blocking TARC strongly
inhibited CD4 T-cell chemotaxis by TSLP-stimulated cDCs, associated with decreased production of tumour necrosis
factor (TNF)-α. Depletion of cDCs from SFMCs strongly reduced TARC production.
Conclusions: TARC levels are increased in RA SF and our data indicate that this results from production by
SFMCs and in particular CD1c cDCs. TARC attracts T cells and TARC secretion by MCs is crucially dependent
on the presence of CD1c cDCs. Considering the potential of SF cDCs to activate T cells and induce pro-
inflammatory cytokine secretion, targeting intra-articular cDCs constitutes a novel therapeutic approach in RA.

Thymus and activation-regulated chemokine (TARC/
CCL17) was first identified in the thymus and was
shown to attract cells expressing the C-C chemokine recep-
tor type 4 (CCR4) (1), including natural killer (NK) cells,
fibroblasts, and CD4 T cells with T-helper (Th)2, Th17,
and regulatory T cell (Treg) phenotypes (2–6). TARC is
released by activated platelets and is produced by HaCaT
keratinocytes and specific subsets of activated T cells (7,
8). In addition, secretion was shown by epidermal Langer-
hans cells (9) and by activated CD11c+ classical dendritic
cells [cDCs; also referred to as myeloid dendritic cells
(mDCs)] in allergic conditions (10).

TARC is described as a crucial mediator in atopic
diseases including atopic dermatitis and asthma (6, 11).
However, TARC expression has also been described in
a range of autoimmune diseases, including primary

Sjögren’s syndrome, systemic lupus erythematosus,
autoimmune blistering disease, juvenile idiopathic
arthritis, and rheumatoid arthritis (RA) (12–16). In
RA, TARC protein has been detected in plasma (15)
while TARC mRNA is elevated in RA synovial tissue
(17). In addition, RA patients have increased numbers
of peripheral blood (PB) CD4 T cells that express
CCR4 (18). Moreover, the majority of interleukin
(IL)-17-positive CD4 T cells in RA synovial fluid
(SF) are CCR4+ and the percentage of these cells of
all mononuclear cells (MCs) is higher in the SF com-
pared to the PB (5). These observations suggest that
TARC mediates the migration of pro-inflammatory
CCR4-expressing T cells into the joint in RA. Further-
more, it was previously shown that thymic stromal
lymphopoietin (TSLP), a strong TARC inducer on
cDCs, is increased in the RA SF (19) and that cDCs
from the RA SF produce TARC ex vivo (20). The aim
of this study was to evaluate TARC levels in SF of RA
patients, study the role of cDCs in TARC production in
RA joints, and investigate the role of TARC in the
attraction of T cells in RA.
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Method

Patients

SF samples were obtained from patients attending our
outpatient clinics. RA patients were classified according
to the American College of Rheumatology (ACR) cri-
teria (21). SF from patients with osteoarthritis (OA) were
used for comparison in a TARC enzyme-linked immu-
nosorbent assay (ELISA). The medical ethical commit-
tee of the University Medical Centre Utrecht approved
collection of samples in accordance with the Declaration
of Helsinki. All patients gave their informed consent.
The characteristics of the patients are depicted in
Table 1.

Flow cytometry

Fluorescence-activated cell sorting (FACS) and a FACS-
Canto II flow cytometer (BD Bioscience, San Jose, CA,
USA) were used to analyse the expression of extracel-
lular markers on all samples. The results were analysed
using FlowJo software (Tree Star, Inc, Ashland, OR,
USA). To assess the number of CD1c-expressing cDCs
in SF of RA patients (n = 17), SFMCs were stained with
anti-CD1c phycoerythrin (PE; Biolegend, San Diego,
CA, USA) and anti-CD19 PerCP-Cy5.5 (Biolegend).
CD1c+ cDCs were gated as CD19-negative and CD1c-
positive cells within the live gate. The number of CD1c+
cDCs was calculated using the number of isolated
SFMCs.

Cytokine analyses

The TARC content in SF of RA patients (n = 100) and
OA patients (n = 50) was measured with an ELISA
(R&D Systems, Minneapolis, MN, USA). Samples
were pretreated with hyaluronidase (20 U/mL; type IV,
Sigma-Aldrich, St Louis, MO, USA). This TARC
ELISA was also used to measure TARC production in
MCs and CD1c-depleted MC culture supernatants.
TARC production by isolated CD1c+ cDCs and T-cell

cytokine production after chemotaxis were analysed by
multiplex immunoassay as described elsewhere (22).

Cell isolation

MCs were isolated from lithium-heparinized PB and
SF by density centrifugation using Ficoll-Paque Plus
(GE Healthcare, Uppsala, Sweden). Prior to isolation,
PB or SF was diluted 1:1 in RPMI 1640 medium
(Gibco, Life Technologies, New York, NY, USA)
containing penicillin (100 U/mL), streptomycin (100
μg/mL), and glutamine (2 mM) (all PAA Laboratories,
Pasching, Australia). For assessment of TARC pro-
duction by cDCs and chemotaxis experiments,
CD19–/CD1c+ cDCs and CD4+ T cells were isolated
from PBMCs by magnetic-activated cell sorting
(MACS) using CD1c (BDCA-1)+ and CD4+ isolation
kits (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. To con-
firm the efficacy of CD1c isolation and CD1c deple-
tion, isolated cells were stained with anti-CD45 PerCP
(Biolegend), anti-CD1c PE (Biolegend), and anti-
CD19 FITC (Bd Biosciences, San Jose, CA, USA).

Cell cultures

Cells were cultured in RPMI Glutamax (Gibco) supple-
mented with penicillin, streptomycin (both PAA Labora-
tories), and 10%, v/v, human AB serum (GemCell, West
Sacramento, CA, USA). To compare TARC production by
SFMCs with that of PBMCs, MCs were purified from
paired PB and SF samples from RA (n = 6) patients.
Cells were seeded at a concentration of 1.0 × 106/mL in
96-well round-bottomed plates and cultured in triplicate for
72 h at 37°C in the presence of 20 ng/mL of recombinant
human TSLP (R&D Systems) and/or 10 ng/mL of recom-
binant human IL-7 (Preprotech, Rocky Hill, NJ, USA).
Supernatants were harvested and stored at −80°C. To
investigate TARC production by cDCs, CD1c+ cDCs
were isolated from RA patients’ PB (n = 6) and cultured
in Sarstedt tubes at 37°C with 20 ng/mL TSLP (R&D) for
20 h (5 × 105 cells/mL). Supernatants were collected and
stored at −80°C and analysed by multiplex immunoassay.

Table 1. Characteristics of RA and OA patients.

SF TARC analysis

RA OA RA in vitro cultures

n (males/females) 100 (32/68) 50 (12/38) 35 (13/22)
Age (years), mean ± sd 56 ± 15 64 ± 10 53 ± 16
Disease duration (years), mean ± sd 17 ± 17 – 11 ± 6.3
Rheumatoid factor (no. positive) 61 – 16
ESR (mm/h), mean ± sd 44 ± 34 na 21 ± 22
No. treated with corticosteroids/DMARDs/biologics 9/51/26 na 5/14/9

RA, Rheumatoid arthritis; OA, osteoarthritis; SF, synovial fluid; TARC, thymus and activation-regulated chemokine; ESR, erythrocyte
sedimentation rate; DMARD, disease-modifying anti-rheumatic drug; na, not applicable; sd, standard deviation.
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CD1c depletion

MCs were isolated from PB (n = 7) and SF (n = 8) of RA
patients, including two paired samples. CD1c-expressing
cells were depleted using anti-CD1c biotin and anti-biotin
beads (Miltenyi). As control, B cells were depleted using
anti-CD19 beads. In addition, the CD1c-depletion protocol
was performed omitting the CD1c-biotin on SFMCs of RA
patients (n = 4) in a separate experiment. Depleted and
undepleted MC fractions were cultured for 72 h in the
presence of 20 ng/mL TSLP (R&D Systems) at 37°C.
Supernatants were harvested and stored at −80°C until
analysis of TARC levels with ELISA.

Chemotaxis assay

CD1c+ cDCs and CD4+ T cells were isolated from
PBMCs of RA patients (n = 6) and healthy controls
(n = 3) and cell purity of subsets was confirmed by
FACS. Cells were taken up in RPMI Glutamax (Gibco)
supplemented with penicillin, streptomycin (both PAA
Laboratories), and 10% foetal bovine serum (FBS; Invi-
trogen, Carlsbad, CA, USA). For each condition, 3 × 104

cDCs were added to the lower compartment of a 24-well
transwell system (Corning, New York, NY, USA), sup-
plemented with 20 ng/mL TSLP (R&D Systems) and,
where appropriate, 10 μg/mL of monoclonal anti-TARC
(mouse IgG1; R&D Systems) or an equal concentration
of an isotype control antibody (mouse IgG1; Amgen,
Seattle, WA, USA). A well without cDCs and only
culture medium was prepared as control for aspecific
T-cell migration. CD4 T cells (5 × 105) were added to
the upper compartment of the transwells (5.0 μm pore
size, polycarbonate membrane; Corning) and cells were
allowed to migrate for 20 h at 37°C. The percentage of
migrated cells was determined by staining the cell frac-
tion in the lower compartment with anti-CD3 FITC (Bd
Biosciences), anti-CD19 APC (Biolegend), anti-CD1c
PE (Biolegend), and anti-CD4 PerCP (Biolegend). For

analysis of the net T-cell cytokine production, the
remaining cells were resuspended in 200 μL RPMI Glu-
tamax (Gibco) supplemented with penicillin, streptomy-
cin (both PAA Laboratories) and 10% FBS (Invitrogen)
and stimulated for 24 h at 37°C with ionomycin (500 ng/
mL) and phorbol myristate acetate (PMA; 50 ng/mL)
(both from Sigma-Aldrich). Cytokines were measured
by multiplex immunoassay. The percentage of migrated
T cells was calculated using the number of cells counted
in the lower compartment and the percentage of T cells
therein as measured by FACS, corrected for aspecific
T-cell migration. The stimulation index (SI) was calcu-
lated by dividing the measured cytokine concentration
by that of the culture medium control.

Statistical analysis

Differences in TARC content in SF between groups
were determined using the Mann–Whitney U test. Cor-
relation between TARC content in SF and the number
of cDCs was calculated with Spearman’s rank correla-
tion coefficient. The Wilcoxon signed rank test was
used to assess differences in TARC production, T-cell
migration, and T-cell cytokine production. Statistical
analyses were performed using SPSS software version
20.0 (IBM, Armonk, NY, USA). Differences were con-
sidered statistically significant at p ˂ 0.05.

Results

TARC levels are increased in RA SF and correlate with
numbers of cDCs

TARC concentrations in the SF of RA patients were
significantly increased compared to OA patients
(Figure 1A). In addition, TARC levels were significantly
higher in RA patients with increased systemic
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Figure 1. TARC is increased in RA SF and correlates with the number of CD1c cDCs. (A) TARC levels in SF of RA (n = 100) patients are higher
than in OA (n = 50) patients. (B) Levels are significantly increased in RA patients with ESR ≥ 30 mm/h (High) compared to patients with ESR ˂
30 mm/h (Low). (C) Numbers of CD1c+ cDCs in SF of RA patients correlate with TARC levels in SF. Levels below the detection limit were indicated
as 10 pg/mL to allow plotting on a log axis, values were recorded as zero for analyses. *p < 0.05; ***p < 0.0001.
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inflammation, defined as having an erythrocyte sedimen-
tation rate (ESR) ≥ 30 mm/h, compared to those with
low systemic inflammation (Figure 1B). As CD1c cDCs
are very potent TARC producers, we investigated the
relationship between TARC levels and local numbers of
these cells. The number of CD1c-expressing cDCs in the
SF showed a modest yet significant correlation with
TARC levels, suggesting a role for these cells in intra-
articular TARC production (Figure 1C). As methotrexate
was previously reported to influence TARC expression
in plasma of RA patients (15), we further examined the
effects of therapy on intra-articular TARC levels in these
samples. When the group of RA patients was divided
based on therapy status, there were no significant differ-
ences in TARC levels between the untreated patients
[mean ± standard error of the mean (sem): 42 ± 14 pg/
mL] and those treated with biologics (29 ± 10 pg/mL,
p = 0.58) or those treated with disease-modifying anti-
rheumatic drugs (DMARDs; 80 ± 35 pg/mL, p = 0.52).
There was also no difference between patients treated
with biologics and those treated with DMARDs
(p = 0.79).

MCs from SF of RA patients spontaneously produce TARC

MCs from SF samples of RA patients spontaneously
produced TARC while this was not observed for paired
MCs from PB, indicating that immune cells produce
TARC locally in the joint (Figure 2A). We used TSLP
and IL-7, both pro-inflammatory cytokines that are
increased in RA SF, to investigate the induction of
TARC production by activating the cDCs or T cells
within the MCs, respectively. SFMCs produced signifi-
cantly higher TARC levels compared to PBMCs from
the same donor when stimulated with TSLP or IL-7,
indicating that local MCs are more prone to produce
TARC than their peripheral counterparts. TSLP induced
more TARC production than IL-7. The combination of
TSLP and IL-7 did not further enhance the amount of
TARC produced (data not shown). This suggests that
cDCs are important contributors to TARC-driven attrac-
tion of immune cells in RA. This was tested in two
ways, by assessing the effect of cDC depletion on
TARC production of MC populations and by analysing
the capacity of TARC to induce T-cell chemotaxis.

Depletion of CD1c CDCs from intra-articular MCs robustly
prevents TARC production

To confirm the crucial role of cDCs in TARC produc-
tion, we depleted MCs for these cells and assessed the
effect on TARC production. Depletion of PBMCs from
RA patients for CD1c-expressing cells resulted in a clear
inhibition of TARC production upon TSLP stimulation
compared to undepleted MCs (Figure 2C). Depletion of
SFMCs for CD1c-expressing cells efficiently inhibited
both spontaneous TARC production and TSLP-induced
TARC production (Figure 2C). As B cells can express
CD1c, we performed CD19 depletion to exclude the
possibility that the effect of CD1c depletion was B-cell
dependent. No differences were observed between unde-
pleted SFMCs and CD19-depleted SFMCs in sponta-
neous TARC production (mean ± sem: 136 ± 40.2 pg/
mL vs. 136 ± 68.0 pg/mL, p = 1.00) or TSLP-induced
TARC production (1140 ± 376 pg/mL vs. 908 ± 369 pg/
mL, p = 0.88). In addition, to control for influences of
the MACS isolation procedure, the CD1c antibody was
omitted during depletion. No differences were observed
compared to undepleted MCs upon TSLP stimulation
(395 ± 213 pg/mL vs. 360 ± 205 pg/mL, p = 0.63).

TARC produced by cDCs of RA patients induces chemotaxis
of T cells

We used CD1c cDCs isolated from PB to study the effect
of TARC on the attraction of autologous T cells. cDCs
from RA PB produced TARC when stimulated with TSLP
while unstimulated PB cDCs did not (Figure 3A). When
added to the lower compartment of a transwell system,
TSLP-stimulated cDCs induced significantly more
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Figure 2. Increased spontaneous and stimulated TARC production by
PB and SF MC fractions is crucially dependent on CD1c-expressing
cells. (A) Unstimulated MCs from SF of RA patients produce increased
TARC levels compared to paired MCs from the PB. Upon stimulation
with TSLP, and to a lesser extent with IL-7, TARC production by
PBMCs and SFMCs is greatly increased. (B) SFMCs from RA patients
produce more TARC than paired PBMCs. (C) Depletion of CD1c-
expressing cells from the PBMCs of RA patients robustly inhibits
TARC production upon TSLP stimulation. CD1c depletion almost
completely prevents spontaneous TARC production by RA SFMCs
and strongly reduces TARC production by TSLP-stimulated SFMCs.
Error bars indicate mean ± sem. *p < 0.05; **p < 0.01.
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autologous CD4+ T-cell migration from the upper com-
partment compared to unstimulated cDCs. This T-cell
attraction was robustly inhibited by a neutralizing antibody
against TARC (Figure 3B). No significant difference was
observed when adding an isotype control antibody instead
(mean ± sem: 6.67 ± 1.69% vs. 5.56 ± 1.73%, p = 0.31).
Attracted T cells were analysed for cytokine production
and we observed a significant decrease in production of
tumour necrosis factor (TNF)-α, IL-17, and interferon
(IFN)-γ upon TARC neutralization (Figure 3C), which
was absent when an isotype control was used instead
(data not shown). No differences in IL-10 production
were observed, while IL-4 production was below the detec-
tion limit in the majority of the samples (data not shown).

Discussion

We previously demonstrated that CD1c cDCs from RA SF
are extremely potent activators of CD4 T cells, and are
associated with strong proliferation and induction of Th1
and Th17 cytokine production (20). Furthermore, these RA
SF cDCs are primed to produce TARC as they make it ex
vivo without any stimulation (20). TSLP, which is
increased in RA SF, was shown to activate cDCs from
PB, and TSLP-stimulated PB DCs mimic functional and
phenotypic features of intra-articular cDCs, including
TARC production (19). In the current study we demon-
strate that TARC is increased in SF of RA patients and that
MCs from SF are primed to produce TARC. In addition,
we show that cD1c cDCs are a crucial source of TARC in
SF and that TARC produced by TSLP-activated PB cDCs,

used as a model for RA SF DCs, is functional and directs
the migration of CD4 T cells.

Although we have not assessed the phenotype of T cells
attracted by TARC in detail, we have studied the resulting
cytokine expression upon in vitro activation of the attracted
T-cell population. These data show a strong increase in
TNF-α production by the T cells attracted by TSLP DCs
compared to unstimulated DCs. Upon TARC blockade,
TNF-α levels were robustly decreased, suggesting that
TARCmay be important in the attraction of TNF-α-produ-
cing T cells by TSLP DCs. In addition, TARC blockade
resulted in modestly decreased production of IFN-γ and
IL-17, suggesting that some Th1 and Th17 cells are
attracted by TARC in our assay. These data suggest that
TARC may contribute to the attraction of T cells, which
produce cytokines that drive the immunopathology in RA.
However, as CCR4 is widely expressed on Th2 cells (6), it
is likely that Th2 cells also migrate towards the TARC
gradient, although IL-4 levels were not measurable in our
assay. In addition, as a considerable proportion of FoxP3-
expressing cells expresses CCR4 (4), Treg cells may also
be attracted by TARC, although we did not observe differ-
ences in IL-10 production upon TARC blockade. Thus, the
exact composition of the T-cell pool attracted by TARC
needs to be further examined to determine the net effect of
local TARC production on T-cell migration to the SF.

Although expression of CCR4 is described as a feature
of Th2, Th17, and Treg cells, some studies show that
CCR4-expressing cells can contain considerable percen-
tages of IFN-γ-producing cells (23), which may explain the
reduction in IFN-γ secretion upon TARC blockade. In the
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Figure 3. Chemotaxis of T cells towards activated cDCs is crucially dependent on TARC. (A) When stimulated with TSLP, cDCs show significantly
increased TARC production. (B) In a transwell chemotaxis assay, TSLP-stimulated cDCs attract significantly more T cells compared to unstimulated
cDCs and anti-TARC neutralizing antibody completely negates this. (C) TARC blockade inhibits attraction of T cells that produce TNF-α, IL-17, and
IFN-γ. Cytokine production depicted as the Stimulation Index (SI) relative to negative control without any cDCs in the lower well. Error bars indicate
mean ± sem. * p < 0.05.
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chemotaxis assay, activation of the cDCs with TSLP had
no significant effect on the attraction of IL-17- and IFN-γ-
producing T cells. Nevertheless, TARC blockade signifi-
cantly reduced IL-17 and IFN-γ production. These data
suggest that the minute amounts of TARC produced by
unstimulated cDCs are sufficient to induce some attraction
of IL-17- and IFN-γ-producing cells. Of note, TARC can
also attract fibroblasts and NK cells (2, 3), which are
implicated in RA immunopathology by producing pro-
inflammatory cytokines in the joint (24) and inducing
tissue damage by production of catabolic enzymes (25).

The presented data indicate that TARC plays a role in
the attraction of T cells to the RA SF and they also
contribute to the determination of the role of TSLP in
RA. As TARC mediates in vitro attraction of T cells,
preventing TARC-mediated T-cell migration may prove
to be beneficial for RA patients; however, this needs to
be confirmed in experimental studies. CD1c cDC depletion
using an antibody would be an efficacious method of
preventing TARC production as shown in our experiments.
Considering the potent pro-inflammatory role of cDCs as
sentinel cells of the immune system, targeting these cells is
an attractive approach to inhibit pathways by which they
attract and activate T cells.
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