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Abstract
In rheumatoid arthritis (RA), synovial tissue abundantly expresses CCL21, a chemokine strongly associated with RA sus-
ceptibility. In this study, we aimed to characterize the functional significance of CCL21/CCR7 signaling in different phases 
of RA pathogenesis. We determined that CCR7 is a hallmark of RA M1 synovial fluid (SF) macrophages, and its expression 
in RA monocytes and in vitro differentiated macrophages is closely associated with disease activity score (DAS28). In early 
stages of RA, monocytes infiltrate the synovial tissue. However, blockade of SF CCL21 or CCR7 prevents RA SF-mediated 
monocyte migration. CCR7 expression in the newly migrated macrophages can be accentuated by LPS and IFNγ and sup-
pressed by IL-4 treatment. We also uncovered that CCL21 stimulation increases the number of M1-polarized macrophages 
(CD14+CD86+), resulting in elevated transcription of IL-6 and IL-23. These CCL21-induced M1 cytokines differentiate 
naïve T cells to Th17 cells, without affecting Th1 cell polarization. In the erosive stages of disease, CCL21 potentiates RA 
osteoclastogenesis through M1-driven Th17 polarization. Disruption of this intricate crosstalk, by blocking IL-6, IL-23, 
or IL-17 function, impairs the osteoclastogenic capacity of CCL21. Consistent with our in vitro findings, we establish that 
arthritis mediated by CCL21 expands the joint inflammation to bone erosion by connecting the differentiation of M1 mac-
rophages with Th17 cells. Disease progression is further exacerbated by CCL21-induced neovascularization. We conclude 
that CCL21 is an attractive novel target for RA therapy, as blockade of its function may abrogate erosive arthritis modulated 
by M1 macrophages and Th17 cell crosstalk.
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DAS28  Disease activity score (determined by 28 
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DMARD  Disease-modifying anti-rheumatic drugs
GWAS  Genome-wide association studies
HPF  High-power field
IL  Interleukin
NL  Healthy donor
PB  Peripheral blood
PBMC  Peripheral blood mononuclear cells
RA  Rheumatoid arthritis
SF  Synovial fluid
ST  Synovial tissue
TRAP  Tartrate-resistant acid phosphatase
VEGF  Vascular endothelial growth factor
WB  Western blot
WT  Wild type
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Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune 
disease in which inflammatory cytokines mediate joint 
inflammation leading to erosive bone disease. The synovial 
tissue (ST) of RA patients produces excessive amounts of 
CCL21, primarily from fibroblasts and macrophages [1]. 
As shown in genome-wide association studies (GWAS), 
CCL21 is a susceptibility gene for RA with various gene 
polymorphisms having been associated with RA and pso-
riatic arthritis [2, 3]. Its receptor, CCR7, is also highly 
expressed in the RA ST, on lining and sublining mac-
rophages and endothelial cells [4].

CCL21 recruits CCR7+ dendritic cells and T cells to 
lymphoid and non-lymphoid tissues [5–8]. Besides modu-
lating immune cell infiltration, CCL21 expressed in the 
synovial fluid (SF) promotes angiogenesis by activating 
CCR7+ endothelial cell migration [4]. CCL21 also trig-
gers angiogenesis indirectly, by activating RA fibroblasts 
and macrophages to secrete proangiogenic factors, such 
as vascular endothelial growth factor (VEGF), angiopoi-
etin 1, and interleukin (IL)-8 [1]. These findings indicate 
that CCL21-stimulated immune cell migration and neo-
vascularization collaboratively accelerate RA disease 
progression.

It was reported that CCL21 amplifies proliferation and 
antigen presentation of bone marrow (BM)-derived den-
dritic cells [9]. Moreover, CCL21 and CCR7 deficiencies 
have both been shown to prevent Th1/Th17-driven auto-
immune disease, as evidenced in experimental autoim-
mune encephalomyelitis [10]. Immuno-neutralization or 
knockout of CCR7 protects mice from collagen-induced 
arthritis (CIA) by reducing CD3+ naïve T cell numbers 
and elevating the frequency of Tregs [11]. In agreement 
with these studies, CCL19/CCL21-deficient mice infected 
with Leishmania donovani produce lower IL-12 and higher 
IL-10 levels compared to wild-type (WT) mice [12]. Ear-
lier studies have focused on understanding the effect of 
CCL21/CCR7 on T cells, but little is known about the 
implications of this pathway on myeloid cell function.

We and others have demonstrated that in early dis-
ease, surface expression of CCR7 is highly upregulated 
on monocytes [13], and as disease becomes more estab-
lished, levels of this receptor are accentuated in RA ST 
macrophages [4]. We also show that transcriptional CCR7 
expression in RA monocytes and macrophages closely 
correlates with patient disease activity score (DAS28). 
We, therefore, took a comprehensive approach to investi-
gate the effects of CCL21/CCR7 activation on monocyte 
and macrophage functions in RA. Our findings indicate 
that local expression of CCL21 promotes joint swelling 
and osteoclast formation mainly through myeloid CCR7 

function. In this paper, we uncover a novel mechanism by 
which CCL21 activation of myeloid CCR7 promotes RA 
monocyte migration, exacerbates joint inflammation, and 
causes bone destruction.

Materials and methods

Patient samples

In accordance with the protocol approved by the UIC Insti-
tutional Ethics Review Board, RA patients and healthy 
subjects (NL) were consented to donate peripheral blood 
(PB) and SF samples. RA patients were diagnosed accord-
ing to the 1987 revised criteria of ACR [14]. All donors 
gave informed written consent. The collected samples were 
de-identified. An additional protocol was approved to gather 
information that allows for evaluation of disease activity 
and impact of treatment, after informed written consent by 
patients, as previously described [15].

To study the effect of anti-TNF treatment on CCR7 
expression (Fig. 1d), PB was obtained from 68 patients, 64 
women and 4 men (mean age 48.6 ± 14.6 years). At the time 
of evaluation, patients were either on non-biological disease-
modifying anti-rheumatic drugs (DMARDs; n = 34, 3 male 
and 31 female, mean age 51.6 ± 16.2 years), or treatment 
with anti-TNF therapy (n = 34, 1 male, 33 female, mean age 
45.7 ± 12.4). Treatment with DMARDs (n = 34) consisted 
of DMARDs alone (methotrexate, leflunomide, sulfasala-
zine, azathioprine, hydroxychloroquine, or minocycline) 
(n = 27 of which 2 were on hydroxychloroquine only), or 
treatment with DMARD plus prednisone (n = 7). Patients 
treated with anti-TNF therapy (n = 34) were either on anti-
TNF therapy alone (n = 7), anti-TNF plus prednisone (n = 1), 
anti-TNF therapy plus DMARD (n = 21), or anti-TNF with 
both DMARD and prednisone (n = 5).

To study the correlation between RA monocytes CCR7 
expression and disease activity (Fig. 1f), PB was obtained 
from 14 women and 2 men (mean age, 55.7 ± 2.3 years). 
At the time of blood donation, patients were receiving no 
treatment (n = 1), taking DMARDs (methotrexate, leflu-
nomide, and sulfasalazine azathioprine) alone (n = 1), 
taking DMARDs plus hydroxychloroquine (n = 1), taking 
DMARDs plus prednisone (n = 1), taking DMARDs plus 
rituximab (n = 3), taking DMARDs plus hydroxychloroquine 
and minocycline (n = 1), or taking a TNF inhibitor alone 
(n = 2), with a DMARD (n = 2), a DMARD plus prednisone 
(n = 2), or with a DMARD plus hydroxychloroquine and 
prednisone (n = 2).

PB mononuclear cells (PBMC) from 29 RA patients (25 
women and 4 men; mean age, 51.7 ± 3.7 years) were dif-
ferentiated into macrophages for 7 days to evaluate the cor-
relation between macrophage CCR7 expression and disease 
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activity (Fig. 1g). At the time of blood donation, patients 
were receiving no treatment (n = 4), taking DMARDs (meth-
otrexate, leflunomide, and sulfasalazine azathioprine) alone 
(n = 2), taking DMARDs plus hydroxychloroquine (n = 3), 
DMARDs plus prednisone (n = 5), taking DMARDs plus 
rituximab (n = 3), taking DMARDs plus hydroxychloroquine 
plus minocycline (n = 2), or taking a TNF inhibitor alone 
(n = 3), with a DMARD (n = 2), a DMARD plus prednisone 

(n = 1), or with a DMARD plus hydroxychloroquine and 
prednisone (n = 4).

Cell isolation and culture

PBMCs and SF mononuclear cells were isolated by density 
gradient centrifugation (400g, 30 min), having been lay-
ered on Ficoll-Paque Premium (GE Healthcare). Negative 

Fig. 1  CCR7 is a marker for M1 macrophages in the synovial fluid 
of RA patients. PBMCs were isolated from blood (PB) and synovial 
fluid (SF) samples of RA patients and healthy subjects (NL). Through 
qRT-PCR (a) and FACS (b) analysis, expression of CCR7 was evalu-
ated in PB monocytes (mono), in  vitro differentiated macrophages 
(PB mac) and SF macrophages (SF mac) (a: n = 10–18; b: n = 6). c 
FACS analysis was also used to evaluate CCR7 expression in CD3+ 
T cells (n = 6). d Patient data were collected to distinguish CCR7 

between patients who are and are not receiving anti-TNFα therapy 
(n = 34). e In  vitro differentiated PB macrophages were polarized 
to M1 (100 ng/mL IFNγ + LPS) or M2 (100 ng/mL IL-4) and qRT-
PCR was used to detect CCR7 RNA levels after polarization (n = 7). 
Data are presented as mean ± sem. f, g Disease activity (DAS28) 
was correlated to CCR7 RNA levels in RA monocytes (n = 16) and 
in  vitro differentiated macrophages (n = 29). *p < 0.05, **p < 0.01, 
***p < 0.005
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selection EasySep kits (StemCell Technologies) were used 
as per manufacturer’s instructions to isolate monocytes or 
T cells. To differentiate monocytes to macrophages, adher-
ent cells were cultured in 20% FBS/RPMI for 7 days. After 
overnight starvation (0% FBS/RPMI), cells were stimulated 
as indicated. In contrast, PBMCs or enriched T cells used 
for T cell polarization assays were stimulated immediately 
upon isolation.

Murine BM macrophages were isolated and cultured as 
previously described [16]. BM cells were pre-treated with 
40 ng/ml mM-CSF in 10% FBS/RPMI for 4 days before use 
in cell induction experiments.

Flow cytometry

PB monocytes, in vitro differentiated macrophages, and T 
cells were stained with isotype control antibodies (Abs) (BD 
Pharmingen), CCR7 Ab (R&D Systems), CD14 Ab (BD 
Pharmingen), or CD3 Ab (Biolegend). The percentage of 
double-positive CD14+CCR7+ or CD3+CCR7+ was deter-
mined. When evaluating M1 polarization, macrophages were 
stained with CD86 Ab and CD14 Ab (Biolegend). Shown 
data represent the percentage of CD14+CD86+ among 
CD14+ gated cells.

Chemotaxis

Boyden chamber (Neuroprobe) chemotaxis was performed 
using NL monocytes. We evaluated the effects of stimulation 
with various concentrations of recombinant human CCL21 
or 5% RA SF for 2 h. PBS and FMLP (10 nM) served as a 
− and + control, respectively. CCR7 and CCL21 were neu-
tralized with CCR7 Ab and CCL21 Ab (10 µg/ml; R&D Sys-
tems), respectively, for 1 h prior to chemotactic stimulation. 
To determine relevant signaling pathways, monocytes were 
treated for 1 h with 5 µM inhibitors of NF-κB (MG132), 
ERK (PD98059), p38 (SB203580), or PI3K (LY294002) 
(Millipore). Subsequently, monocyte chemotaxis in response 
to 10 ng/ml of CCL21 was evaluated for 2 h.

Western blot (WB)

Activated signaling pathways in NL monocytes, treated 
with CCL21 (100 ng/mL; R&D Systems) for 5–65 min, 
were examined by WB analysis. Blots were probed for deg-
radation of IκB (Santa Cruz; 1:3000), compared to β-Actin 
(Sigma; 1:3000) confirming equal loading. Blots were also 
incubated with Abs against ERK, MAPK p38 and Akt, 
detecting either total or phosphorylated (p) forms of the 
kinases (Cell Signaling; 1:1000). Cell lysates of murine bone 
BM macrophages, transfected ex vivo with either adenovirus 
(Ad)-Ctrl or Ad-CCL21  (109 vp/ml; Welgen Inc), were incu-
bated with Abs to examine iNOS (1:1000; Santa Cruz) and 

Arginase 1 (Arg1) (1:500; Santa Cruz) content, compared 
to β-Actin to confirm equal loading.

qRT‑PCR

RNA was isolated using TRIzol (Life Technologies). Con-
version to cDNA and subsequent qRT-PCR analysis were 
performed using the High-Capacity cDNA Reverse Tran-
scription Kit and Taqman Gene expression Master Mix 
(Applied Biosystems). Predesigned Taqman primer/probe 
mixes were purchased from Integrated DNA Technologies. 
Data are presented as fold changes in RNA levels compared 
to control treatment, calculated following the  2−ΔΔCt method, 
with GAPDH and Actin Beta serving as two internal control 
genes [17, 18].

T cell polarization

Donor cells, either PBMCs or selected T cells, were seeded 
at 0% FBS/RPMI for 1 h. Instead of discarding the suspen-
sion cells when replacing the medium with 10% FBS/RPMI, 
they were centrifuged, resuspended in the new medium, and 
put back on the cell cultures. To allow T cell differentiation, 
the medium was supplemented with 1 µg/mL CD3 Ab and 
1 µg/mL CD28 Ab (Biolegend). Simultaneously, various 
stimuli were added. Cells were control-treated (medium) or 
stimulated with CCL21, LPS or a combination of IL-6 and 
IL-1β (all at 100 ng/mL). After 7 days, cell media were col-
lected. DuoSet ELISAs (R&D Systems) were used to quan-
tify protein levels of IL-17 and IFNγ in previously collected 
cell media.

To confirm Th17 polarization in murine cells, we first 
isolated mouse BM cells and cultured them in 10% FBS/
RPMI for 4 days in the presence of 40 ng/mL mM-CSF. On 
day 4, we homogenized fresh spleens to isolate live murine 
splenocytes. We removed the M-CSF-containing culture 
medium and seeded the splenocytes on top of the adherent 
BM cells (1:1; 4 × 106 cells each). These co-cultures were 
incubated for 7 days on 10% FBS/RPMI, supplemented with 
1 µg/mL CD3 Ab and 1 µg/mL CD28 Ab, and stimulated 
with either recombinant murine proteins or recombinant 
adenoviruses. For reference, cultures were control-treated 
or stimulated with a combination of mIL-1β, mIL-6, and 
mTGFβ (all at 100 ng/mL). Alternatively, cells were incu-
bated with an empty adenoviral vector (Ad-Ctrl) or with 
Ad-CCL21 (Welgen Inc) at  109 vp/mL. As a measure for 
Th17 polarization, a DuoSet ELISA (R&D Systems) was 
used to quantify mIL-17 in the media collected after 7 days.

Osteoclastogenesis

Osteoclastogenesis was evaluated following the previously 
described protocol [16]. We used Acid Phosphatase Leukocyte 
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Kit (Sigma-Aldrich) to perform tartrate-resistant acid phos-
phatase (TRAP) staining. Microscopic images were taken at 
10 × magnification and the number of TRAP+ osteoclasts per 
high-power field (HPF) was counted.

Animals

All animal studies were approved by UIC Animal Care and 
Use Committee. WT or CCR7-/- C57BL/6 mice (Jackson lab) 
(≥ 8 weeks) were injected intra-articularly with Ad-Ctrl or Ad-
CCL21 (3 ×  1010 vp/ankle), on days 0 and 7. Joint circumfer-
ence was monitored as previously described [19], until mice 
were sacrificed on day 10. Both the anterior–posterior and the 
lateral diameter (a and b) were measured using a caliper and 
the circumference (c) was calculated using the formula c = 2π 
× √[(a2 + b2)/2]. Ankles were homogenized in 1 mL of TRI-
zol for RNA isolation and qRT-PCR, or fixed in 10% formalin, 
decalcified, and paraffin-imbedded for immunohistochemistry.

Immunohistochemistry

Slides were deparaffinized in xylene and antigens were 
unmasked by either incubating slides in Proteinase K diges-
tion buffer (Roche, F4/80), 10 mM citrate (pH 6.0) + 0.05% 
Tween-20 (iNOS Arg1, CD3 and Vimentin), or 10 mM Tris 
(pH 9.0) + 1 mM EDTA (VWF), as previously described [15]. 
H&E-stained ankles were scored by two independent, blinded 
observers for inflammation, synovial lining thickness and bone 
erosion on a 0–5 scale. Alternatively, ankles were stained with 
F4/80 Ab (1:100; GeneTex), iNOS Ab (1:200; Santa Cruz), 
Arg1 Ab (1:200; Santa Cruz), CD3 Ab (1:100; Genetex), 
Vimentin (1:2000; Thermo Scientific), or VWF Ab (1:1000; 
Dako). TRAP staining was performed as previously described 
[16]. Osteoclastogenesis in the mouse ankles was quantified 
by counting the number of TRAP+ osteoclasts in each section.

Statistical analysis

GraphPad Prism 7 software was used both to create included 
figures and to perform statistical analysis. When comparing 
multiple groups, statistical significance was first confirmed 
by ANOVA. Differences between two groups were evaluated 
by unpaired t test, unless otherwise specified. p values below 
0.05 were considered significant.

Results

Expression of myeloid CCR7 is highly upregulated 
in RA blood and synovial fluid

First, we characterized the expression and functional signif-
icance of CCR7 in RA patients. CCR7 mRNA levels were 

threefold higher in RA compared to NL PB monocytes and 
in vitro differentiated macrophages (Fig. 1a). Notably, RA 
SF macrophages express the highest CCR7 RNA levels, both 
compared to NL and RA PB differentiated macrophages 
(720- and 260-fold, respectively; p < 0.0001). Accordingly, 
the percentage of double-positive CD14+CCR7+cells was 
twofold higher in RA monocytes and macrophages com-
pared to those in NL counterpart cells (Fig. 1b). In contrast, 
while T cells also express CCR7, no difference was observed 
in the CD3+CCR7+ cell population between NL and RA 
patients (Fig. 1c). Furthermore, patients treated with TNF 
Ab ± DMARD had similar CCR7 mRNA levels in RA mono-
cytes as those receiving DMARD therapy (Fig. 1d). Since 
CCR7 expression was highly accentuated in RA SF mac-
rophages, known to have a strong M1 profile, we next explored 
the connection between CCR7 and macrophage polarization 
(Fig. 1e). Differentiation of naïve macrophages into M1 by 
IFNγ + LPS treatment enhances CCR7 expression by 3.5-
fold (p = 0.0061). In contrast, IL-4-induced M2 polarization 
reduces CCR7 levels (p = 0.0114). Moreover, regression anal-
ysis demonstrates that patients with greater DAS28 exhibit 
increased CCR7 expression in RA monocytes (R2 = 0.87) and 
macrophages (R2 = 0.72) (Fig. 1f, g). Our data suggest that 
CCR7 is highly upregulated in RA blood and SF myeloid cells 
and its levels are linked to M1 differentiation and RA disease 
activity.

CCL21 promotes CCR7+ monocyte accumulation 
in RA

Because elevated myeloid CCR7 expression correlates with 
DAS28, we asked whether high levels of CCL21 in the RA 
SF are implicated in attracting circulating monocytes into 
the joint. Immuno-neutralization of CCR7 on monocytes or 
CCL21 in RA SF significantly reduces the chemotactic activ-
ity of RA SF (Fig. 2a, b; p = 0.0024). In parallel, recombi-
nant CCL21 similarly induces monocyte chemotaxis, in a 
CCR7-dependent manner (Fig. 2c). Signaling studies reveal 
that CCL21 induces p38 and ERK phosphorylation and IκB 
degradation (Fig. 2e). Inhibition of NF-κB and p38 signal-
ing confirms their contribution to CCL21-induced monocyte 
chemotaxis (Fig. 2e; p = 0.0226 and p = 0.0099, respectively). 
However, while we observed a trend, the ERK inhibitor did 
not significantly reduce monocyte migration (p = 0.0777). In 
contrast, Akt phosphorylation was not affected by CCL21, nor 
did PI3K inhibition impact monocyte chemotaxis (Figs. 2d, e). 
In short, joint CCL21 attracts CCR7+ monocytes by activating 
NF-κB and p38 pathways.



1392 K. Van Raemdonck et al.

1 3

CCL21 connects M1 macrophages to Th17 cell 
differentiation

Given that the expression of CCR7 increases as mono-
cytes differentiate into macrophages and following M1 
polarization, we examined whether CCL21 can exacerbate 
expression of inflammatory M1 markers. Although the fre-
quency of double-positive CD14+CD86+ cells is elevated 
by CCL21 stimulation of naïve macrophages (Fig. 3a, b), 
CCL21-polarized macrophages exhibit an atypical M1 
chemokine profile. Expression of traditional M1 cytokines 
including CCL2, CCL5, and TNF, does not change upon 
CCL21 stimulation. However, we do note significantly ele-
vated transcription of IL-6 and IL-23 in CCL21-polarized 
macrophages (Fig. 3c). In line with these findings, CCL21 
stimulation dose-dependently upregulates IL-6 protein pro-
duction (Fig. 3d).

As IL-6 and IL-23 are involved in Th17 differentiation 
and maintenance [20, 21], we evaluated the effect of CCL21 
on T cell polarization. For this purpose, RA PBMCs were 
control-treated or stimulated with IL-1β + IL-6 (Th17 + 
Ctrl), LPS (Th1 + Ctrl), or CCL21 and conditioned media 
were screened for production of Th17 and Th1 markers 
(Fig. 3e, f). We found that PBMCs stimulated with CCL21 

secrete higher protein levels of IL-17, indicative of Th17 
polarization. In contrast to the positive control, Th1 differ-
entiation or IFNγ production was not impacted by CCL21. 
Notably, when T cells are cultured in the absence of myeloid 
cells, CCL21 loses its ability to induce Th17 cell polari-
zation (Fig. 3g; p = 0.3143). The data suggest that CCL21 
does not induce Th17 differentiation directly. Nevertheless, 
it operates indirectly by affecting myeloid cell production 
of Th17-promoting cytokines. CCL21 stimulation of RA 
CCR7+ macrophages cultivates a unique subset of M1 mac-
rophages that amplifies Th17 cell differentiation.

CCL21‑induced Th17 polarization contributes 
to osteoclastogenesis

A defining step in the progression of RA is the formation of 
osteoclasts, which can actively destroy the bone and carti-
lage. Under suboptimal osteoclastogenic condition (10 ng/
ml M-CSF/RANKL), RA SF can transform RA PBMCs into 
mature osteoclasts. Interestingly, neutralizing Abs to CCL21 
or CCR7 protect against RA SF-induced osteoclastogenesis 
(Fig. 4a; p = 0.0455 and p = 0.0472, respectively). RA osteo-
clast progenitor cell cultures activated by CCL21 express 
IL-17 (Fig. 4b). As previously reported, Th17 cells/IL-17 

Fig. 2  CCL21/CCR7 signaling promotes monocyte chemotaxis. The 
chemotactic activity of monocytes, exposed to various stimuli for 2 h, 
was tested in a Boyden chamber. Data represent the number of mono-
cytes counted over 3 HPF and are presented as mean ± sem. PBS was 
used as a negative control (−) and FMLP (10 nM) as a positive con-
trol (+). a, b Monocytes were stimulated with 5% RA SF in the pres-
ence of either a control Ab (IgG) or neutralizing Abs against CCR7 
or CCL21 (n = 6). c CCL21-induced chemotaxis was also neutralized 
with CCR7 Ab (n = 3). d Monocytes treated with signaling inhibitors 

(5 μM), MG132 (MG), PD98059 (PD), SB203580 (SB) or LY294002 
(LY), were stimulated with CCL21 (10 ng/mL) (n = 3). e Cell lysates 
of monocytes stimulated for 5–65 min with CCL21 (10 ng/mL) were 
processed for WB, to detect the phosphorylation status of signaling 
molecules ERK, p38 MAPK and Akt. IκB degradation was quanti-
fied as a measure for NFκB activity. The blot shown is one repre-
sentative out of three independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.005
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and its inducers, including IL-6 and IL-23, play a central 
role in RA osteoclastogenesis [22]. We demonstrate that 
CCL21 can remodel RA PBMCs into TRAP+ osteoclasts. 
This function is impaired by blocking Abs against IL-6R, 
IL-23 and IL-17 (Fig. 4c, d) (p = 0.0016, p < 0.0001, and 
p < 0.0001, respectively). Collectively, our findings indicate 
that, by promoting Th17 polarization, M1 cytokines induced 
by CCL21 stimulate osteoclastogenesis.

CCL21 induces erosive arthritis characterized 
by monocyte infiltration, M1/Th17 polarization, 
osteoclastogenesis, and vascularization

We next evaluated the effect of CCL21 on murine cells, 
by transfecting BM macrophages with an empty adenovi-
ral vector (Ad-Ctrl) or Ad-CCL21 (Fig. 5a, d). Ad-CCL21 
markedly increased the production of M1 cytokines TNF and 
CCL5 (Fig. 5a). Similar to our previous data, protein levels 
of IL-6 were highly upregulated in the presence of CCL21 
(Fig. 5b). These findings were substantiated by WB analysis, 
showing higher levels of M1-associated iNOS and reduced 

M2-associated Arg1 following CCL21 stimulation (Fig. 5c). 
Accordingly, in CCL21-activated BM macrophage and sple-
nocyte co-cultures, higher levels of IL-17 were detected 
(Fig.  5d). This suggests that similar to human studies, 
CCL21-induced IL-6 promotes murine Th17 polarization.

Through intra-articular injection of Ad-CCL21, we 
induced local overexpression, resulting in sevenfold higher 
levels of CCL21 on day 5 postinjection relative to control 
(Fig. 5e). Local expression of CCL21 in WT mice increases 
ankle circumference as early as day 2 (Fig. 5f). Joint swell-
ing plateaus thereafter, but inflammation is potentiated 
following a second injection on day 7. Conversely, both 
clinical and histological analyses demonstrate that local 
expression of CCL21 does not impact joint inflammation, 
synovial lining thickness, or osteoclastic bone erosion in 
CCR7−/− compared to WT mice (Fig. 5f, g).

In the ankles of CCL21 arthritic mice, we detected highly 
elevated expression of TNF, CCL2, and CCL5 (Fig. 5i). 
When the macrophage profile was analyzed, we accord-
ingly noted that local CCL21 expression was responsible 
for remodeling F4/80 macrophages to a predominately 

Fig. 3  CCL21 stimulates M1-driven Th17 polarization. a, b Differ-
entiated PBMC were stimulated with CCL21 (100  ng/mL) for 24  h 
and then stained with Ab against CD14 (pan-macrophage marker) 
and CD86 (M1) for FACS analysis. a Flow chart of one representa-
tive experiment out of 6 is shown. b Percentage of double-positive 
CD14+CD86+ cells are represented as a box and whiskers plot, 
including individual percentages (n = 6). A paired t test was used 
to assess statistical significance of the difference between untreated 
(Ctrl) and CCL21-treated cells. c PBMCs untreated (Ctrl) or stimu-
lated with CCL21 (300 ng/mL) for 24 h were processed for qRT-PCR 
analysis (n = 7). CCL21-induced gene expression is expressed as a 
fold change  (2−ΔΔCt) of baseline gene expression (Ctrl = 1), analyzed 

by multiple t tests. d IL-6 protein levels were measured by ELISA 
in the cell media of NL PBMCs stimulated with different concentra-
tions of CCL21 for 48  h (n = 5). e, f IL-17 (Th17) and IFNγ (Th1) 
protein levels were measured by ELISA in the cell media of PBMCs 
differentiated over 7 days in the presence of CD3 Ab and CD28 Ab, 
stimulated with CCL21, IL-1β and IL-6, LPS (all 100 ng/mL) or left 
untreated (Ctrl) (e: n = 7; f: n = 5). g Similarly, cell media of nega-
tively selected T cells cultured under the same conditions were also 
collected for IL-17 ELISA (n = 4). d–g Protein levels were compared 
using a non-parametric Mann–Whitney test. Data are presented as 
mean ± sem. *p < 0.05, **p < 0.01, ***p < 0.005
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iNOS + phenotype (Fig. 5k, l). Consistently, Arg1 stain-
ing and joint TGFβ expression levels were inferior to the 
levels of M1-associated markers expressed in the CCL21 
arthritic mice. We also found that the transcription of 

Th17-promoting cytokines IL-6, IL-1β, and IL-23, as well 
as IL-17 was upregulated by CCL21 (Fig. 5j). In contrast, 
CCL21 expression did not impact IL-12, a Th1 inducer 
(Fig. 5i).

Fig. 4  CCL21/CCR7 promotes 
osteoclastogenesis, mediated by 
IL-6/IL-23-induced Th17 cells. 
a RA PBMCs cultured in sub-
optimal osteoclastogenic condi-
tions (10 ng/mL M-CSF and 
RANKL; 10/10) were control-
treated with only cell media (−) 
or stimulated with RA SF (2%), 
combined with IgG, CCL21 Ab 
or CCR7 Ab (10 µg/mL). As a 
positive control (+) cells were 
stimulated with optimal concen-
trations of M-CSF and RANKL 
(20 ng/mL). After 14–21 days 
of differentiation (fresh 
stimuli × 2/week), a TRAP 
staining was performed and the 
stained, multinuclear osteoclasts 
were counted (n = 6). b PBMCs 
conditioned in suboptimal oste-
oclastogenic conditions (10/10) 
were untreated or stimulated 
with either CCL21 (100 ng/
mL) or 20 ng/mL M-CSF and 
RANKL (20/20) for 48 h. IL-17 
protein levels were measured in 
the collected cell media through 
ELISA. Differences in IL-17 
protein levels were assessed 
using a one-tailed unpaired t 
test (n = 3). Data are presented 
as mean ± sem. c, d Finally, NL 
PBMCs cultured in suboptimal 
osteoclastogenic conditions 
(10/10) were untreated or stimu-
lated with CCL21 (100 ng/mL), 
in the presence of a control IgG 
or neutralizing Abs, IL-6R Ab, 
IL-23 Ab or IL-17 Ab (10 µg/
mL). After 21 days of differen-
tiation (fresh stimuli × 2/week) 
and following TRAP staining, 
osteoclasts were counted (n = 9; 
3 donors tested in triplicate). 
c Images of TRAP+ cells 
(original magnification × 10) 
from one representative donor 
out of three are shown. d 
Counts are represented as a box 
and whiskers plot, including 
individual datapoints. *p < 0.05, 
**p < 0.01, ***p < 0.005
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Fig. 5  Ad-CCL21 induces M1-driven joint inflammation and Th17 
polarization in mice. a–d Murine BM macrophages cultured ex vivo 
were transfected with recombinant adenoviruses Ad-Ctrl (empty 
vector) or Ad-CCL21. After 3  days, cell media was collected for 
ELISA (a, b; n = 3–4) and the adherent cells were lysed for western 
blot (c; 1 representative experiment out 3 shown). d Co-cultures of 
murine BM macrophages and splenocytes were incubated for 7 days 
to allow Th cell differentiation, after infection with Ad-Ctrl or Ad-
CCL21. Mouse IL-17 protein levels were determined by ELISA and 
presented as a fold change in protein levels versus Ad-Ctrl-treated 
cultures (n = 6). e WT mouse joints, injected with Ad-Ctrl and Ad-
CCL21, were homogenized on day 5 to validate local CCL21 produc-
tion by ELISA (n = 8). f–l WT and CCR7-deficient (CCR7 −/−) mice 

were injected intra-articularly with Ad-Ctrl or Ad-CCL21, on day 0 
and day 7. f Changes in joint circumference were monitored over the 
course of 10 days (n = 14 ankles/group). On day 10, joints were col-
lected for immunohistochemistry and qRT-PCR. g, h Tissue sections 
were stained with H&E and scored for inflammation, synovial lining 
thickness and bone erosion on a 0–5 scale (n = 7). i, j WT adenovirus-
treated joints were processed for qRT-PCR analysis. RNA levels of 
various cytokines related to macrophage (i) and Th17 (j) polariza-
tion were evaluated (n = 14). Gene expression is expressed as a fold 
change  (2-ΔΔCt) of baseline gene expression (Ad-Ctrl). k, l Tissue sec-
tions were also stained for macrophage markers F4/80 (n = 7), iNOS 
and Arg1 (n = 4–5) and staining was scored on a 0–5 scale. Data are 
presented as mean ± sem. *p < 0.05, **p < 0.01, ***p < 0.005
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Interestingly, histological studies revealed a modest, 
yet significant upregulation of CD3+ T cells and Vimen-
tin+ fibroblasts in the CCL21-induced arthritic joints 
(Fig. 6a, b). Hence, the presence of joint T cells and fibro-
blasts and their synergistic cell-to-cell interaction with 
myeloid cells may contribute to the broader panel of M1 
cytokines observed in vivo relative to the more limited range 
produced by in vitro differentiated macrophages.

Osteoclastogenesis was exacerbated by CCL21 as evi-
denced by the upregulation of RANKL, RANK, and 
CTSK transcription and numbers of TRAP+ cells in the 
arthritic joints compared to their control-treated counter-
parts (Fig. 6c–e). In addition, elevated expression levels of 
PECAM1, an endothelial marker, and upregulated VWF 
staining support the role of CCL21 in propagating erosive 
arthritis in part through joint vascularization (Fig. 6f–h). 
These findings validate the previously reported direct and 
indirect proangiogenic effects of CCL21 in RA [1, 4].

Discussion

The current study reveals the mechanism by which the 
CCL21/CCR7 pathway impacts different stages of RA 
pathogenesis. In the early stages of disease, CCL21 
expressed in the RA SF attracts circulating monocytes. Dur-
ing RA progression, infiltrated macrophages are remodeled 
to M1 cells that produce IL-6 and IL-23 and polarize naïve 
T cells into pathogenic Th17 cells. M1-driven Th17 cell 
differentiation, facilitated by CCL21, in turn fosters osteo-
clastogenesis, thereby initiating the destructive phase of the 
disease. Taken together, local expression of CCL21 provokes 
erosive arthritis by connecting M1 and Th17 cells, while 
joint neovascularization and progressive immune cell influx 
further exacerbate disease (Fig. 6i).

Supporting the close association of DAS28 with myeloid 
CCR7 expression, others have observed that in the 1st year 
of RA diagnosis, CCR7 levels on monocytes correlate with 
C reactive protein levels [13]. Although CCL21 and CCR7 
modulate physiological T cell homing, their effect on mono-
cyte recruitment had not been explored. We now show that 
SF CCL21 plays an important role in recruiting CCR7+ RA 
monocytes. Interestingly, others have shown that CCL21 
Ab therapy alleviates experimental myocardial infarction 
by indirectly downregulating neutrophil and monocyte 
extravasation [23]. They attributed this diminished immune 
cell recruitment to a reduction of secondary respective 
neutrophil and monocyte chemoattractant levels, observed 
after CCL21 neutralization. However, said study did not 
consider the potential for CCL21 to mediate immune cell 
influx directly. Some studies did evaluate the direct chemot-
actic effects of CCL21 on other inflammatory cells, focusing 
on dendritic cells. In atherosclerotic plaques, for example, 

oxidized LDL has been reported to reduce levels of CCR7 
and CCL21, thereby suppressing dendritic cell infiltration 
[24]. Our findings do not only reveal that CCL21 actively 
attracts monocytes to the joints, but also that synovial mac-
rophages continue to be crucial effector cells in CCL21-
induced arthritic mice.

We document that CCL21 can transform naïve mac-
rophages into a unique M1 phenotype that expresses IL-6 
and IL-23, while production of typical M1 cytokines TNF, 
CCL2, and CCL5 remains unchanged. Perhaps, this indi-
cates that CCL21 is less critical for the initial M1 polariza-
tion when CCR7 levels are modest. Although we show that 
monocyte-to-macrophage differentiation increases CCR7 
cell surface expression, its presence is even more markedly 
enhanced by M1-promoting factors and is suppressed by M2 
inducers. Hence, M1 macrophages with elevated levels of 
CCR7 could be more responsive to CCL21 activation than 
naïve macrophages. CCL21 could sustain the CCR7 + M1 
phenotype and, furthermore, establish a distinct inflamma-
tory profile, which differs from the typical M1 secretome. 
This is consistent with earlier findings suggesting that 
CCL21 activates signaling in M1, but not M2 macrophages 
[25]. Notably, local expression of CCL21 in mouse ankle 
joints induces a wider range of classical M1 factors. These 
differences may be due to the extended CCL21 exposure 
in the ankles, which can promote both direct and indirect 
effects, as well as the presence of multiple cell types that fur-
ther amplify CCL21-induced inflammation. Authenticating 
the central role of CCL21 in M1 differentiation, we show the 
dominance of F4/80+iNOS+ over F4/80+Arg1+ cells in the 
ankles of arthritic mice and further document the depend-
ency of CCL21-differentiated Th17 cells on M1 cytokines.

In contrast to earlier findings, we did not find any associa-
tion between CCL21 and Th1 cell polarization, in part due 
to lack of IL-12 induction [26]. However, a strong link was 
identified between CCL21-stimulated M1 factors, IL-6 and 
IL-23, and arthritic Th17 cell differentiation. Interestingly, 
IL-17 modulates expression of CCR7 in RA fibroblasts and 
endothelial cells [4]. This may suggest that there is a feed-
back regulation between CCL21-induced Th17 polariza-
tion and responsiveness of RA fibroblast and endothelial 
to CCL21.

Current first-line therapy of RA targets either TNF or 
IL-6R. TNF Ab treatment does not impact the CCL21/
CCR7 pathway. We also noted that the expression of CCR7 
is not normalized in RA patients receiving TNF Ab therapy. 
Similarly, in humanized TNF transgenic mice, resolution of 
experimental arthritis mediated by TNF Ab treatment has no 
impact on CCR7 or CCL21 expression in joint macrophages 
[27]. We have demonstrated that IL-6, IL-23, and IL-17 are 
responsible for CCL21-potentiated osteoclast formation. 
Hence, IL-6R Ab therapy may partially suppress CCL21-
induced Th17 polarization and osteoclastogenesis. However, 
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Fig. 6  Macrophage-mediated CCL21/CCR7 pathway in RA patho-
genesis. WT mice were injected intra-articularly with Ad-Ctrl or 
Ad-CCL21, on day 0 and day 7, before ankles were collected on 
day 10 for immunohistochemistry and qRT-PCR analysis. a, b Tis-
sue sections were stained for CD3 and Vimentin (n = 6) and staining 
was scored on a 0-5 scale. c, d Tissue sections were TRAP stained 
to allow quantification of the number of TRAP+ osteoclasts in the 
treated joints (n = 7). e Gene expression of proteins related to osteo-
clastogenesis was evaluated, expressed as a fold change  (2-ΔΔCt) of 

baseline gene expression (Ad-Ctrl) (n = 6). f, g Sections were also 
stained for endothelial cell marker VWF and staining was scored 
on a 0–5 scale (n = 7). h RNA levels related to the vasculature were 
evaluated (n = 6). All data are presented as mean ± sem. *p < 0.05 
**p < 0.01 (i) CCL21-triggered immune cell accumulation and 
M1-Th17 crosstalk promote RA pathogenesis, leading to intra-articu-
lar angiogenesis, osteoclastogenesis and progressive joint destruction, 
as schematically summarized
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IL-6R Ab treatment will not alleviate the proangiogenic 
effects of CCL21, or its direct chemotactic effect on various 
immune cells.

CCR7−/− mice are resistant to CIA, in part due to 
reduced CD3+ cells and increased Treg polarization [11]. 
However, severe defects in the thymic architecture of CCR7-
/- mice have been observed [28], which indicates that long-
term therapeutic inhibition of CCR7 may cause serious side 
effects. A previous study also demonstrated that response 
to infection is mitigated in CCL19/CCL21-deficient mice 
[12]. We postulate that targeted inhibition of CCL21 func-
tion, rather than suppressing both CCR7 ligands, may yield 
optimal results without the side effects.

GWAS studies have identified CCL21 as a risk factor for 
RA [2, 29], and while CCL19 and CCL21 can both increase 
T cell chemotaxis, only CCL21 promotes extravasation [7]. 
Moreover, CCL19 causes CCR7 internalization, resulting 
in receptor desensitization. In contrast, binding of CCL21 
to CCR7 prevents efficient receptor internalization [30]. 
Taken together, these results suggest that CCL19 operates 
as a physiological CCR7 ligand, while CCL21 is mainly 
responsible for the pathological function of CCR7.

Our study is the first to characterize comprehensively 
the impact of CCL21/CCR7 in RA. CCL21-mediated T cell 
accumulation combined with its ability to recruit myeloid 
cells and activate IL-6 and IL-23 transcription enables a 
crosstalk between macrophages and T cells, necessary to 
drive Th17 polarization. Ultimately, this inflammatory 
milieu cultivated by CCL21 fosters osteoclastogenesis. In 
conclusion, blockade of CCL21 function could abrogate 
monocyte infiltration early in RA, prevent M1 and Th17 
crosstalk and impair the progression of RA joint inflamma-
tion and bone destruction.
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