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Abstract
Objective—These studies were performed to determine the role of CCL21 and its corresponding
receptor CCR7 in the pathogenesis of Rheumatoid Arthritis (RA).

Methods—Histological studies were performed to compare the expression of CCR7 and CCL21
in RA synovial tissues. Next the role of CCL21 and/or CCR7 in angiogenesis was examined
employing in vitro chemotaxis, tube formation and in vivo matrigel plug assays. Finally the
mechanism by which CCL21 mediates angiogenesis was determined by Western blot analysis,
endothelial chemotaxis and tube formation.

Results—In this study, we document that CCR7 and CCL21 colocolize in VWF+ cells where
their expression is elevated in RA synovial tissue. Hence the ability to induce angiogenesis was
examined for CCR7 ligands, CCL19 and CCL21. CCL21, but not CCL19, at concentrations
present in the RA joint, induces human microvascular endothelial cell (HMVEC) migration that is
mediated through CCR7 ligation. Further, suppression of the PI3K pathway markedly reduces
CCL21-induced HMVEC chemotaxis and tube formation, however suppression of ERK and JNK
pathways has no effect on these processes. Neutralization of either CCL21 in RA synovial fluids
or CCR7 on HMVECs significantly reduces the induction of HMVEC migration and/or tube
formation by RA synovial fluid. We further demonstrate that CCL21 is angiogenic, by showing its
ability to promote blood vessel growth in matrigel plugs in vivo at concentrations present in RA
joint.

Conclusion—These observations identify a novel function for CCL21 as an angiogenic mediator
in RA, supporting CCL21/CCR7 as a therapeutic target in RA.
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Rheumatoid arthritis (RA) is a chronic systemic disorder characterized by the development
through angiogenesis of new capillaries, which results in the infiltration of inflammatory
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cells leading to synovial hyperplasia and progressive bone destruction. Angiogenesis is
dependent on endothelial cell activation, migration and proliferation, and inhibition of
angiogenesis may provide a novel therapeutic approach in RA.

CCL21 and CCL19 are two CCR7 binding chemokines that play an important role by
modulating the circulation of T cells and dendritic cells within lymphoid and peripheral
organs (1). Consistently, CCR7 deficient mice show defective migration of lymphocytes and
dendritic cells into the T-cell zones (2).

Previous studies have demonstrated that CCL21 is expressed by lymph node endothelial
cells and functions as an endothelial cell growth factor (3). Expression of CCL21 is
associated with formation of tertiary lymphoid tissue, a process called lymphoid neogenesis
(4). Recent studies using antigen-induced arthritis in CCR7 deficient mice showed lessened
arthritis. However due to abnormalities in lymphoid architecture detected in CCR7-/- mice it
is unclear whether amelioration of arthritis is due to these structural issues (5). Nevertheless,
a role for CCR7 and/or CCL21 in RA angiogenesis is undefined.

In a recent study we demonstrated that like CCR7, CCL21 expression is elevated on RA
synovial tissue lining macrophages and fibroblasts as well as in sublining endothelial cells.
Macrophages from RA synovial fluid express higher levels of CCL21 compared to RA and
normal (NL) peripheral blood in vitro differentiated macrophages (6).

Ligation of CCL21 in RA fibroblasts and macrophages induced production of proangiogenic
factors such as VEGF, Ang-1 and IL-8, suggesting that CCL21 plays an indirect role in RA
angiogensis (6). In contrast, others have shown that CCL19 activated RA synovial tissue
fibroblasts produce VEGF while this effect was not noted with CCL21 stimulation (7).
These observations are consistent with the association of CCR7 expression with hypoxia, a
process that is essential for initiation of angiogenesis (8). It was shown that Hypoxia
Inducible Factors (HIF) 1α and 2α are responsible for upregulating CCR7 levels and
inhibition of CCR7 and/or ERK1/2 signaling pathway significantly suppresses hypoxia
induced cell migration and invasion, hence supporting the role of CCR7 in angiogenesis (8).

In this study we show that expression of CCL21 and CCR7 in RA blood vessels is
comparable and demonstrates a linear correlation. Additionally, cells in the RA synovial
tissue lining including RA fibroblasts and macrophages activated with CCL21 produce
potent proangiogenic factors (6) hence the direct role of CCL21 in RA angiogenesis was
evaluated. Our results demonstrate that CCL21-induced HMVEC chemotaxis and tube
formation are mediated by CCR7 ligation and activation of the PI3K pathway. Further we
demonstrate that CCL21 enhances formation of blood vessels in vivo through recruitment of
endothelial cells as well as endothelial progenitor cells (EPCs) in concentrations available in
RA synovial fluid and tissue. Interestingly we show that factors in RA synovial fluid can
greatly increase endothelial CCL21 expression making fluids an important source for
CCR7+ cell attraction. Finally, we demonstrate that RA synovial fluid-mediated endothelial
migration and/or tube formation is significantly reduced by CCL21 and/or CCR7
neutralization. In short our data suggest that therapy directed against CCR7 ligation may
reduce leukocyte migration into the diseased joint by inhibiting angiogenesis in RA.

MATERIALS AND METHODS
Antibodies and immunohistochemistry

The studies were approved by the Institutional Review Board, and all donors gave informed
written consent. RA synovial tissues were recruited from the practices of orthopedic
surgeons and samples were de-identified. RA and NL synovial tissues were formalin fixed,
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paraffin embedded and sectioned. Synovial tissues were immunoperoxidase-stained using
Vector ABC Kits (Vector Laboratories) with diaminobenzidine (DAB) as a chromogen.
Slides were deparaffinized in xylene for 20 min followed by rehydration by transfer through
graded alcohols. Antigens were unmasked by incubating slides in boiling citrate buffer for
15 min, followed by type II trypsin digestion for 30 min at 37°C. Nonspecific binding of
avidin and biotin was blocked using an avidin/biotin blocking kit (Vector Laboratories).
Tissues were incubated with antibodies to human CCR7 (1:500; R & D Systems,
Minneapolis, MN), CCL21 (1:67; R&D Systems), LYVE-1 (1:25; R&D Systems), VWF
(1:1000; Dako Carpinteria, CA) or IgG (Beckman Coulter). For immunohistochemistry
performed in Figs. 1A, F and G slides were counterstained with Harris hematoxylin and
treated with lithium carbonate for bluing. For CCL21+ VWF+ studies performed in Fig. 1E,
Texas red labeled anti-goat (1:200; Abcam Cambridge, MA) was employed to visualize
CCL21 staining and FITC-conjugated anti-rabbit (1:250; Abcam Cambridge, MA) was used
to visualize VWF immunostaining in RA synovial tissues. Slides were evaluated by two
blinded observers (A.M.M. and M.V.V.) (9-12). Tissue sections were scored for lining and
endothelial staining (on a 0-5 scale) (6, 13, 14). CCR7 and CCL21 positive blood vessel
staining was scored (0-5 scale) in 12 HPFs (blood vessels were identified by morphology in
serial sections of CCR7 and CCL21 stained slides). CCR7 and CCL21 positive lymphatic
vessel staining was scored in 15 HPFs (lymphatic vessels were identified by LYVE-1+
staining in serial sections of CCR7 and CCL21 stained slides). The correlation of the
receptor and ligand expression on blood vessels was determined by regression analysis.

To localize CCR7 to macrophages or endothelial cells in RA synovial tissues, slides were
deparaffinized and the antigen was unmasked by Proteinase K digestion buffer (Dako) for
10 min. Using an Invision G2 kit (Dako) tissues were stained with anti-CCR7 (1:25 dilution,
R&D Systems) employing DAB (brown staining) as a chromogen. Thereafter tissues were
blocked and stained with anti-VWF (1:1000, Dako) or anti-CD68 (1:100, Dako) employing
Fast red (red staining) as a chromogen following manufacturers’ instruction (Dako).

Cell isolation, culture and procedures
NL peripheral blood (PB) mononuclear cells were isolated by Histopaque gradient
centrifugation (Sigma-aldrich, St. Louis, MO). Monocytes were isolated from NL PB
employing a negative selection kit (StemCell Technologies, Vancouver, Canada) according
to the manufacturers’ instructions (6, 13). Monocytes were subsequently differentiated to
macrophages by culturing in RPMI containing 20% FBS for 7 days. Synovial tissue
fibroblasts were isolated from fresh RA synovial tissues by mincing and digestion in a
solution of dispase, collagenase, and DNase and used between passages 3 and 9 (15).
Macrophages or RA fibroblasts were untreated or treated with LPS (Sigma, 10 ng/ml), TNF-
α (R&D Systems, 10 ng/ml), IL-1β (R&D Systems, 10 ng/ml), IL-17 (R&D Systems, 50 ng/
ml) and RA synovial fluid (1:4). Cells were harvested after 6 h and the CCR7 mRNA levels
were quantified by real-time RT-PCR (6, 13).

Since the number of endothelial cells obtained from RA synovial digest was very restricted
and were easily overgrown by RA synovial tissue fibroblasts we compared the expression of
CCR7 in a number of primary endothelial cell types in order to select one as a surrogate for
RA endothelial cells. Skin and lung HMVECs (Lonza, Walkersville, Maryland) and human
umbilical vein endothelial cells (HUVEC) (Lonza) were cultured in endothelial growth
medium EGM-2MV. In a different experiment, skin HMVECs were either untreated or
treated with IL-17 (R&D Systems, 50 ng/ml) and RA synovial fluid (1:4) for 6h.
Subsequently cells were harvested and mRNA expression for CCR7 or CCL21 was
quantified by real-time RT-PCR.
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Quantification of CCR7 or CCL21 expression in different cell types
RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) and reverse transcription and
real-time RT-PCR were performed to determine CCR7 and/or CCL21 expression levels as
previously described (16-18). Relative gene expression was determined by ΔΔCt method,
and results were expressed as fold increase above conditions indicated in the figure legends.
To determine levels of CCR7 (1:1000; R&D Systems) in lung and skin HMVECs as well as
HUVECs, Western blot analysis was performed on cell lysates from each cell type and equal
loading was determined by actin blotting (1:3000; Sigma).

HMVEC chemotaxis
To examine chemotaxis, skin HMVECs (1.25×104 cells) were placed in a 48-well Boyden
chemotaxis chamber (NeuroProbe, Cabin John, MD) (19, 20). Chambers were inverted and
incubated at 37°C for 2h, allowing cell attachment. Chambers were reinverted, and PBS,
positive control VEGF (10 ng/ml; R&D Systems), CCL19 or CCL21 at varying
concentrations from 0.001 to 100 ng/ml (R&D Systems) was added and chambers were
incubated for 2h at 37°C. The number of migrating cells was counted and the data represent
an average of three high power × 40 fields/well, averaged for each triplicate. To test the
specificity of CCL21-induced HMVEC migration (1, 10 and 50 ng/ml), HMVECs were
blocked by anti-CCR7 antibody or IgG control (10μg/ml for 1hr in 37°C) (R&D Systems)
(18, 21). To define which signaling pathway(s) mediated CCL21-induced HMVEC
chemotaxis, HMVECs were incubated with inhibitors to PI3K (LY294002; 1 or 5 μM),
ERK (PD98059; 1 or 5 μM), JNK (SP600125; 1 or 5 μM) or DMSO for 2h in the Boyden
chamber with CCL21 (10 ng/ml). To determine the role of CCL21 and/or CCR7 in RA
synovial fluid-mediated endothelial migration, HMVEC chemotaxis induced by RA
synovial fluids was examined following incubation of fluids (1:20) with control IgG or anti-
CCL21 antibody (10 μg/ml; R&D Systems) (18, 21) or treatment of HMVECs with
antibodies to CCR7 (10 μg/ml) or IgG control (18, 21).

Characterization of CCL21 signaling pathways in HMVECs
HMVECs were untreated or treated with CCL21 (10 ng/ml) for 5 to 65 min. Cell lysates
were examined by Western blot analysis, as previously described (16, 18, 22). Blots were
probed with phospho (p)-AKT, pERK and pJNK (Cell Signaling; 1:1000) and/or with AKT,
ERK and JNK (Cell Signaling; 1:3000) overnight.

HMVEC tube formation assay
To perform the matrigel tube formation assay, BD Matrigel Matrix (BD Pharmingen, 50 μl)
was polymerized for 30 min at 37°C in a 96-well plate. To examine which signaling
pathways contribute to CCL21-mediated HMVEC tube formation, HMVECs (4×105 cells/
ml) were incubated with inhibitors (1 or 5 μM) to PI3K (LY294002), ERK (PD98059), JNK
(SP600125) or DMSO for 45 minutes at 37°C prior to adding to polymerized matrigel.
CCL21 (10ng/ml) was then added to the wells and the plate was incubated for 16h at 37°C.
To determine that CCR7 plays a role in RA synovial fluid-induced HMVEC tube formation,
HMVECs were incubated with antibody to CCR7 or IgG for 45 minutes at 37°C. Cells were
then added to polymerized matrigel, RA synovial fluid (1:20) was added to the wells, and
incubated for 16h at 37°C. Each condition was performed in triplicate, FGF (20 ng/ml) and
PBS were used as positive or negative control. Thereafter, tube formation was quantified
using calcein fluorescent dye (BD Pharmingen) according to the manufacturers’ instructions.
Subsequently, the number of branch points/tubes was quantified as previously described (20,
21, 23).
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Matrigel plug assay in vivo
To examine the effect of CCL21 on angiogenesis in vivo, we used a matrigel plug assay.
C57BL/6 mice were injected subcutaneously with 500 μl matrigel containing PBS or bFGF
(100 ng) as negative or positive control and mouse CCL21 (4 μg) served as the experimental
condition. After 10 days, mice were sacrificed; matrigel plugs were removed and analyzed
for vascularity. For hemoglobin measurement, plugs were weighed and homogenized and a
serial dilution of methemoglobin was prepared for quantification purposes (21, 23). Fifty
microliters of supernatants or standards were added to a plate in duplicate and 50 μl
tetramethylbenzidine were added to each sample. The plate was allowed to develop at room
temperature, and absorbance was read. To calculate hemoglobin concentrations, the values
(g/dl) were normalized to the weights of the plugs (g) (21, 23). CCL21 levels were also
quantified from day 10 matrigel plug homogenates employing ELISA (R&D systems).

Histology slides from different treatment groups were examined by H&E or Masson’s
trichrome staining and scored by two blinded observers (A.M.M. and M.V.V.) on a 0-4 scale
(14, 21). To determine whether matrigel plugs containing CCL21 were capable of recruiting
EPCs, matrigels from all three treatment groups were stained with anti-VEGFR2 (1:25;
R&D systems) antibody which is a known marker for EPC staining. Slides were processed
and immunoperoxidase-stained using Vector Elite ABC Kits with DAB as a chromogen as
described above in the immunohistochemistry description with the exception that the antigen
did not require unmasking.

Statistical Analysis
The data were analyzed using 2-tailed Student’s t tests for paired and unpaired samples. P
values < 0.05 were considered significant.

RESULTS
CCR7 and CCL21 colocalize in RA synovial tissue sublining endothelial cells

RA and NL synovial tissues were stained with anti-CCR7 antibody in order to characterize
their expression pattern in RA patients compared to NL individuals. We found that CCR7
expression was significantly increased in RA synovial tissue lining and endothelial cells
compared to NL synovial tissue (Figs. 1A-B). We next validated that CCR7 is expressed in
RA synovial tissue macrophages in the lining and endothelial cells in the sublining by
colocalizing CCR7 expression on CD68+ and VWF+ cells (Figs. 1C-D). Since the focus of
this study was to determine RA angiogenesis mediated by CCL21 ligation to CCR7, studies
were performed to colocalize CCL21 and CCR7 expression in VWF+ cells. We show that
CCL21 was positively stained in blood vessels of all 12 RA synovial tissues examined (1.75
± 0.22; supplementary material) (Fig. 1E) and its expression levels are comparable to and
closely correlate with CCR7 immunostaining on blood vessels from the same tissues (1.8 ±
0.26; supplementary material) (R2=0.4; p=0.02) (Fig. 1F). Given that CCL21 and CCR7 are
involved in lymphoid neogenesis, RA synovial tissue serial sections were stained with anti-
CCL21, anti-CCR7 or anti-LYVE-1 antibodies to distinguish whether CCL21 and/or CCR7
were expressed in lymphatic vessels. We found that in RA joints, 8 of the 15 LYVE-1+
fields did not positively stain for CCL21 (0.43 ± 0.12) while CCR7 was present in all
LYVE-1+ fields (1.5 ± 0.09) (Fig. 1G), hence, expression of CCL21 and CCR7 on
lymphatic vessels were uncorrelated (R2=0.009; p=0.7). These results support the role of
CCL21 and CCR7 in RA angiogenesis.

RA synovial fluids modulate expression of CCR7 in macrophages and RA fibroblasts and
levels of CCL21 and CCR7 in endothelial cells. Additionally skin HMVECs may function as
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a surrogate for RA endothelial cells because of elevated levels of CCR7 on skin compared
to lung HMVECs

Since expression levels of CCR7 and CCL21 were elevated in RA synovial tissue lining as
well as sublining endothelial cells, we asked which factors may affect their expression in
macrophages, fibroblasts or endothelial cells. We demonstrate that in macrophages
stimulation with LPS, IL-1β and RA synovial fluid (Fig. 2A) and in RA fibroblasts
activation with IL-17 and RA synovial fluid can significantly increase CCR7 expression
levels (Fig. 2B). Interestingly, in endothelial cells expression levels of CCR7 and CCL21
were modulated by IL-17 and RA synovial fluid stimulation (Fig. 2C) perhaps explaining
the relationship between the expression of this receptor and its ligand on RA blood vessels.
Because RA synovial fluid was the common factor capable of driving the expression of
CCR7 and/or CCL21 in all examined cell types, the role of RA synovial fluid is highlighted
in CCL21 production and attraction of CCR7+ cells. Although RA synovial tissue
endothelial cells express CCR7, obtaining sufficient quantities of RA endothelial cells from
synovial tissues was not possible and these cells were not commercially available; therefore,
expression of this receptor was compared among endothelial primary cell types. We found
that the levels of CCR7 expression were comparable in skin HMVECs and HUVECs which
were both greater than levels expressed in lung HMVECs (Figs. 2D-E). Therefore skin
HMVECs were used as surrogates for RA endothelial cells.

CCL21 but not CCL19 induces endothelial (HMVEC) migration
Next, experiments were performed to determine whether CCR7-corresponding ligands were
involved in HMVEC (skin) chemotaxis and/or tube formation. We found that while CCL21
was chemotactic for HMVECs at concentrations ranging from 1 to 100 ng/ml (p<0.05; Fig.
3B), CCL19 did not induce HMVEC migration (Fig. 3A). The mean concentration of
CCL21 in the RA synovial fluids (n=74) and tissues (n=11) analyzed was 519 ± 38 pg/ml
(up to 3.4 ng/ml) and 824 ± 104 pg/mg (up to 1.6 ng/mg) respectively (6), concentrations
that were highly chemotactic for HMVEC migration. Further, incubation of HMVECs with
neutralizing antibody to CCR7 suppressed CCL21-induced HMVEC migration suggesting
that the chemotactic effect was due to CCR7 ligation (Fig. 3C). These results suggest that
CCL21 can mediate HMVEC migration at concentrations present in the RA joint via CCR7
ligation.

CCL21 activates the PI3K, ERK and JNK pathways in HMVECs, however only inhibition of
PI3K reduces CCL21-induced HMVEC chemotaxis and tube formation

To determine which signaling pathways in HMVECs are activated by CCL21,
phosphorylation of the MAPK and AKT pathways was determined by immunoblot analysis.
Our data demonstrate that CCL21 phosphorylates ERK and AKT1 as early as 35 min while
JNK is activated later, at 65 min (Figs. 4A-C). To determine which signaling pathways
mediate HMVEC migration, chemical inhibitors at concentrations of 1 or 5 μM were
utilized, while 10 μM was toxic and resulted in cell death, as determined by trypan blue
staining (data not shown). Inhibition of ERK and JNK was ineffective in suppressing
CCL21-induced HMVEC chemotaxis, while inhibition of PI3K reduced (p<0.05)
chemotaxis starting at 1 μM (Fig. 4D). Similarly, while inhibition of PI3K (starting at 1μM)
decreased CCL21-mediated tube formation by 35-40% (p<0.05) (Figs. 4E-K), suppression
of ERK and JNK had no effect on this process. These results suggest that CCL21-induced
HMVEC chemotaxis and tube formation are mediated through the PI3K/AKT1 pathway.

CCL21 and CCR7 are involved in RA synovial fluid-mediated HMVEC chemotaxis
Next we asked whether the CCL21 identified in human RA synovial fluid is chemotactic for
HMVECs. We found that RA synovial fluid immunodepleted with anti-CCL21 significantly
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reduced HMVEC chemotaxis (p<0.05), compared with control IgG-treated fluids (Fig. 5A).
Neutralization of CCR7 on HMVECs was effective in suppressing RA synovial fluid-
mediated HMVEC migration (Fig. 5B) and tube formation (Figs. 5C-G) by 30%. These
results suggest that CCL21 and CCR7 may play an important role in RA angiogenesis.

CCL21 induces angiogenesis in vivo in matrigel plugs
The role of CCL21 on angiogenesis in vivo was assessed by determining its effect on blood
vessel formation in matrigel plugs by quantifying hemoglobin levels or histological staining.
The hemoglobin content of the CCL21 treated group was 14 times greater (p<0.05) than the
PBS control (Fig. 6A). Matrigel blood vessel formation was also examined histologically
employing H&E (Figs. 6C, 6F and 6I) and Masson’s trichrome staining (Figs. 6D, 6G and
6J). The histological analysis demonstrated that CCL21 markedly enhances (p<0.05) blood
vessel growth compared to the control group (Fig. 6B). Concentration of CCL21 quantified
from day 10 matrigel plugs was 405 pg/ml ± 89 pg/ml which is within the range of CCL21
levels detected in RA synovial fluid (519 ± 38 pg/ml) and tissue (824 ± 104 pg/mg). We also
asked whether matrigel plugs containing CCL21 were capable of recruiting EPCs. We
document that CCL21 induced EPC extravasation was significantly greater than the PBS
group suggesting that both endothelial cells and EPCs contribute to CCL21 in vivo blood
vessel formation (Figs. 6E, 6H and 6K). These results support the role of CCL21 in
angiogenesis in vivo at concentrations available in RA synovial fluid and tissue.

DISCUSSION
We show that CCR7 and CCL21 are coexpressed on synovial tissue endothelial cells and
that CCR7 ligands CCL19 and CCL21 are capable of inducing macrophages and RA
fibroblasts to produce potent proangiogenic factors (6). Therefore, studies were performed to
determine whether CCL19 or CCL21 ligation to CCR7 may directly contribute to
angiogenesis in RA. Our data demonstrate that while CCL21 induces HMVEC chemotaxis,
CCL19 was not effective in this process. We further demonstrate that CCL21-mediated
HMVEC chemotaxis and/or tube formation are mediated through ligation to CCR7 on
HMVECs and activation of the PI3K pathway. Lastly, we document that CCL21 can form
blood vessels at concentrations detected in the RA joint. Hence, these results support a novel
role for CCL21 in RA angiogenesis.

CCL21 and CCR7 colocolize on RA endothelium where their expression is correlated.
Conversely, results from previous studies show that CCL21 was only weakly expressed on
RA blood vessels while demonstrating that 100% of CCL21 producing vessels were
LYVE-1+ in the RA synovium (24). Our data demonstrate that close to 50% of LYVE-1+
fields positively stained for CCL21 while CCR7 immunostaining was present on all
LYVE-1+ fields. The variability of our results may be due in part to heterogeneity of RA
disease or patient treatment. Hence RA synovium utilized by Manzo et al. (24) may have
been obtained from patients with less disease activity since only 12 of 27 patients were on
substantial treatment and as a result inflammatory factors such as IL-17 that elevate
expression of CCL21 may not have been present or may have been expressed in lower
concentrations. Thus, CCL21 immunostaining on blood vessels demonstrated a weak
intensity. Unlike Manzo et al. (24), our lower percentage of CCL21 staining in LYVE-1+
cells may be due to selection of RA synovial tissues. While these investigators selected 9
RA tissues that were rich in lymphoid aggregates in our study CCL21 and LYVE-1
immunostaining were performed in random RA synovium.

We show that in macrophages, stimulation with RA synovial fluid modulates the expression
of CCR7 and CCL21 (6). Further, activation with IL-17 and RA synovial fluid significantly
increases the expression levels of CCR7 in RA fibroblasts and endothelium and
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concentrations of CCL21 in endothelial cells. While in HMVECs, TNF-α treatment had no
effect on CCL21 expression (data not shown), levels of this chemokine were greatly
elevated in human dermal lymphatic endothelial cells stimulated with TNF-α (25)
suggesting that expression of CCL21 is differentially regulated in lymphatic compared to
blood vessels. HIF-1α is a hypoxic transcription factor that has been shown to modulate
CCR7 expression (8) and similar to its downstream target is expressed in RA synovial tissue
macrophages and endothelial cells (26). Like CCR7, expression levels of HIF-1α are
modulated by TLR4 ligation in RA synovial fluid macrophages (26) suggesting that TLR4
endogenous ligands in RA synovial fluid (27) may be important for regulation of HIF-1α
and CCR7 pathway.

Consistent with our findings in RA synovial tissue, skin HMVECs express elevated levels of
CCR7 compared to controls, therefore these cells were employed as surrogates for RA
endothelial cells to examine the direct effect of CCL19 and CCL21 on angiogenesis. We
demonstrate that CCL21 induces HMVEC chemotaxis at concentrations available in the
human RA joint, which is due to its ligation to CCR7. Unlike CCL21, CCL19 had no effect
on HMVEC migration. Although CCL19 and CCL21 have similar affinity to CCR7, ligation
of these chemokines mediates different signaling effects. CCL19, but not CCL21, activates
CCR7 phosphorylation and internalization, resulting in receptor desensitization (28, 29).
This suggests that CCR7-induced cell responses to CCL19 may have a shorter time-span
compared to those of CCL21. Consistently, previous studies have shown that while CCL19
was chemotactic for RA synovial tissue fibroblasts, CCL21 was unable to attract these cells
(7). Although CCL19-activated RA synovial tissue fibroblasts produce VEGF, this effect
was not noted with CCL21 stimulation (7). These results suggest that CCL19 or CCL21
ligation of CCR7 can differentially modulate angiogenesis through induction of different
signaling pathways.

Next, experiments were performed to investigate signaling pathways that were associated
with CCL21-induced HMVEC chemotaxis and tube formation. Inhibition of the CCL21-
activated pathways in HMVECs demonstrated that only activation of PI3K significantly
reduces CCL21-mediated chemotaxis and tube formation, and suppression of ERK and JNK
pathways had no effect on this process. Consistently, B cell chemotaxis mediated by CCL21
was markedly reduced by inhibitors to PI3K while suppression of ERK and JNK pathways
were ineffective (30). In contrast, monocyte derived dendritic cell migration to CCL21 was
dependent on phospholipase C but not PI3K signaling pathway (31). Further, others have
shown that PI3K signaling plays an important role in VEGF and FGF mediated endothelial
migration (32-34), suggesting that PI3K is involved in the mediation of angiogenesis by
various inflammatory factors.

Since CCL19 and CCL21 are both highly elevated in RA synovial fluid (6) the contribution
of these two chemokines was examined in RA synovial fluid-mediated HMVEC
chemotaxis. Neutralization of CCL21 and not CCL19 (data not shown) in RA synovial fluid
partially reduced RA synovial fluid-mediated HMVEC chemotaxis. RA synovial fluid-
mediated HMVEC chemotaxis was also mediated through CCR7, confirming the importance
of this receptor in CCL21-mediated angiogenesis. Like CCL21 (6) other proangiogenic
factors present in human RA synovial fluid are mostly produced by RA synovial tissue
fibroblasts (VEGF, bFGF, VCAM1, IL-6 and ELR+ CXC chemokines) or macrophages
(TNF-α, IL-8 and IL-1β) (35). Previous reports demonstrate that although both CCR7
ligands CCL19 and CCL21 play a key role in the migration of T cells (36), neutrophils (37)
and dendritic cells (25, 38) expression of CCL21 in CCL19-/- mice was sufficient for
dendritic cell trafficking, maturation and function suggesting that CCL21 may be the more
critical CCR7 ligand in the inflammatory process (38).
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We next demonstrate that CCL21 can directly contribute to blood vessel formation at
concentrations detected in RA synovial fluid and tissue through extravasation of endothelial
cells as well as EPCs as the matrigel plugs are acellular and other proangiogenic factors can
not be produced.

In conclusion, endothelial migration and tube formation induced by CCL21 were mediated
through activation of the PI3K pathway and ligation to CCR7. Neutralization of CCL21 or
CCR7 significantly downregulated RA synovial fluid mediated endothelial migration,
suggesting that CCL21 plays an important role in RA angiogenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CCR7 and CCL21 are colocalized on RA synovial tissue (ST) endothelial cells
Normal (NL) and and RA ST (A) were stained with anti-human CCR7 (R&D Systems)
(original magnification × 200). B. Positive immunostaining was scored on a 0-5 scale and
ST lining and endothelial immunostaining are shown as mean ±SEM, n=12. * represents p
<0.05. RA synovial tissues were stained for CCR7 (brown staining) and Von willebrand
factor (VWF) (red staining) (C) or for CCR7 (brown staining) and CD68 (red staining)
(original magnification × 400) (D) in order to distinguish endothelial cells or macrophages
that express CCR7. E. Colocalization of CCL21 on VWF+ cells was examined when
sections were stained with Texas red labeled anti-goat CCL21 (red) or FITC conjugated
anti-rabbit VWF (green staining) or staining overlay (yellow) (original magnification ×
400). F. RA serial sections immunostained with anti-CCL21 and anti-CCR7 (original
magnification × 200), n=12. G. RA serial sections were immunostained with anti-LYVE-1,
anti-CCR7 or anti-CCL21 (original magnification × 400) and CCR7, CCL21 staining were
read in 15 LYVE-1+ fields (3 fields in 5 different RA synovial tissues).
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Figure 2. Expression of CCR7 and CCL21 are modulated by IL-17 or RA synovial fluid (SF) in
HMVECs and skin HMVECs can be used as surrogates for RA endothelial cells because of their
elevated levels of CCR7
A. Cells were untreated (PBS) or treated with LPS (10 ng/ml), TNF-α (10 ng/ml), IL-1β (10
ng/ml), IL-17 (50 ng/ml) or RA SF (1:4) for 6h and expression of CCR7 was determined in
PB in vitro differentiated macrophages (A) or RA fibroblasts (B) by real-time RT-PCR
(n=5-10). C. HMVECs were either untreated or treated with IL-17 (50 ng/ml) or RA SF
(1:4) for 6h and expression of CCR7 and CCL21 were determined by real-time RT-PCR
(n=4-5). The data are shown as fold increase above untreated cells (A-C) and are normalized
to GAPDH. D. CCR7 mRNA levels were determined in lung HMVECs, HUVECs and skin
HMVEC and results were expressed as fold increase above levels detected in lung
HMVECs, n=3-6. Values are the mean ± SE. * represents p <0.05. E. CCR7 (1:1000; o/n)
protein levels were determined employing Western blot analysis on lung HMVECs,
HUVECs and skin HMVECs lysates (75 μg) and equal loading was determined by actin
blotting (1:3000).
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Figure 3. CCL21 induces HMVEC migration through binding to CCR7
Dose-response curve of CCL19 (A) and CCL21-induced (B) HMVEC chemotaxis was
performed in a Boyden chemotaxis chamber with varying concentrations of the mentioned
chemokines, n=3. C. CCL21-induced HMVEC chemotaxis (1, 10 and 50 ng/ml) was
suppressed by neutralization of CCR7 (10 μg/ml) by anti-CCR7 antibody but not by IgG
control (10 μg/ml 1h preincubation with cells in 37°C) for 2h, n=3. Values are the mean ±
SE. * represents p <0.05.
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Figure 4. CCL21-induced HMVEC migration and tube formation is suppressed by PI3K
inhibition
To determine the mechanism of CCL21 in HMVEC migration, cells were stimulated with
CCL21 (10 ng/ml) for 0-65 minutes, and cell lysates were probed for pAKT (A), pERK (B),
or pJNK (C) (n=3). D. To determine signaling pathways associated with CCL21 HMVEC
migration, cells were treated with (1 or 5 μM) of the identified chemical inhibitors for PI3K
(LY294002), ERK (PD98059) or JNK (SP600125) for 2h. To examine the mechanism of
CCL21-induced tube formation, HMVECs were incubated with inhibitors (1 or 5 μM) to
PI3K (LY294002), ERK (PD98059), JNK (SP600125) or DMSO for 45 minutes at 37°C
prior to adding to polymerized matrigel. CCL21 (10ng/ml) was then added to the wells and
the plate was incubated for 16h at 37°C (in triplicate). Photomicrographs taken of
representative wells treated with PBS (E), FGF (20 ng/ml) (F), CCL21 (10ng/ml) plus
DMSO (G), CCL21 (10ng/ml) plus LY294002 (5 μM) (H), CCL21 (10ng/ml) plus
PD98059 (5 μM) (I) and CCL21 (10ng/ml) plus SP600125 (5 μM) (J). K. demonstrates
mean number of tubes/well determined in E-J. Values are the mean ± SE, n=3. * represents
p <0.05.
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Figure 5. RA synovial fluid-induced HMVEC chemotaxis and/or tube formation is mediated by
CCL21 ligation to CCR7
A. anti-CCL21 (10 μg/ml) or control IgG was added to RA synovial fluids from 8 patients
(1:20) (1h at 37°C) prior to performing HMVEC chemotaxis in response to RA synovial
fluids. B. HMVECs were incubated with antibodies to CCR7 (10 μg/ml), as well as isotype
control for 1h prior to performing HMVEC chemotaxis in response to 8 RA synovial fluids
(1:20). HMVECs were incubated with anti-CCR7 or IgG for 45 minutes at 37°C prior to
adding to polymerized matrigel. RA synovial fluid (1:20) was then added to the wells and
was incubated for 16h at 37°C (in triplicate). Photomicrographs taken of representative wells
treated with PBS (C), FGF (20 ng/ml) (D), IgG (10μg/ml) plus RA synovial fluid (E), anti-
CCR7 (10μg/ml) plus RA synovial fluid (F). G. demonstrates mean number of tubes/well
determined in C-F. Values are the mean ± SE, n=9 synovial fluid examined in 3
independent tube formation studies. * represents p <0.05.

Pickens et al. Page 16

Arthritis Rheum. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. CCL21 enhances blood vessel growth in matrigel plugs in vivo
A. CCL21 (4 μg) induced angiogenesis in the matrigel plugs to a significantly greater
degree compared to PBS control. Matrigel containing bFGF (100 ng) served as positive
control. The values represent the concentration of hemoglobin (g/dl) / plug weight (g) ± SE,
with n=10. B. The histology was quantified on a score of 0-4 scale in matrigel plugs that
contained PBS, CCL21 or bFGF employing H&E and Masson’s trichrome staining. A
representative assay shows H&E (C, F and I) and Masson’s trichrome (D, G and J)
staining of blood vessels in paraffin sections of matrigel plugs containing PBS (C and D),
CCL21 (F and G) and bFGF (I and J) that was histologically scored in B (original
magnification × 200). Matrigel plugs containing PBS (E), CCL21 (H) or bFGF (K) were
stained with VEGFR2 to distinguish EPCs recruitment in this study. Values demonstrate
mean ± SE, with n=5. * represents p<0.05.
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