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The chemokine receptor CCR7 1s a promising target for

rheumatoid arthritis therapy

Georgios L. Moschovakis', Anja Bubke', Michaela Friedrichsen', Jasmin Ristenpart', Jaap Willem Back?, Christine S. Falk®,

Elisabeth Kremmer*> and Reinhold Forster’

The chemokine receptor CCR7 and its ligands CCL19 and CCL21 guide the homing and positioning of dendritic and T cells in
lymphoid organs, thereby contributing to several aspects of adaptive immunity and immune tolerance. In the present study, we
investigated the role of CCR7 in the pathogenesis of collagen-induced arthritis (CIA). By using a novel anti-human CCR7 antibody
and humanized CCR7 mice, we evaluated CCR7 as a target in this autoimmune model of rheumatoid arthritis (RA). Ccr7-deficient
mice were completely resistant to CIA and presented severely impaired antibody responses to collagen Il (Cll). Selective CCR7
expression on dendritic cells restored arthritis severity and anti-Cll antibody titers. Prophylactic and therapeutic treatment of
humanized CCR7 mice with anti-human CCR7 mAb 8H3-16A12 led to complete resistance to CIA and halted CIA progression,
respectively. Our data demonstrate that CCR7 signaling is essential for the induction of CIA and identify CCR7 as a potential

therapeutic target in RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterized by the formation of persistent inflammatory cellular
infiltrates in the synovial tissues of diarthrodial joints, leading to
cartilage and bone erosion. Leukocytes forming these infiltrates
extravasate from synovial blood vessels in response to chemo-
kines and adhesion signals." Traditionally, chemokines have been
classified into homeostatic and inflammatory chemokines.
Although homeostatic chemokines and their receptors mainly
regulate the steady-state trafficking of immune cells to and within
lymphoid organs, inflammatory chemokines guide the recruit-
ment of effector leukocytes into sites of inflammation.? The
homeostatic chemokines CCL19 and CCL21 are constitutively
expressed in lymphoid organs and lymphatic vessels, and their
receptor, CCR7, is highly expressed on naive and central memory
T cells, as well as activated DCs. The interactions of CCR7 with its
ligands orchestrate the structural organization of lymphoid
organs, the initiation of immune responses and the induction of
immune tolerance.>* Several studies have provided evidence for
strong expression of homeostatic chemokines at sites of
inflammation, especially during chronic inflammatory conditions,
such as RA.>® CCL19 expression was demonstrated on stromal and
endothelial cells in RA synovial tissue,” while CCL21 was detected
on synovial endothelial cells and near perivascular synovial
infiltrates in the joints of RA patients.>® Furthermore, it was
suggested that these chemokines attract naive T cells to sites of
ongoing autoimmune inflammation.® Synovial CD4 " T cells exhibit
an effector memory phenotype but have been shown to express
CCR7.” CCR7 was also detected on fibroblast-like synoviocytes

(FLS) of RA patients and was suggested to contribute to
angiogenesis through vascular endothelial growth factor (VEGF)
and angiotensin | (Ang 1) secretion by RA FLS upon
CCL19 stimulation.”'® Synovial CCL21 was shown to recruit
endothelial cells and promote angiogenesis."’ Ccr7 ™/~ mice
showed reduced early clinical scores in a modified antigen-
induced arthritis (AIA) model; however, late joint inflammation
and destruction were even more severe than in WT mice.'?

These effects prompted us to dissect the role of CCR7 in
experimental arthritis and address its potential as a therapeutic
target. We show that Ccr7 deficiency confers complete resistance
to collagen-induced arthritis (CIA) and that susceptibility to CIA
can be restored by selective expression of CCR7 on dendritic cells.
Furthermore, we applied a novel anti-human CCR7 mAb in
humanized CCR7 mice that demonstrated both prophylactic and
therapeutic efficacy in treating CIA. Thus, this study identifies the
CCR7/CCR7-ligand axis as an essential mediator of CIA and CCR7
as a potential target for the treatment of RA.

RESULTS

Ccr7-deficient mice are resistant to CIA

To evaluate the contribution of CCR7 in RA, we employed the
collagen-induced arthritis (CIA) mouse model. Cer7™’~ mice in a
C57BL/6 genetic background were completely resistant to the
development of CIA (Fig. 1a, b). Although the joints of arthritic WT
mice exhibited severe inflammation, cartilage, and bone resorp-
tion, no lesions could be observed in the joints of Ccr7~/~ mice,
and their joint spaces were well preserved (Fig. 1c). To exclude the

YInstitute of Immunology, Hannover Medical School, Carl-Neuberg Str. 1, 30625 Hannover, Germany; 2Pepscan Therapeutics BV, Lelystad, The Netherlands; *Institute of Transplant
Immunology, Integrated Research and Treatment Center Transplantation, IFB.Tx, Hannover Medical School, Carl-Neuberg Str. 1, 30625 Hannover, Germany; “Helmholtz-Zentrum

Miinchen, Institute of Molecular Immunology, D-81377 Munich, Germany

Correspondence: Georgios L. Moschovakis (Moschovakis.Leandros@mh-hannover.de) or Reinhold Forster (Foerster.Reinhold@mh-hannover.de)
®Present address: Biozentrum Martinsried, Dept. Bio I, LMU Miinchen, Grosshaderner Str. 2, D-82152 Martinsried, Germany

Received: 14 March 2018 Accepted: 27 May 2018
Published online: 04 July 2018

© CSl and USTC 2018

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41423-018-0056-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41423-018-0056-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41423-018-0056-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41423-018-0056-5&domain=pdf
mailto:Moschovakis.Leandros@mh-hannover.de
mailto:Foerster.Reinhold@mh-hannover.de
www.nature.com/cmi

The chemokine receptor CCR7 is a promising target for...
GL Moschovakis et al.

A B

—&— B6-Ccr7*
—=— B6-Ccr7+

75

Incidence (%)
clinical score
w
g

10 20 30 40 10
days post-immunization

D E

—=— DBA/1J-Ccr7+*
—=— DBA/1J-Ccr7*

1 —=—B6-Cor7
51 —=—B6-Cor7+

1T
0 40

days post-immunization

20 3

—=— DBA/1J-Ccr7+*
—=— DBA/1J-Ccr7*

¥
- 10
100 o
Q
—_ 8 ~N
K 75 < 3
< S |
§ 50 = °
B ©
3 g 4
7] = o
£ 25 © o)
Q
N
0 T T 0
10 20 30 40 10 20 30 40 b
days post-immunization days post-immunization
G 100- —a— B6.Cor7* H 1 ——WT I s —=—WT
3 —_ === plt/plt o 5 == pitpit
X 754 X 75 pp 5 P
- -~ o 4
8 8 @
o —
S 504 g g
h=} 1st boost 2nd boost K] :—; 2 *
L, | £ ° P JLT
o T T T T T 1 0 o
20 40 60 80 100 120 10 20 30 40 0 10 20 30 40
days post-immunization days post-immunization days post-immunization
J  —e—B6-Cor7  —e—B6-Cor7*
anti-mCll IgG anti-mCll IgG1 anti-mCll IgG2c
E 1.00- 1.00 1.00
S .
2 .
Q 0.75- ok 0.75 0.75- .
o .
-
0.50+ 0.50+ iid 0.50+ ek
*x
0.254 0.25+ 0.254
0.00- 0.00 - $=4p—1—$—T——7 0.00-

_ 3x dilution steps

K —=WT —e—pit/plt

anti-mCll IgG
1.00+

anti-mCll IgG1
1.004
0.75+ 0.75+
0.50+ 0.50

0.254 0.254

_» 0D 450nm
3
2]
=1
2]
3
7]

0.00-—7—T—T—TTT7 0.00-

"~ 1:100 - 1:72900

anti-mCll IlgG2c
1.00q

0.754
ns
0.50
ns
0.25
0.00-

_ 3x dilution steps

possible influence of the BL6 genetic background on the CIA-
resistant phenotype in Ccr7~'~ mice, we also used DBA/1 mice
that are highly sensitive to CIA. Of interest, DBA/1-Ccr7/~ mice
were also completely resistant to the development of CIA (Fig. 1d,
e), and their paws were free of inflammatory infiltrates (Fig. 1f).
Due to a study reporting delayed but exaggerated immune
responses in Ccr7~'~ mice,"® we monitored BL6-Ccr7 '~ mice for
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120 days upon CIA induction, boosting twice with Cll in CFA. In
this prolonged CIA protocol, B6-Ccr7 '~ mice did not develop any
arthritic symptoms throughout the monitoring period (Fig. 1g).
Furthermore, we addressed the role of CCR7 ligands in CIA using
plt/plt mice, a naturally occurring mutant strain that is deficient for
CCL19 and one of the two CCL21 isoforms.'* Plt/plt mice showed a
markedly reduced CIA incidence and score (Fig. 1h, i). Since the
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Ccr7~’~ mice are resistant to CIA. Incidence (a) and clinical score (b) of CIA in Ccr7-deficient mice on a C57BL/6 background. The results

are shown from 212 mice per group. The data in (b) are the mean + SEM. c Representative pictures of CIA manifestation (left) and joint
histopathology (right) in B6 WT and B6-Ccr7/~ mice. d Incidence and (e) clinical score of CIA in Ccr7-deficient mice on a DBA/1J background.
The results are shown from 210 mice per group. f Representative pictures of CIA manifestation (left) and joint histopathology (right) in DBA/1J
WT and DBA/1J-Ccr7 '~ mice. g Incidence of prolonged CIA in B6-Ccr7/~ mice. Mice were boosted on day 21 and on day 80 post-initial
immunization and monitored until day 120. Results are shown from 12 mice. h Incidence and clinical score (i) of CIA in plt/plt mice. The results
are shown from 9-11 mice per group. Areas under the curve (AUC) calculated from the CIA scores were compared for statistical significance
(Student’s t-test) *P < 0.05; Levels of anti-murine-Cll Ab levels were measured by ELISA in serially diluted serum samples from B6-Ccr7 '~ mice
() and plt/plt mice (k) upon CIA induction (3-fold dilution steps, 1:100-1:72900). The results are shown from n = 6-8 mice per group. The data

are presented as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001

<

anti-Cll Ab response is an essential driver of CIA,"® we evaluated
serum anti-Cll Ab levels. The Ab response to murine CIl (mCll) was
severely reduced in BL6-Ccr7~/~ mice for all isotypes analyzed and
was almost absent for IgG1 Abs (Fig. 1j). In plt/plt mice, the anti-Cll
Ab response was mildly reduced overall (Fig. 1k). Taken together,
these data show that CCR7 is an essential factor for the
development of CIA and that the presence of CCL21-Leu in plt/
plt mice can partially revert the complete resistance to CIA
observed in Ccr7 ™/~ mice.

CCR7-mediated DC migration is essential for the development of
CIA

To identify the cell type that specifically prevents the develop-
ment of CIA in Ccr7-deficient mice, we employed mice with
conditional expression of human CCR7 in the absence of murine
CCR7. In these mice, the human CCR7 gene is knocked in in the
mouse Ccr7 locus and is transcribed only upon cre-mediated
excision of a floxed neo stop cassette.'®'” Mice with T cell- or DC-
specific human CCR7 expression are designated T-CCR7" and
DC-CCR7™*, respectively. Mice expressing human CCR7 on all
CCR?7 proficient cells due to neo deletion at the germline level are
designated GL-CCR7"*, and mice carrying neo in both alleles,
thus expressing neither murine nor human CCR7, are named
CCR7™P5™P_ Upon CIA induction, GL-CCR7"* mice developed
robust arthritis, confirming our previous finding that human CCR7
is fully functional in mice."” Similar to Ccr7~/~ mice, CCR75%P/5toP
mice were completely resistant to CIA induction. Restoration of
human CCR7 expression in DCs in DC-CCR7* mice was sufficient
to enable robust development of arthritis, whereas both arthritis
incidence and score were significantly reduced in T-CCR7"+ mice
(Fig. 2a, b). Evaluation of the anti-Cll Ab levels in sera of human
CCR7-expressing mice revealed significantly higher Ab production
in DC-CCR7™" mice compared to CCR7*"P*'P mice (Fig. 2d).
These data show that restoration of CCR7 expression in DCs is
sufficient for robust arthritis induction.

Generation and characterization of anti-human CCR7 mAb

Due to the complete resistance to CIA in Ccr7 '~ and CCR7°%P/5%P
mice, we hypothesized that antibody targeting of CCR7 would
interfere with arthritis development. We used a murine IgG1 anti-
human CCR7 monoclonal antibody (clone 8H3-16A12). The
specificity of mAb 8H3-16A12 was confirmed by flow cytometry
using lymphocytes isolated from T-CCR7™* mice and WT mice.
Although mAb 8H3-16A12 demonstrated binding to CCR7™*
T cells even at very low concentrations, no binding to WT T cells
was detectable (Fig. 3a). The specificity was further confirmed by
immunohistology (Fig. 3b). On sections of peripheral LNs from WT
mice, no staining with mAb 8H3-16A12 could be demonstrated,
while strong staining was detectable in T cell areas of the inguinal
lymph nodes of DC-T-CCR7+* mice that expressed human CCR7
on both T cells and DCs."” To assess modulation of human CCR7-
mediated chemotaxis by 8H3-16A12, transwell assays were
performed using T cells from DC-T-CCR7™" mice. We observed
a concentration-dependent inhibition of T cell migration towards
murine CCL19 by mAb 8H3-16A12 (Fig. 3c). However, even at very
high mAb concentrations, only partial inhibition could be
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Fig. 2 CCR7 expression on DCs is critical for the development of
CIA. a Incidence and score (b) of CIA in GL-CCR7™", T-CCR7™", DC-
CCR7**, and CCR7°™P"5'% mice. The data are shown from 6-8 mice
per group. The data in (b) are the mean = SEM. Areas under the
curve (AUCQ) calculated from the CIA scores were compared for
statistical significance (Student’s t-test) *P <0.05; c Levels of anti-
murine-Cll 1gG, IgG1c and IgG2c were measured in serially diluted
serum sam})les (3-fold dilution steps, 1:100-1:72900) from GL-CCR7*
+ T-CCR7™*, DC-CCR7"*, and CCR7°"P**°P mice upon CIA induction.
d Levels of anti-murine-Cll 1gG, -IgG1, and -IgG2c shown in (c) at a
serum dilution of 1:2700 were compared for statistical significance.
The data in (c, d) are presented as the mean + SEM from 6-10 mice
per group. *P < 0.05, **P < 0.01, ***P < 0.001

observed. Subsequently, we performed an in vivo assay to
evaluate the effects of mAb 8H3-16A12 on human CCR7-
expressing cells. A 1:1 mixture of lymphocytes isolated from DC-
T-CCR7™* or WT mice was adoptively transferred into WT
recipients that were injected with mAb 8H3-16A12 or a mouse
IgG1 isotype control Ab. Twenty-four hours after cell transfer, the
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16A12 at a concentration of 25 pug/ml (red histogram), 1 pg/ml (orange histogram), and 0.04 ug/ml (green histogram). The black histogram
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from DC-T-CCR7** and WT mice were stained with mAb 8H3-16A12 (bar 20 um). Representative data are shown from more than 12 lymph
nodes analyzed per group. ¢ Modulation of CCL19-induced migration of DC-T-CCR7"/* lymphocytes by 8H3-16A12 was assessed using a
transwell assay as described in the material and methods. The percentage of migration inhibition was calculated as (migration index migG1 —
migration index 8H3-16A12) x 100/ migration index mlgG1. The data are presented as the mean+SD from triplicate wells and are
representative of two independent experiments. d Schematic representation of adoptive cell transfer of lymphocytes from DC-T-CCR7"/* mice
(CD45.2™) mixed at a 1:1 ratio with lymphocytes from WT mice (CD45.1") in WT recipient mice (CD45.17CD45.2") treated with 8H3-16A12 or
mlgG1 isotype control Ab. e As depicted in (d), the relative frequency of T cells from WT and DC-T-CCR7"/* donor mice was assessed in the
indicated organs of the recipient mice by flow cytometry 24 h after cell transfer. The data are presented as the mean = SD from pooled 7-8
mice per group from two experiments. *P < 0.05, **P < 0.01, ***P < 0.001

frequency of each cell group in the pool of transferred cells was
determined by flow cytometry. Since the frequency of human
CCR7-expressing T cells was significantly reduced in skin-draining
lymph nodes, the spleen and, in particular, the blood of mice that
were treated with mAb 8H3-16A12, we concluded that mAb 8H3-
16A12 likely leads to depletion of human CCR7-expressing cells
in vivo rather than inhibiting their homing into lymph nodes.

Treatment with anti-human CCR7 mAb 8H3-16A12 significantly
affects the composition of immune cells in the blood and
lymphoid organs of humanized CCR7 mice

The in vivo effects of mAb 8H3-16A12 were further assessed in
naive GL-CCR7*'" mice. GL-CCR7"" mice were treated with a
single i.p. injection of 2.5 mg/kg 8H3-16A12, 25 mg/kg 8H3-16A12,
or mlgGT1 isotype control Ab and sacrificed at day 2, 7, 15, and 30
post-treatment. Treatment with 8H3-16A12 led to significant
reductions of both CD4" and CD8" T cells in the blood and skin-
draining lymph nodes (Fig. 4a). Maximal reduction was observed
at day 15 post-treatment, while T cell counts recovered at day 30.
Mainly naive CD62L" CD44~ T cells were reduced, whereas there
were no significant alterations in the counts of effector memory
T cells (CD62L~ CD44"). B cells, conventional DCs (cDCs),
plasmacytoid DCs (pDCs) and neutrophils were not affected by
8H3716A12 treatment (Fig. 4a, b). Coating of peripheral blood
T cells with anti-human CCR7 Ab 8H3-16A12 was still evident at
day 15 upon application, especially in mice that received 25 mg/
kg Ab (Fig. 4c). Several studies have demonstrated cytokine
release syndrome following the administration of T cell targeting
Abs.'®2% Therefore, we measured expression of several pro-
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inflammatory cytokines in the sera of 8H3-16A12-treated mice
throughout the treatment period. For all time points investigated,
we were unable to detect increased levels of pro-inflammatory
cytokines, such as TNF-q, IL-6, and IL-13, even in mice receiving 25
mg/kg 8H3-16A12 (Fig. 4d).

Treatment with anti-human CCR7 mAb 8H3-16A12 prevents the
induction of CIA in humanized CCR7 mice

To assess the effects of anti-human CCR7 mAb 8H3-16A12 in
arthritis, CIA was induced in GL-CCR7" mice that were subjected
to prophylactic treatment with 8H3-16A12 consisting of i.p.
injections of 20 mg/kg mAb every 12 days starting 4 days before
primary immunization with CIl in CFA. This regimen led to
complete resistance to CIA development (Fig. 5a) and significantly
diminished the levels of anti-Cll antibodies in the sera of treated
mice (Fig. 5b). The efficacy of prophylactic treatment with 8H3-
16A12 prompted us to evaluate its therapeutic potential in GL-
CCR7*"™ mice that started upon the onset of arthritic symptoms
and consisted of i.p. injections of 20 mg/kg mAb every 10-11 days.
Interestingly, treatment with 8H3-16A12 halted the exacerbation
of CIA and led to significantly reduced arthritic scores compared
to the control group receiving isotype control Ab (Fig. 5c¢).
Surprisingly, anti-Cll Ab levels were not reduced in the sera of 8H3-
16A12-treated mice (Fig. 5d). Assessment of the immune cell
composition in the joint-draining lymph nodes (JDLN) of 8H3-
16A12-treated mice upon CIA manifestation revealed significantly
reduced overall counts of T cells, especially naive T cells, whereas
effector memory T cells were not affected (Fig. 5e). Of note,
treatment with 8H3-16A12 significantly raised the relative
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Fig. 4 Single dose toxicity study of anti-human CCR7 mAb 8H3-16A12. GL-CCR7 ™" mice received a single i.p. injection of 2.5 mg/kg 8H3-
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frequency of Foxp3™ cells in the T cell compartment in JDLN
(Fig. 5f), whereas the B cell compartment, including GC B cells, was
not affected.

DISCUSSION

The present study describes an essential role of the CCR7/CCR7-
ligand axis in the induction and maintenance of CIA and identifies
CCR7 as a potential target for the treatment of RA. The use of Ccr7-
deficient mice, both in a BL6 and in the highly CIA-susceptible
DBA/1 genetic background, reveals an absolute requirement for
CCR7 signaling in CIA induction, even using a prolonged CIA
protocol based on repeated boosting with the disease-inducing

Cellular & Molecular Immunology _########H#########HHHH#_

antigen. This finding was not expected since different groups have
reported delayed but exacerbated immune responses in Ccr7 '~
and plt/plt mice using cutaneous contact hypersensitivity (CHS)
models and spontaneous formation of ectopic lymphoid tissue in
Cer7~'~ mice.'®1*2122 These aberrant responses were attributed
to impaired LN migration and function of regulatory T cells (Tregs).
In the CIA model of the present study, we did not observe such
reactions in Ccr7 '~ mice, even at late time points, and anti-Cll Ab
titers were strongly reduced compared to WT mice. Likewise,
several studies reported that Ccr7-deficient mice are susceptible to
mild generalized autoimmunity characterized by the spontaneous
development of lymphocytic infiltrates in several organs along
with increased titers of autoantibodies.”*?* However, this

SPRINGER NATURE



The chemokine receptor CCR7 is a promising target for...
GL Moschovakis et al.

A 3.0 ——migG1 B anti-mCll IgG anti-mCll IgG1 anti-mClI IgG2c
2.5 —=—8H3-16A12 g 12 12 1.00
-
o 3 1.0 ** 1.0
g 204 2 b 0.75
P 454 8 0.8 - 0.8 * el
=1
3.0 0.6 06 ns 0.50
[ . Kk
5 0.4 0.4
0.5- ns 0.25
0.2 02 *
0.0-
1020 30 40 o0 00 0-003X dilution steps
days post-immunization > 1-100 - 1:72900
C —— migG1 D anti-mCll IgG anti-mCll IgG1 anti-mCll IgG2¢
o 104 ——8H3-16A12 £ 1.00 1.00 1.00
[SIPN o S ns
9,(_) 8- Hke ke *x 0
SE - Jors ns 0.75 0.75
»O 6 o
8E 4. 050 ns 0.504 \X ns 05010 e
T
= @©
S 2 0.25 0.25 i 0.25 ns
ns ns
O+ r—T—T—TTTT1
40 4 81216202428 0.00 0.00 0.00-——r-
days post CIA manifestation 5 3xdilution steps
1:100 - 1:72900
—o— migG1 —e— 8H3-16A12
E
naive CD4* effector memory ratio FoxP3*/FoxP3
+ B cells GC B cells
R CD3* cells T cells CD4* T cells T cells
S 40 20 20 ns 50 0.5 ns 05 d
x
= *k
é 30 15 i 15 40 ns 0.4 0.4
S 30 0.3 2 03
£ 20 10 1.0 ©
2 20 02 3 02
3 10 5 05 ©
8 : 10 0.1 0.1
8 o 0 0.0 0 0.0 00

N 8H3-16A12 I mligG1

Fig.5 Treatment with 8H3-16A12 inhibits CIA development. a CIA score of GL-CCR7"" mice that were injected i.p. with 20 mg/kg 8H3-16A12
or 20 mg/kg mlgG1 control Ab every 12 days starting at day 4 before CIA induction. The results are shown from =18 mice per group. b Sera
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susceptibility rarely led to the development of overt autoimmune
disease, such as Sjogren’s syndrome or diabetes. Possible
explanations for the increased susceptibility of Ccr7-deficient
mice towards autoimmunity include defective egress of activated
lymphocytes from peripheral sites, severe impairment of Treg
function due to impaired Treg migration and a break of central
and/or peripheral tolerance due to disturbed thymic compart-
mentalization or impaired steady-state DC migration to LNs. Of
interest, we did not observe any signs of spontaneous or induced
arthritis in Ccr7~’~ mice, and the paws of Cer7™’~ mice were free
of lymphocytic infiltrates at day 45 post-CIA induction. These
observations suggest a dominant role for the CCR7/CCR7-ligand
axis in the induction of the autoreactive response in CIA over the
preservation of immune tolerance towards CII.

Although Ccr7-deficient mice were completely resistant to the
induction of CIA, few plt/plt mice developed arthritic paws. In plt/
plt mice, expression of CCL21-leu is preserved on the lymphatic
endothelium, which allows CCR7-expressing cells, such as
activated dendritic cells, to migrate to some degree via afferent
lymphatic vessels towards draining LNs where they can prime
T cells.'” The present study provides further evidence for an
essential role for CCR7-mediated DC migration in CIA, since the
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selective expression of human CCR7 on DCs was sufficient to
overcome the resistance of Ccr7-deficient mice to CIA. DC-CCR7 ™+
mice showed a robust CIA incidence, albeit lower than that of
mice expressing human CCR7 ubiquitously, suggesting that the
CCR7-mediated migration of cells, other than DCs, also contributes
to the development of CIA. The role of DCs in autoimmunity is
complex and versatile. The presentation of self-antigens by DCs
can elicit or suppress autoimmune responses depending on the
inflammatory signals DCs acquire and the expression of pro-
inflammatory or regulatory molecules. The concurrent presenta-
tion of self Ag to T cells and the secretion of pro-inflammatory
cytokines, such as IL-6, IL-12, and IL-23, promote the differentia-
tion of autoreactive Tfh, Th1, and Th17 cells. In contrast, self Ag
presentation coupled to PDL1-PD-1 signaling and/or TGFf
secretion leads to Treg induction or T cell anergy, thereby
promoting peripheral tolerance.?® Our results suggest that, in the
CIA model, CCR7-expressing DCs are needed to initiate auto-
immune responses and not to sustain tolerance to CII.

Anti-Cll antibodies are a main disease driver in CIA, and their
titers, especially of IgG1 Abs, were severely reduced in the Ccr7-
deficient mice. Similar to the Ccr7-deficient mice, anti-Cll Ab titers
were significantly reduced in the GL-CCR7"'" mice treated with
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anti-huCCR7 mAb 8H3-16A12 throughout the course of CIA. B cell
numbers in the SLOs of Ccr7-deficient mice are not significantly
reduced, and they present an aberrantly activated phenotype with
signiﬁcantly elevated expression of MHC-Il and co-stimulatory
molecules.?®?” Furthermore, treatment with anti-human CCR7 Ab
8H3-16A12 does not significantly modulate the number of
follicular B cells or GC B cells in SLOs. The defective anti-Cll Ab
response in Ccr7~’~ mice and GL-CCR7™* mice prophylactically
treated with 8H3-16A12 likely reflects the effects of CCR7
deficiency or 8H3-16A12 treatment on the T cell compartment.
The LN homing of naive T cells in Ccr7-deficient mice is severely
impaired, and they are efficiently depleted upon treatment with
8H3-16A12, whereas the numbers of effector T cells in both the
blood and LNs are not significantly altered. These effects argue for
a requirement of steady naive T cell priming and subsequent B cell
help during the induction phase of arthritis for sufficient
autoantibody titers needed for disease onset. However, when
tolerance is breached due to sufficient anti-Cll titers and arthritis
develops in humanized CCR7 mice, treatment with 8H3-16A12 is
unable to lead to a significant reduction in anti-ClI titers, although
disease progression ceases. The therapeutic efficacy of 8H3-16A12
treatment in CIA is likely attributed to the selective modulation of
the T cell compartment consisting of a selective depletion of naive
CCR7" T cells and a significant alteration in the ratio of regulatory
to non-regulatory T cells in favor of the former. These effects may
shift the balance towards the suppression of ongoing auto-
immune responses. Treg targeting in CIA was demonstrated to
exacerbate disease severity,”® and Treg expansion ex vivo and
reinfusion led to significant amelioration of several murine
autoreactive disease models, including CIA.2%73" Although adop-
tive transfer of Tregs led to a significant reduction in CIA severity, T
and B cell responses to Cll were not affected, and the authors
suggested local control of the effector response in the arthritic
joints as a mode of action of the transferred Tregs.

Thus far, clinical trials employing T cell targeting therapies in RA
have led to largely disappointing results with the exception of
blocking co-stimulation with a CTLA4 Ig fusion protein (Abata-
cept).3? Approaches using mAbs directed against CD4, CD5, and
CD52 have shown low efficacy, and side effects are often
severe.**** More recent developments of non FcR-binding CD3-
specific mAbs, used in combination with anti-TNFa mAbs, have
shown efficacy in preclinical RA models, such as CIA3> The
suggested effector mechanisms of non FcR-binding CD3-targeting
mAbs Abs are effector T cell depletion and Treg preservation.>
Due to the considerable roles of T cells in RA pathogenesis and
chronicity, novel and safe T cell targeting therapeutics are needed.
In the present study, we report the functional characterization of a
novel anti-human CCR7 mAb, 8H3-16A12, in humanized CCR7
mice. Treatment of humanized CCR7 mice with 8H3-16A12 led to
complete resistance to CIA in a prophylactic setup and
inhibited CIA progression in a therapeutic setup. Of note, injection
of 8H3-16A12 did not provoke excessive pro-inflammatory
cytokine release, probably predicting a favorable safety
profile for human application. Taken together, our data suggest
that the humanized 8H3-16A12 mAb has potential for the
treatment of RA.

MATERIALS AND METHODS

Mice

Mice were bred under SPF conditions at the Central Animal Facility
of Hannover Medical School. Ccr7/~ mice (B6.129P2(C)-
Cer7™Rfer/)) backcrossed for at least 15 generations on a BL6
genetic background, plt/plt mice (B6N.DDD-plt/Nknol), B6 CD45.1
(B6.SJL™ Ptprc? Pepcb/BoyJ)- and B6 CD45.1/CD45.2 heterozygous
mice were described previously.'**”*® DBA 1/J-Ccr7~/~ mice were
backcrossed for at least 15 generations on a DBA/1 genetic
background. Humanized T-CCR7+/*, DC-CCR7+/*, DC-T-CCR7'+,
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GL-CCR7** and CCR7°™P*°P mice were described previously.'®'”
All animal experiments were performed in accordance with
institutional guidelines and approved by the Niedersachsisches
Landesamt flr Verbraucherschutz und Lebensmittelsicherheit.

Collagen-induced arthritis

CIA was induced as previously described.3**° Briefly, 10- to 14-
week-old male mice were immunized intradermally at the tail base
with 100 ug chicken collagen Il in dilute acetic acid (MD
Bioproducts, Switzerland) mixed with an equal volume of CFA
(Difco), with a 100 pl total injection volume per mouse. All mice
received an identical boost immunization 21 days after the
primary immunization. Mice were scored several times a week for
clinical signs of arthritis as follows: 0 = normal, 1 = mild swelling
and erythema affecting single paw joints, 2= pronounced
swelling and erythema affecting one or more paw joints,
and 3 =severe joint swelling and erythema and ankylosis/
joint deformity. The maximum clinical score per mouse was 12.
Arthritis scoring was performed in all experiments in a blinded
manner.

Flow cytometry

Cell suspensions isolated from lymph nodes, thymus, spleen, and
peripheral blood were stained with the following mAbs: anti-
CD44-eFluor 450 (IM7), anti-CD4 PerCp (RM4-5), anti-PD-1 PE-Cy7
(J43), anti-CD45.2 APC-eFluor 780 (104), anti-CD11b PE-Cy7 (M1/
70), anti-Ly-6C PerCp-Cy5.5 (HK1.4), anti-Ly-6G PE (1A8), anti-
CD11c PE-Cy7 (N418), anti-CD45.1 APC (A20), anti-CD3e PE-Cy7
(145-2C11), anti-CD62L APC-Cy7 (Mel-14), anti-CD45R (B220)
eFluor 450 (RA3-6B2), anti-Fas PE (15A7) (all from eBioscience),
anti-CD19 Alexa 488 (6D5) (Biolegend), anti-CD19 APC-eFluor 780
(6D5), anti-B220 Pacific Orange (RA3-6B2) (ThermoFisher Scien-
tific), anti-I-Ab FITC (AF6-120.1) (BD Biosciences), anti-CD8[ Pacific
Orange (Rm CD8-2), and anti-CD11b biotinylated (MAC-1) grown
in our laboratories. Staining of biotinylated Abs was followed by
incubation with Cy5 or APC-eFluor 780 labeled streptavidin
(eBioscience). Human CCR7 was stained using anti-human
CCR7 mAb (8H3-16A12) followed by biotinylated anti-murine
IgG1 (A85-1) and Cy5 or Alexa-488 labeled streptavidin.
Fluorescence-minus-one (FMO) or isotype control samples were
used to assess background fluorescence and nonspecific Ab
binding. Data were acquired on an LSR Il (BD Biosciences) and
analyzed with FACSDiva (BD Biosciences) and FlowJo Software
(Treestar).

Histological analysis

Paws were decalcified in EDTA upon overnight fixation in 10%
(vol/vol) neutral buffered formalin and embedded in paraffin
blocks. Five-micron paw sections were stained with H&E and
assessed for inflammatory infiltrates, synovial hyperplasia, and
cartilage/bone erosion in a blinded fashion. Spleen and JDLNs
were embedded in OCT immediately after extraction and frozen
on dry ice. Using a cryostat (CM3050; Leica), 8-um-thick sections
were produced and subjected to fixation in ice-cold acetone for
10 min. Cryosections were rehydrated in Tris-buffered saline with
0.05% Tween 20, subsequently blocked in 5% mouse or rat serum
and stained at room temperature with the following antibodies:
anti-B220 Cy5 (RA3-3A1), anti-huCCR7 Cy3 (all grown and labeled
in our laboratories), and DAPI staining (Sigma-Aldrich). A
motorized epifluorescence microscope (BX61; UPlanSApo lenses:
10 % /0.4, 20 X /0.75 and 40 x /0.9) with a fluorescence camera (F-
View Il) and cellSens software (Olympus) were used to acquire
images.

Cytokine measurement

Cytokines and chemokines in mouse sera were measured using a
Luminex-based cytokine array according to the manufacturer’s
instructions (Bio-Rad Laboratories, Hercules, USA).
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ELISA

Levels of anti-chicken collagen Il and anti-murine collagen I
antibodies were measured in serial dilutions of mouse sera by
ELISA as described previously.*

Generation of anti-human CCR7 mAb

Female BALB/c mice were immunized with 200 ug of peptide
immunogen (derived from the N terminus of human CCR7) in
Pepscan adjuvant (Pepscan Presto BV; The Netherlands) divided
over four immunizations. Standard hybridoma cloning techniques
were applied, and supernatants of the clones were screened for
binding to the immunogen and to cells overexpressing human
CCR7. The corresponding stretch of murine CCR7 was not bound
by the antibody in the ELISA.

Transwell assays

The lower chamber of a Transwell plate with a 5-pm pore-size
polycarbonate membrane (Corning Costar) was filled with
RPMI1640 medium containing 1 pg/ml murine CCL19 (Peprotech)
and 0-50 pg/ml anti-human CCR7 Ab 8H3-16A12 or migG1 isotype
control Ab. Lymphocytes isolated from LNs of DC-T-CCR7™™ mice
(3 x 10%/ml) were preincubated at 37 °C for 30 min with 0-50 ug/
ml anti-human CCR7 Ab 8H3-16A12 or migG1 isotype control Ab
and then transferred to the upper chamber. After 3.5h of
incubation at 37 °C, cells in the lower chamber were resuspended
and counted on an LSR Il (BD Biosciences) using beads
(Fluoresbrite YG Microspheres 6.00 um, Polysciences, Inc). The
migration index (MI) was calculated as specific migration towards
CCL19/spontaneous migration. The percent of migration inhibition
was calculated as (Ml Isotype control — MI 8H3-16A12) x 100/MI
Isotype control.

Adoptive cell transfer

WT recipient mice were injected iv. with a mix of 40x10°
lymphocytes containing lymphocytes from DC-T-CCR7™'* and WT
mice mixed at a ratio of 1:1. Two hours before cell transfer,
recipient mice were injected with 20 mg/ml anti-human CCR7 Ab
8H3-16A12 or migG1 isotype control Ab. Twenty-four hours after
cell transfer, the recipient mice were sacrificed, and the frequency
of the transferred T cells identified by congenic markers in
peripheral lymph nodes, spleen, and blood was assessed by flow
cytometry.

Statistics

Prism 4 (GraphPad Software, Inc) was used for all statistical
analyses. Unpaired two-tailed Student’s t-tests were performed in
order to determine statistical significance between groups. *P <
0.05, **P < 0.01, ***P < 0.001. Where indicated, statistical analysis of
CIA scores was performed on area under the curve (AUC) values
calculated from the CIA score curves, as previously described®’
and according to GraphPad software specifications.
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