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ABSTRACT

Junctional adhesion molecule (JAM)-C is a member of
the JAM family, expressed by a variety of different cell
types, including human B lymphocytes and some B-cell
lymphoma subtypes—in particular, mantle cell ymphoma
(MCL). Treatment with anti-JAM-C pAbs reduces homing
of human B cells to lymphoid organs in a NOD/SCID
mouse model. In the present study, the role of JAM-C in
the engraftment of human lymphoma B cells in mice was
investigated. Administration of novel anti-JAM-C mAbs
reduced tumor growth of JAM-C* MCL cells in bone
marrow, spleen, liver, and lymph nodes of mice. Treat-
ment with anti-JAM-C antibodies significantly reduced
the proliferation of JAM-C-expressing lymphoma B cells.
Moreover, the binding of anti-JAM-C antibodies inhibited
the phosphorylation of ERK1/2, without affecting other
signaling pathways. The results identify for the first time
the intracellular MAPK cascade as the JAM-C-driven
signaling pathway in JAM-C"* B cells. Targeting JAM-C
could constitute a new therapeutic strategy reducing
lymphoma B-cell proliferation and their capacity to reach
supportive lymphoid microenvironments. J. Leukoc. Biol.
100: 843-853; 2016.

Introduction

MCL constitutes 3-10% of all malignant non-Hodgkin B-cell
lymphomas and is characterized by the chromosomal trans-
location t(11;14) (q13;q32), which results in overexpression of
cyclin D1 and cell cycle deregulation [1]. The median survival of
patients remains at only 4-5 yr, despite development of new
drugs and improvement in therapeutic strategies. Most patients
develop refractory MCL that is resistant to current medications
with a median survival of less than 2 yr [2, 3].

Abbreviations: CLL = chronic lymphocytic leukemia, EAU = 5-ethynyl-2'-
deoxyuridine, hJAM = human JAM, JAM = junctional adhesion molecule,
MCL = mantle cell lymphoma, MPL = monophosphoryl-lipid A, NOD/SCID =
NOD.CB17-Prkdcscid/J, pAb = polyclonal antibody, TDM = trehalose
dicorynomycolate
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JAM-C is a member of the junctional adhesion molecule
family, with 2 extracellular Ig-like domains and a cytoplasmic tail
with a PDZ binding motif [4]. It has been described as an
endothelial adhesion molecule localized in tight junctions of
vessels but is also expressed by human B cells, platelets, activated
T cells, and NK cells [5]. Our group has shown that JAM-C is
present on the surface of malignant lymphoma B cells and that
its differential expression allows classification into 2 types of
B-cell malignancies: JAM-C™ (CLL, follicular lymphoma, and
diffuse large B-cell lymphoma) and JAM-C* (MCL, marginal zone
B-cell lymphoma, and hairy cell leukemia) lymphomas [6, 7]. We
have also demonstrated in a NOD/SCID mouse model that short-
term treatment with anti-JAM-C pAbs blocks the adhesion of
JAM-C—-expressing B cells to their ligand JAM-B and therefore
reduces cell migration to bone marrow, lymph nodes, and
spleen [6].

Recent work has demonstrated that tight junction molecules
are crucial components of signaling pathways, which regulate cell
polarity and vascular permeability, as well as cell migration,
proliferation, and differentiation [8, 9]. In the current study, we
examined the effect of several newly developed anti-JAM-C mAbs
on the homing of lymphoma B cells to lymphoid organs and on
the in vivo growth of JAM-C* MCLs. Subsequently, we in-
vestigated the effect of anti-JAM-C antibody on B-cell pro-
liferation and used phosphospecific antibodies and flow
cytometry to monitor basal and induced signaling molecules on
primary JAM-C' lymphoma B cells, as well as the effect of anti-
JAM-C antibody binding on these pathways. Our results showed
that administration of anti-JAM-C mAbs drastically reduced the
development of MCLs in the NOD/SCID mouse model.
Furthermore, ligation of anti-JAM-C antibodies decreased pro-
liferation of malignant B cells. Among the different signaling
molecules studied, we found a specific decrease in ERK1/2
phosphorylation after anti-JAM-C binding, pointing to the
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intracellular MAPK cascade as the JAM-C driven signaling
pathway in JAM-C" B-cell tumors. These results support JAM-C as

a potential new target for the treatment of JAM-C" B-cell
lymphomas and, in particular, MCL.

MATERIALS AND METHODS

Human samples and cell lines

After informed consent was obtained, peripheral blood samples were taken
from healthy blood donors from the local blood transfusion center and from
patients with leukemic B-cell lymphoma from the Hematology Service of the
Geneva University Hospital. They were used according to procedures
approved by the local ethics and human experimentation committees and the
Declaration of Helsinki. Mononuclear cells were collected after standard
separation on Ficoll-Paque (GE Healthcare, Pittsburgh, PA, USA). B cells were
enriched by negative selection with a human B-cell enrichment kit (EasySep;
StemCell technologies, Vancouver, BC, Canada), according to the manufac-
turer’s instructions. We routinely obtained a purity of >90% (data not
shown). The cells were used immediately for the experiments. The human cell
line Jeko-1 was a kind gift from J. A. Martinez-Climent (Laboratory of
Molecular Oncology, Center for Applied Medical Research, University of
Navarra, Spain). The cell lines Raji and MDCK were purchased from the
American Type Culture Collection (Manassas, VA, USA). The phenotype of
the cell lines was tested and authenticated by flow cytometry before use.

Production of anti-JAM-C mAbs

Two rats received 3 injections of 50 pg (s.c.) affinity-purified soluble JAM-C
flag: 1 injection every 10 d. One injection contained Ribi MPL+TDM-+cell wall
skeleton adjuvant (MPL+TDM cell wall skeleton; Sigma-Aldrich, Bruchs,
Switzerland) and 2 injections contained MPL+TDM. Fusion of inguinal lymph
node cells with Sp2/0 myeloma cells was performed 2 d after the last injection.
Cells were cultured in Hybridoma Fusion and Cloning Supplement (Roche,
Basel, Switzerland) and 10% Hybmix (Sigma-Aldrich). Supernatants were tested
11 d after the fusion by flow cytometry on MDCK-wt, MDCK transfected with
human JAM-C (MDCK-hJAM-C) and MDCK transfected with murine JAM-C
(MDCK-mJAM-C). Antibodies positive for MDCK-hJAM-C and negative for
MDCK-wt and MDCK-mJAM-C were selected as human-specific anti-JAM-C mAbs.

B-cell cultures

Human B lymphocytes were seeded at 5 X 10°/well in 24-well plates in RPMI
1640 culture medium containing 1-glutamine and supplemented with 10%
FCS, 10 mM HEPES (pH 7.4), and antibiotics (Thermo Fisher Scientific,
Waltham, MA, USA). The cells were cultured at 37°C in a humidified
atmosphere containing 5% COq.

Surface plasmon resonance assays

Surface plasmon resonance assays were performed as has been described

previously [6]. In brief, interaction studies were conducted on a Biacore 2000
(GE Healthcare). Recombinant proteins were immobilized at a concentration
of 5 pg/ml on a CM5 sensor chip using the Amine Coupling Kit (NHS-EDC;
GE Healthcare). Background signals were automatically subtracted. Anti-

bodies (30 pl) were injected (Kinject procedure; GE Healthcare) in running buffer
(400 pM Tris—-HCI, pH 7.4, containing 145 mM NaCl) at a flow rate of 20 pl/min.

Flow cytometry and proliferation assays

Cell surface expression of JAM-C was assessed by flow cytometry with anti-JAM-
C pAbs and mAbs [6, 7]. For proliferation assays, cells cultured on complete
RPMI 1640 medium plus cytokines (25 ng/ml IL-2, 50 ng/ml IL-4, 25 ng/ml
IL-10; PeproTech, Rocky Hill, NJ, USA) and human CD40L (800 ng/ml;

PeproTech) were treated with either 10 wg/ml of the anti-JAM-C mAbs H225
and Hj20 or with 4.5 wm diameter epoxy-activated magnetic beads (Thermo
Fisher Scientific) coated overnight with anti-JAM-C antibodies (or anti-CD45
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for positive controls), according to the manufacturer’s instructions. Rat IgG1
isotype and nonactivated cells were analyzed as negative controls. Cell
proliferation was assessed by 2 different methods: DRAQ) (Biostatus) and
EdU (Thermo Fisher Scientific Life Sciences). At different time points, the
cells were stained with DRAQ5 for 25 min before analysis, and the percentage
of B cells in S and Go/M phases was measured by flow cytometry. Alternatively,
EdU was added to the culture medium at 10 uM (final concentration), and
the cells were incubated for 16 h. Samples were then harvested, and
proliferating EAU™ cells were detected by flow cytometry. In some experiments
the MEK1/2 inhibitor U0126 (Cell Signaling Technology, Danvers, MA, USA)
was used at a concentration of 10 uM.

Chemokine receptors and cell surface adhesion molecules were assessed
[6]. For cyclin D1 staining, directly conjugated anti-cyclin D1-FITC (Abcam,
Cambridge, MA, USA) was used.

All cytometry experiments were performed on a Navios flow cytometer
(Beckman Coulter, Brea, CA, USA) using FCS Express software (De Novo
Software, Glendale, CA, USA).

Intracellular phosphospecific flow cytometry

Treated and untreated cells were fixed by adding 37% formaldehyde (Sigma-
Aldrich) directly into the culture medium to obtain a final concentration of
2% formaldehyde. The cells were incubated for 15 min at RT, permeabilized
by resuspending in ice-cold MeOH, incubated at 4°C for at least 10 min, and
then stored at —20°C. For staining, the cells were washed twice in staining
medium (PBS containing 0.1% BSA) and resuspended at 0.1-0.5 X 10° cells/
50 pl. Optimal concentrations of the phosphospecific mAbs ERK1/2 (pT202/
pY204) Alexa-488, Akt (pS473) Alexa-488, p38 MAPK (pT180/pY182) Alexa-488,
Stat3 (pY705) Alexa-488, and JNK (pT183/pY185) PE (all from BD Biosciences,
San Jose, CA) were added to the cell suspensions and incubated for 30 min at
RT. The samples were washed with staining medium, pelleted, resuspended, and
analyzed by flow cytometry. Inhibition of Erk phosphorylation was confirmed
with the inhibitor U0126 at the same concentration as above.

Chemotaxis assays

Jeko-1 cells (5 X 10%) were incubated in complete RPMI 1640 medium with
either control IgG or ant-JAM-C mAb for 30 min at 37°C in 5% COs. The cells
were resuspended in 200 pl and added to the top chamber of a Transwell
culture insert (Costar; Corning, Inc., Corning, NY, USA) with a diameter of
6.5 mm and a pore size of 5 um. Filters were then transferred to wells
containing complete medium, with or without 150 ng/ml CXCL12
(PeproTech). At 1.5 h later, the cells were harvested from the lower well and
counted by flow cytometry.

Confocal microscopy

Jeko-1 cells were incubated with H225 mAb or control IgG at 37°C for 3 and
24 h and mounted on poly--lysine-pretreated slides. The cells were fixed with
2% PFA, washed with PBS and permeabilized with 0.1% Triton X-100. The
samples were then washed with 0.1% BSA-PBS and incubated for 1 h with
phalloidin-FITC. After 3 washes, the nuclei were counterstained with DAPI
(200 ng/ml; Thermo Fisher Scientific Life Sciences), and the slides were
mounted in Moewiol (Sigma-Aldrich). Fluorescence was analyzed with an LSM
510Meta confocal microscope (Zeiss, Oberkochen, Germany).

Mice

NOD/SCID mice were obtained from Charles River Laboratories (Burlington,
MA, USA) and bred under defined flora conditions at the animal facility of
the University Medical Center, University of Geneva, in sterile microisolator
cages. All experiments were approved by the Animal Care Committee of
Geneva and by the Swiss National Veterinary Law.

B-cell homing assays

Human B cells obtained from healthy donors were incubated 30 min with
mAb anti-JAM-C or with control isotype (10 pg/ml) and injected into the tail
vein of nonirradiated 5-8-wk-old NOD/SCID mice (4-12 X 10° cells per
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mouse). One hour after injection, mice were killed and bone marrow, spleen,
liver, and lymph nodes (mesenteric, inguinal, brachial, axillary, and cervical)
were collected. Human B cells from the different organs were detected by flow
cytometry with human-specific anti-CD45 and anti-CD19 antibodies and
quantified by normalizing the number of B cells detected in 10° cells acquired
by FACS per 10° of injected B cells as described previously [6].

Lymphoma development assays in NOD/SCID mice

Jeko-1 cells (5 X 10° cells) were injected intravenously into 5-8 wk-old NOD/
SCID mice. Six or 10 d after the injection, the mice were randomly distributed
and treated with either rat IgG1 (control group) or anti-JAM-C antibodies
(50 pg/mouse). Subsequently, the antibodies were administrated intravenously
twice a week. The mice were monitored for general condition and weight loss
and Kkilled at day 22 or 26. Bone marrow, spleen, liver, and lymph nodes were
collected and analyzed for the presence of Jeko-1 cells by flow cytometry with
human-specific anti-CD45 and anti-CD19 antibodies.

Statistical analysis

Prism 6 software was used for statistical analysis (GraphPad, San Diego, CA,
USA). The significance of differences between groups was determined with
Student’s ¢ test or ANOVA followed by Dunnett’s post hoc test. Results are

expressed as means * sEM, with P < 0.05 indicating significance.

RESULTS

In a previous study, anti-JAM-C pAbs blocked the adhesion of
JAM-C-expressing B cells to their ligand JAM-B, thus inhibiting
the homing of malignant JAM-C* B lymphocytes to bone marrow,
spleen, and lymph nodes in NOD/SCID mice.

Generation of anti-JAM-C mAbs

To determine whether JAM-C could constitute a new therapeutic
target for the treatment of B-cell lymphomas, we immunized rats
with recombinant human JAM-C protein. We then applied classic
hybridoma technology to generate specific mAbs. We selected 6
antibodies for further characterization (2 IgG1 and 4 IgG2a
isotype), based on specific recognition of the human JAM-C
molecule, which was confirmed by flow cytometry and surface
plasmon resonance assays (Fig. 1A, B).

Anti-JAM-C mAbs decrease the homing of JAM-C*
primary B cells to lymphoid organs

To elucidate whether the new anti-JAM-C mAbs and the
previously described pAbs have similar blocking effects on the
migration of B cells [6], we performed short-term homing assays.
Human B cells from peripheral blood were incubated with the
anti-JAM-C mAbs or with control IgG and then injected into
NOD/SCID mice. One hour later, the mice were killed, and the
human B cells from bone marrow, spleen, liver, and lymph nodes
were quantified by flow cytometry, using human-specific anti-
CD45 and anti-CD19 antibodies. The anti-JAM-C antibody H225
(IgG1) efficiently reduced the homing of B cells to the 4 organs,
whereas Hj20 (IgG1) and 3 other novel IgG2a antibodies did not
influence the trafficking of the cells (Fig. 1C and data not
shown). Similar to H225, the antibody H36.6 (IgG2a) also
decreased the homing of the cells to the lymphoid organs but
with reduced efficiency. H225 was therefore chosen for all
subsequent experiments. Flow cytometry competition assays
between H225 and Hj20 showed noncompetitive binding,
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indicating that the epitopes recognized by the 2 antibodies are
different (data not shown).

Development of lymphoma is reduced by anti-JAM-C
antibody treatment

We next investigated whether the H225 antibody also influences
the development of B-cell lymphomas. We first examined the
tumor growth pattern of the MCL cell line Jeko-1 in NOD/SCID
mice. As expected, intravenous injection of Jeko-1 cells led to
progressive infiltration of all the organs studied (Supplemental
Fig. 1) and mice had to be killed at d 26 because of a decline in
health status.

To demonstrate the therapeutic potential of anti-JAM-C
antibodies, we treated the mice with repeated intravenous
injections of H225 or control IgG, starting 6 days after the
injection of Jeko-1 cells. The percentages of tumor cells were
then quantified by flow cytometry on d 26. Mice treated with
H225 showed drastically reduced quantities of lymphoma cells in
spleen, liver, bone marrow, and lymph nodes, with a decrease of
100%, 99%, 95%, and 100%, respectively, compared with control
mice. This inhibition correlated with a clearly visible reduction in
the sizes of spleen and lymph nodes (Fig. 2).

As treatment for lymphoma in the clinics is normally applied to
patients with an already well-established disease, we then studied
the effects of anti-JAM-C treatment, starting with intravenous
injections of H225 only 10 d after injection of Jeko-1 cells. The
percentage of tumor cells was again quantified by flow cytometry
on d 22. With this treatment schedule, engrafted tumor cells in
bone marrow and lymph nodes were not decreased by H225
treatment and remained unchanged compared with the number
in control mice, whereas in spleen and liver, the number of
tumor cells was decreased by 99% and 83%, respectively,
comparable to mice that had been treated with H225 from d 6
onward (Fig. 3).

To explain these results, we hypothesized that the H225
antibody, in addition to its inhibitory effects on the homing of
recirculating B cells, also affects tumor growth and engraftment
by other mechanisms. Depending on the infiltrated organ, the
corresponding microenvironment may influence differentially
the protection of tumor cells from these effects.

Anti-JAM-C antibodies do not influence activation and
expression of cell surface adhesion molecules, actin
polymerization, or chemotaxis of lymphoma B cells

To investigate whether the H225 antibody, in addition to its
effect on B-cell migration, influences cell activation or the
expression of other adhesion molecules and chemokine recep-
tors involved in homing, we performed in vitro experiments.
Jeko-1 cells were cultured and incubated with H225 antibody or
isotype control for 3, 24, 48, or 72 h and then analyzed by flow
cytometry for the expression of CD19 and BCL6; the chemokine
receptors CCR6, CCR4, CCR7, and CXCR4; the adhesion
molecules a-4 integrin, B-2 integrin, platelet endothelial cell
adhesion molecule, and CD44; and the B-cell activation markers
CD38 and CD69. No differences in expression were detected for
any of these markers (Supplemental Fig. 2 and data not shown).
The expression of the molecules was also analyzed in vivo on
Jeko-1 cells recovered from the bone marrow of NOD/SCID
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Figure 1. Characterization of anti-JAM-C mAbs. The anti-JAM-C antibody H225 reduces the homing of B cells to lymphoid organs. (A) Surface JAM-
C expression was analyzed on Jeko-1 cells (JAM-C") and Raji cells (JAM-C™) by flow cytometry with 6 antiJAM-C mAbs. Histograms of H225 and
Hj20 (IgG1l) are shown as an example. Staining with the pAb was the positive control. (B) Surface plasmon resonance analysis of soluble isotype
control, anti-JAM-C mAbs H225 and Hj20, and pAbs to immobilized JAM-C FLAG. Plasmon resonance arbitrary units were recorded at the end of
the injection and subtracted from arbitrary units at the beginning of the injection. The background signal from a reference channel without soluble
JAM-C FLAG was automatically subtracted. (C) Human B cells treated with control IgG or with the anti-JAM-C antibody H225 or Hj20 were injected
into NOD/SCID mice. One hour later, bone marrow, spleen, lymph nodes, and liver were collected, and B cells were detected and quantified by
flow cytometry with anti-CD19 and -CD45 antibodies. The effect of the antibodies is expressed relative to isotype control (100%). Data are means =

SEM of results in 4 experiments. The differences between groups were determined by ANOVA, followed by Dunnett’s post hoc analysis.

mice treated with H225 or isotype control (Fig. 3). Again, no
differences in any of the markers were observed (Fig. 4A).

To evaluate whether H225 directly influences the chemotactic
behavior of Jeko-1 cells, we performed in vitro Transwell assays.
Jeko-1 cells express CXCR4 (Supplemental Fig. 2) and migrate
toward the chemokine CXCL12. Preincubation of the cells with
H225 did not alter their chemotactic response to CXCL12
(Fig. 4B).

Cell migration and homing largely depends on cytoskeleton
activities. To examine the ability of the anti-JAM-C antibody
H225 to induce changes in the cytoskeleton, we studied the
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intracellular filamentous actin scaffold (F-actin). Jeko-1 cells
were treated with 10 pg/ml H225 or control IgG. As shown

in Fig. 4C, incubation with the antibody did not modify the
polymerization of actin, visualized by fluorescent phalloidin
staining. Intracellular F-actin content was also quantified by
FACS. No differences were detected between H225-treated and
control cells (data not shown). These results demonstrate that
the mAb H225 does not induce actin cytoskeleton polymeriza-
tion or rearrangement. Taken together, these results indicate
that the anti-JAM-C mAb H225 does not affect any of the tested
mechanisms.
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Anti-JAM-C antibodies affect proliferation of human
lymphoma B cells
The inhibition of lymphoma homing mediated by H225
antibodies (Fig. 1) cannot explain the total eradication of tumors
in the different organs (Fig. 2). Additional antibody effects on
cell proliferation are a possibility. Along this line, we first
examined the effect of anti-JAM-C antibodies on proliferation of
JAM-C" B cells by using H225 or Hj20 anti-JAM-C antibodies
linked to epoxy magnetic polystyrene beads. These beads allow
optimal presentation of the antibodies to B cells in culture,
mimicking in vivo interactions with other cells [10]. The cell
cycle was evaluated after 3 h by DRAQ) staining. H225 coupled
to beads decreased the proliferation rate of Jeko-1 cells by 15% at
3 h (Fig. 5A). Hj20 antibody, used as the control, had no effect.
Similar results were obtained at 5 h (data not shown). This
inhibition of proliferation was not caused by a decrease in cell
viability or by an induction of apoptosis, given that no differences
in 7AAD or annexin-V staining were observed (data not shown).
Cell lines are highly proliferating cells reflecting adaptation
and selection related to long-term in vitro culture conditions.
Therefore, we next examined the ability of H225 antibody to
inhibit the proliferation of primary lymphoma B cells. JAM-C*
B cells from patients with leukemic MCL were cultured in the
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presence of recombinant CD40L and cytokines and either H225
or Hj20 antibody or isotype control. Cell proliferation was
evaluated at d 3 of culture by flow cytometry with DRAQ5 or EAU
staining. A significant inhibition in cell proliferation was found
when cells were incubated with H225 anti-JAM-C antibody
(33.0 £ 3.9% and 29.9 * 3.5%, as measured by EAU and DRAQ)5,
respectively; Fig. 5B), but not with Hj20.

To test whether the effect on cell proliferation observed in
vitro would explain our in vivo results, we analyzed cell
proliferation of human lymphoma cells recovered from mice. For
this experiment, mice were first injected with Jeko-1 cells and
then treated with H225 antibody, as described above. Several days
later, the mice were injected intravenously with EAU and killed
the next day, and proliferation was measured in cells collected
from bone marrow. Lymphoma cells from H225-treated mice
showed a clear 35% decrease in proliferation compared with
those in the controls (Fig. 5C).

Because MCL cells, including Jeko-1, overexpress the cell cycle
protein cyclin D1, we investigated a potential direct effect of
H225 antibody on its expression. After validation of the method
of quantification of cyclin D1 by flow cytometry (Supplemental
Fig. 3A), Jeko-1 cells were incubated with H225 antibody or
control isotype for different periods. No differences were
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observed in the percentage of cyclin D1 cells in H225-treated
and control cells (Supplemental Fig. 3B). Similar results were
obtained when primary MCL cells were incubated with H225: no
effect on cycle D1 expression was observed (data not shown).

Altogether, these results demonstrate that anti-JAM-C H225
antibodies exert a direct inhibitory effect on the proliferation of
the MCL Jeko-1 cell line and primary lymphoma cells, without
having a direct effect on the expression of cyclin D1.

The binding of anti-JAM-C mAbs decreases the
phosphorylation of ERK1/2

To investigate the mechanism behind the H225-triggered
decrease in cell proliferation, we monitored phosphorylation
profiles of known B-cell intracellular pathways at single cell levels
by phosphospecific flow cytometry. First, signaling pathways were
analyzed in Jeko-1 cells by using phosphospecific antibodies for
p38, ERK1/2, ]NK (MAPKs), Stat3, and Akt (the PI3K/Akt/
mTOR cell survival pathway). Unstimulated Jeko-1 cells exhibited
high basal (constitutive) phosphorylation levels of ERK1/2, JNK,
and Akt, whereas phosphorylation of p38 and Stat3 was not
detected (Fig. 6A). Jeko-1 cells were then incubated with either
the anti-JAM-C mAb H225 or with isotype control for 30 min or
3 h. The binding of anti-JAM-C antibodies led to a decrease in
ERK1/2 phosphorylation by 25% or 34%, respectively, without
affecting the phosphorylation of the other signaling proteins JNK
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and Akt (Fig. 6B). The phosphorylation of p38 and Stat3
remained undetectable. Addition of the Erk inhibitor U0126 to
cultures completely abrogated ERK1/2 phosphorylation and
Jeko-1 cell proliferation (Supplemental Fig. 4).

To evaluate whether H225 antibody also influences the
phosphorylation profiles of primary lymphoma cells, we in-
vestigated 10 patients with JAM-C" leukemic B cells. Basal
phosphorylation levels were low for all 5 phosphoproteins
studied (data not shown). Lymphoma B cells were then activated
with CD40L and cytokines for 15 min and incubated with either
H225 antibody or with isotype control. The 15 min period was
selected based on a kinetic study performed on primary normal
B cells, which produced a robust but not maximum phosphor-
ylation of the 5 signaling proteins evaluated (data not shown). In
accordance with previously published results [11-13], phospho-
protein expression patterns were observed to vary widely among
the cases. Phosphorylation of ERKI/2 was detected in all patients
after CD40L activation and was decreased in 8 of 10 samples
incubated with H225 (Fig. 6C), similar to the effect on Jeko-1
cells. The effect of the antibody relative to isotype control
(100%) was a mean reduction of 15.3% in the phosphorylation of
ERK1/2 (P < 0.005). On the other phosphoproteins studied, no
differences were observed upon H225 treatment; in some
samples, CD40L activation did not lead to phosphorylation of
some of the 5 phosphoproteins.
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Figure 4. Anti-JAM-C antibody H225 does not affect expression of surface markers, chemotaxis, or actin polymerization. (A) NOD/SCID mice were
injected with Jeko-1 cells and treated with control IgG or with H225 antibody, as described in Fig. 2. Jeko-1 cells were detected by flow cytometry
with anti-CD19 and anti-CD45 antibodies and analyzed for the expression of cell surface activation markers and adhesion molecules. Black lines:
Jeko-1 cells from the mouse treated with control IgG; red lines: Jeko-1 cells from the mouse treated with antibody H225. One representative
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Figure 5. Treatment with anti-JAM-C antibody
H225 reduces proliferation of Jeko-1 cells and of
primary JAM-C* lymphoma B cells. (A) Jeko-1
cells were cultured in complete RPMI 1640
medium and incubated with Epoxy-activated
beads coated with anti-JAM-C antibody H225, with
anti-JAM-C antibody Hj20, or with IgGl isotype
control (n = 5). Cell proliferation was evaluated 3
h later by flow cytometry after DRAQ5 staining.
(B) Primary lymphoma JAM-C* B cells were B
cultured in complete RPMI 1640 containing
cytokines (IL-2, -4, and -10), and CD40L and
were incubated with the anti-JAM-C antibody
H225 or Hj20 or with the IgGl isotype control

(n = 4). Cell proliferation was evaluated at day 3
by flow cytometry after DRAQ5 or EdU staining,
as indicated. (C) NOD/SCID mice were injected
with Jeko-1 cells and treated with control IgG or
with H225 antibody (n = 3), as described in Fig.
2. At the end of the experiment EdU was injected
intravenously, and mice were killed the next day.
Organs were collected, and infiltrated Jeko-1 cells
from the bone marrow were labeled with anti-
CD19 and anti-CD45 antibodies and analyzed for
cell proliferation. Results are expressed as means C
* seM of the percentage of proliferation com-
pared to control (100%). Differences between
antibody-treated and control cells were deter-
mined by ANOVA, followed by Dunnett’s post
hoc test (A) or Student’s ¢ test (B, C).

DISCUSSION

In this study, we recorded preclinical data on the efficacy of anti-
JAM-C therapy in an MCL mouse model. JAM-C is a surface
glycoprotein found at tight junctions of vascular endothelial cells,
as well as on human platelets, stem cells, and NK, T, and B cells
[6, 4, 14]. JAM-B expressed by vascular endothelial cells has been
described as the ligand for JAM-C expressed by hematopoietic
cells [6, 15]. Anti-JAM-C blocking antibodies inhibit JAM-B/JAM-
C interaction, thereby reducing cell homing [6, 14].

The recirculation and homing of B cells to lymphoid
microenvironments is a critical process in the orchestration of
the immune response [16, 17]. Normal lymphocyte trafficking
and lymphocyte—endothelium interactions are regulated by
adhesion molecules, such as the selectins, the integrins VLA-4
and LFA-1 and their ligands VCAM-1 and ICAM-1, and the
chemokines [18, 19]. Similar to normal B lymphocytes, malig-
nant lymphoma B cells home to specialized microenvironments
favorable to tumor cell survival and growth in lymphoid tissues

n.s.

Jeko-1 cells

Proliferation (% of control)

0 20 40 60 80 100 120

p<0.005

Activated JAM-Cpos lymphoma B cells

Proliferation (% of control)

0 20 40 60 80 100 120

p<0.05

p<0.005

In vivo proliferation Jeko-1 cells

Proliferation (% of control)

0 20 40 60 80 100 120

p<0.05

such as the bone marrow, lymph nodes, or spleen. This migration
constitutes a central aspect of the pathophysiology of lymphomas,
because it promotes rapid tumor dissemination [20]. Therefore,
targeting the molecules, which control the homing of lymphoma
cells to their survival niches, could constitute a new treatment
strategy for B-cell lymphomas. In a prior publication, we reported
the critical importance of JAM-C in controlling the homing of
normal and malignant B cells to lymphoid organs by using anti-
JAM-C pAbs [6]. Consequently, we generated and analyzed 6
novel anti-JAM-C mAbs that may be more appropriate for
therapeutic use. In the present study, we demonstrated that
H225, the most efficient anti-JAM-C mAb in the series that we
tested, efficiently decreased the homing of malignant B cells to
lymphoid organs. Applied in a therapeutic setting, this antibody
could therefore help in abolishing lymphoma dissemination to
lymphoid niches.

In addition to its effect on homing, H225 treatment eradicated
the lymphoma in all organs in NOD-SCID mice when antibody

experiment of 3 is shown. (B) Jeko-1 cells were incubated with IgG control or with anti-JAM-C mAb H225 and added to the top chamber of Transwell
culture inserts. Wells contained complete medium, with or without CXCL12. At 1.5 h later, the cells were harvested from the lower well and counted by
flow cytometry. (C) Jeko-1 cells were treated with H225 or control IgG for 3 and 24 h mounted on poly-L-lysine-treated slides. Polymerized actin
distribution was examined by staining with phalloidin-FITC. One representative experiment of 3 is shown, for the 3 h time point.
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Figure 6. Anti-JAM-C antibody reduces ERK1/2 phosphorylation and does not affect other signaling pathways. (A) Jeko-1 cells were cultured in
complete RPMI 1640 medium, and phosphorylation of Akt, p38, ERK1/2, JNK, and Stat3 was evaluated by flow cytometry with phosphospecific
mAbs. Unstained cells were used as controls (gray-filled histograms). (B) Jeko-1 cells were cultured in complete RPMI 1640 medium and incubated
with anti-JAM-C antibody H225 or isotype control. Phosphorylation of ERK1/2, Akt, and JNK was evaluated 30 min and 3 h later by flow cytometry
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treatment was initiated 6 days after injection of Jeko-1 cells
(i.e., after the cells had already homed to the lymphoid
organs). Of the different possible mechanisms to explain this
finding, we studied the effect of H225 on the expression of
other adhesion molecules or chemokine receptors on the
lymphoma cells, on B-cell activation status, on actin poly-
merization, and on B-cell chemotaxis. None of these mech-
anisms was influenced by H225 treatment, but we observed a
direct effect of H225 on the proliferation of Jeko-1 cells.
Both in vitro lymphoma cells treated with H225 antibody and
cells recovered from lymphoid organs of mice treated for
several weeks with H225 showed decreased proliferation rates.
This observation is in concordance with the fact that tight-
junction proteins not only possess adhesive roles, but are also
crucial components of the signaling pathways that regulate
proliferation and differentiation [9].

Recent studies similarly have shown that targeting other
adhesion molecules such as CD44 or EpCAM, can influence cell
proliferation. For instance, anti-CD44 antibodies efficiently
inhibited the proliferation of acute myeloid leukemia cells [21,
22]. Although p27 has been implicated, the signaling pathways
regulating this inhibition are still largely unknown. EpCAM,
which is overexpressed in several epithelial cancers [23], has also
been found to be involved in proliferation. In JAM-C" B-cell
lymphomas, particularly MCL, reducing proliferation via binding
of JAM-C may therefore be of critical importance in preventing
lymphoma growth.

The signaling cascades that initiate and regulate prolifera-
tion within cells are composed of phosphoproteins and the
kinases and phosphatases that interact with them [24, 25].
We used intracellular phosphospecific flow cytometry [26]
to investigate whether anti-JAM-C antibodies modulate these
activated signaling molecules in MCL Jeko-1 cells. Indeed,
antibody H225 reduced ERK1/2 phosphorylation without
affecting other phosphoproteins. To confirm our findings on
the Jeko-1 lymphoma cell line, we studied the phosphorylation
of primary malignant JAM-C" B cells. In agreement with the
Jeko-1 data, lymphoma B cells treated with anti-JAM-C
antibody also showed a decrease in ERK1/2 phosphorylation.
Altogether, these data suggest that the therapeutic effects of anti-
JAM-C antibodies are not restricted to the prevention of lymphoma
cell homing, but could also imply a decrease in ERK1,/2
phosphorylation, associated with reduced cell proliferation.

The reduction in tumor growth with H225 is more
important than the previously reported effect of anti-JAM-C
pAbs [6]. This finding points to the specificity of 1 JAM-C
epitope and may allow selective targeting of the molecule for
therapy. Anti-tumor efficacy of molecules interfering with the
migration of malignant cells, alone or in combination with
other therapies, is currently being evaluated for the treatment

of lymphomas and other hematologic malignancies. Several
studies have already reported antitumor activity of migration
inhibitors in lymphoma or leukemia mouse models [27-32].
Some of these molecules have been developed for their use
in clinics and are currently under investigation in patients.
For instance, A6, a CD44 binding peptide, has demonstrated
efficacy and an excellent safety profile in clinical phase 1 and
2 trials in gynecologic cancers, and a phase 2 trial in CLL
has started recently (NCT02046928). The combination of
plerixafor, a CXCR4 inhibitor, with classic therapies is also being
tested in patients with CLL or small lymphocytic lymphoma
(NCT00694590) [33] and in patients with acute myeloid
leukemia (NCT01027923, NCT00512252, NCT00990054, and
NCT01160354). Agents inhibiting B-cell receptor signaling are
another current focus of therapeutic development, showing
impressive clinical results [34-36]. These molecules also inhibit
B-cell migration, homing, and cell adhesion, thereby preventing
malignant cells from interacting with survival and growth factors
provided by the microenvironment [34].

In conclusion, the data demonstrate that our anti-JAM-C mAbs
reduce JAM-C" lymphoma cell proliferation and homing to
supportive lymphoid microenvironments. Treatment with the
antibody H225 abolished lymphoma development in the Jeko-1
MCL model in NOD/SCID mice. Therefore, combined treat-
ment of anti-JAM-C antibodies with current therapies could
become an attractive approach to improving anti-tumor activity
in JAM-C" lymphoma.
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with phosphospecific mAbs. Results show means * sEm of the ratio of phosphorylated cells treated with anti-JAM-C/phosphorylated cells treated with
isotype control (no difference, ratio = 1) from 6 experiments. (C) Primary lymphoma JAM-C" B cells were cultured in complete RPMI 1640 containing
cytokines (IL-2, -4, and -10) and CD40L and were incubated with anti-JAM-C antibody H225 or isotype control (n = 10). Phosphorylation of ERK1/2, Akt,
p38, Stat3, and JNK was evaluated 15 min later by flow cytometry with phosphospecific mAbs. Of note, the phosphorylation of every protein was not
always measurable for each patient in the cohort. Differences between antibody treated and control cells were determined by ANOVA followed by

Dunnett’s post hoc text (A) or Student’s ¢ test (B).

852 Journal of Leukocyte Biology Volume 100, November 2016

www jleukbio.org


http://www.jleukbio.org

Doriate et al.

REFERENCES

1.

2.

10.

11.

15.

16.
17.

18.

19.

Cheah, C. Y., Seymour, ]J. F., Wang, M. L. (2016) Mantle cell lymphoma.
J. Clin. Oncol. 34, 1256-1269.

British Committee for Standards in Haematology. (2012) Guidelines
for the investigation and management of mantle cell lymphoma. Br. J.
Haematol. 159, 405-426.

Herrmann, A., Hoster, E., Zwingers, T., Brittinger, G., Engelhard, M.,
Meusers, P., Reiser, M., Forstpointner, R., Metzner, B., Peter, N.,
Wormann, B., Trimper, L., Pfreundschuh, M., Einsele, H., Hiddemann,
W., Unterhalt, M., Dreyling, M. (2009) Improvement of overall survival in
advanced stage mantle cell lymphoma. J. Clin. Oncol. 27, 511-518.
Bradfield, P. F., Nourshargh, S., Aurrand-Lions, M., Imhof, B. A. (2007)
JAM family and related proteins in leukocyte migration (Vestweber
series). Arterioscler. Thromb. Vasc. Biol. 27, 2104-2112.

Weber, C., Fraemohs, L., Dejana, E. (2007) The role of junctional
adhesion molecules in vascular inflammation. Nat. Rev. Immunol. 7,
467-4717.

Donate, C., Ody, C., McKee, T., Ruault-Jungblut, S., Fischer, N., Ropraz,
P., Imhof, B. A., Matthes, T. (2013) Homing of human B cells to
lymphoid organs and B-cell lymphoma engraftment are controlled by cell
adhesion molecule JAM-C. Cancer Res. 73, 640-651.

Ody, C., Jungblut-Ruault, S., Cossali, D., Barnet, M., Aurrand-Lions, M.,
Imhof, B. A., Matthes, T. (2007) Junctional adhesion molecule C
(JAM-C) distinguishes CD27+ germinal center B lymphocytes from
non-germinal center cells and constitutes a new diagnostic tool for B-cell
malignancies. Leukemia 21, 1285-1293.

Matter, K., Aijaz, S., Tsapara, A., Balda, M. S. (2005) Mammalian tight
junctions in the regulation of epithelial differentiation and proliferation.
Curr. Opin. Cell Biol. 17, 453-458.

Matter, K., Balda, M. S. (2003) Signalling to and from tight junctions.
Nat. Rev. Mol. Cell Biol. 4, 225-236.

Kovacs, B., Maus, M. V., Riley, ]J. L., Derimanov, G. S., Koretzky, G. A.,
June, C. H., Finkel, T. H. (2002) Human CD8+ T cells do not require the
polarization of lipid rafts for activation and proliferation. Proc. Natl. Acad.
Sci. USA 99, 15006-15011.

Palazzo, A. L., Evensen, E., Huang, Y. W., Cesano, A., Nolan, G. P., Fantl,
W. J. (2011) Association of reactive oxygen species-mediated signal
transduction with in vitro apoptosis sensitivity in chronic lymphocytic
leukemia B cells. PLoS One 6, €24592.

Irish, J. M., Hovland, R., Krutzik, P. O., Perez, O. D., Bruserud, @.,
Gjertsen, B. T., Nolan, G. P. (2004) Single cell profiling of potentiated
phospho-protein networks in cancer cells. Cell 118, 217-228.

Blix, E. S., Irish, J. M., Husebekk, A., Delabie, J., Tierens, A. M.,
Myklebust, J. H., Kolstad, A. (2012) Altered BCR and CD40 signalling are
associated with clinical outcome in small lymphocytic lymphoma/
chronic lymphocytic leukaemia and marginal zone lymphoma patients.
Br. J. Haematol. 159, 604—608.

Arcangeli, M. L., Bardin, F., Frontera, V., Bidaut, G., Obrados, E., Adams,
R. H., Chabannon, C., Aurrand-Lions, M. (2014) Function of Jam-B/Jam-
C interaction in homing and mobilization of human and mouse
hematopoietic stem and progenitor cells. Stem Cells 32, 1043-1054.
Liang, T. W., Chiu, H. H., Gurney, A,, Sidle, A., Tumas, D. B., Schow, P,
Foster, J., Klassen, T., Dennis, K., DeMarco, R. A., Pham, T., Frantz, G.,
Fong, S. (2002) Vascular endothelialjunctional adhesion molecule (VE-
JAM) /JAM 2 interacts with T, NK, and dendritic cells through JAM 3.
J. Immunol. 168, 1618-1626.

Butcher, E. C., Picker, L. J. (1996) Lymphocyte homing and homeostasis.
Science 272, 60-67.

von Andrian, U. H., Mempel, T. R. (2003) Homing and cellular traffic in
lymph nodes. Nat. Rev. Immunol. 3, 867-878.

Ley, K., Laudanna, C., Cybulsky, M. I., Nourshargh, S. (2007) Getting to
the site of inflammation: the leukocyte adhesion cascade updated. Nat.
Rev. Immunol. 7, 678-689.

Miyasaka, M., Tanaka, T. (2004) Lymphocyte trafficking across high
endothelial venules: dogmas and enigmas. Nat. Rev. Immunol. 4, 360-370.

www jleukbio.org

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

Lymphoma growth is inhibited by anti-dAM-C mAbs

Pals, S. T., de Gorter, D. J., Spaargaren, M. (2007) Lymphoma
dissemination: the other face of lymphocyte homing. Blood 110,
3102-3111.

Charrad, R. S., Gadhoum, Z., Qj, J., Glachant, A., Allouche, M., Jasmin,
C., Chomienne, C., Smadja-Joffe, F. (2002) Effects of anti-CD44
monoclonal antibodies on differentiation and apoptosis of human
myeloid leukemia cell lines. Blood 99, 290-299.

Gadhoum, Z., Leibovitch, M. P., Qi, J., Dumenil, D., Durand, L.,
Leibovitch, S., Smadja-Joffe, F. (2004) CD44: a new means to inhibit
acute myeloid leukemia cell proliferation via p27Kipl. Blood 103,
1059-1068.

Trzpis, M., McLaughlin, P. M., de Leij, L. M., Harmsen, M. C. (2007)
Epithelial cell adhesion molecule: more than a carcinoma marker and
adhesion molecule. Am. J. Pathol. 171, 386-395.

Zhang, W., Liu, H. T. (2002) MAPK signal pathways in the regulation of
cell proliferation in mammalian cells. Cell Res. 12, 9-18.

Kolch, W. (2000) Meaningful relationships: the regulation of the Ras/
Raf/MEK/ERK pathway by protein interactions. Biochem. J. 351, 289-305.
Krutzik, P. O., Nolan, G. P. (2003) Intracellular phospho-protein staining
techniques for flow cytometry: monitoring single cell signaling events.
Cytometry A. 55, 61-70.

Hu, Y., Gale, M., Shields, J., Garron, C., Swistak, M., Nguyen, T. H.,
Jacques, G., Fogle, R., Siders, W., Kaplan, J. (2012) Enhancement of the
anti-tumor activity of therapeutic monoclonal antibodies by CXCR4
antagonists. Leuk. Lymphoma 53, 130-138.

Somovilla-Crespo, B., Alfonso-Pérez, M., Cuesta-Mateos, C., Carballo-de
Dios, C., Beltran, A. E., Terron, F., Pérez-Villar, J. J., Gamallo-Amat, C.,
Pérez-Chacon, G., Fernandez-Ruiz, E., Zapata, J. M., Munoz-Calleja, C.
(2013) Anti-CCR7 therapy exerts a potent anti-tumor activity in a xenograft
model of human mantle cell lymphoma. J. Hematol. Oncol. 6, 89.
O’Callaghan, K., Lee, L., Nguyen, N., Hsieh, M. Y., Kaneider, N. C., Klein,
A. K., Sprague, K., Van Etten, R. A, Kuliopulos, A., Covic, L. (2012)
Targeting CXCR4 with cell-penetrating pepducins in lymphoma and
lymphocytic leukemia. Blood 119, 1717-1725.

Jin, L., Hope, K. J., Zhai, Q., Smadja-Joffe, F., Dick, J. E. (2006) Targeting
of CD44 eradicates human acute myeloid leukemic stem cells. Nat. Med.
12, 1167-1174.

Parameswaran, R., Yu, M., Lim, M., Groffen, J., Heisterkamp, N. (2011)
Combination of drug therapy in acute lymphoblastic leukemia with a
CXCR4 antagonist. Leukemia 25, 1314-1323.

Zeng, Z., Shi, Y. X., Samudio, I. ]J., Wang, R. Y., Ling, X., Frolova, O.,
Levis, M., Rubin, J. B., Negrin, R. R,, Estey, E. H., Konoplev, S., Andreeff,
M., Konopleva, M. (2009) Targeting the leukemia microenvironment by
CXCR4 inhibition overcomes resistance to kinase inhibitors and
chemotherapy in AML. Blood 113, 6215-6224.

Andritsos, L. A., Byrd, ]., Hewes, B., Kipps, T., Johns, D., Burger, J. (2010)
Preliminary results from a phase I dose escalation study to determine the
maximum tolerated dose of plerixafor in combination with rituximab in
patients with relapsed chronic lymphocytic leukemia. Haematologica 95, 321.
Chang, B. Y., Francesco, M., De Rooij, M. F., Magadala, P., Steggerda,
S. M., Huang, M. M., Kuil, A., Herman, S. E., Chang, S., Pals, S. T.,
Wilson, W., Wiestner, A., Spaargaren, M., Buggy, J. J., Elias, L. (2013)
Egress of CD19(+)CD5(+) cells into peripheral blood following
treatment with the Bruton tyrosine kinase inhibitor ibrutinib in mantle
cell lymphoma patients. Blood 122, 2412-2424.

Robak, T., Robak, P. (2013) BCR signaling in chronic lymphocytic
leukemia and related inhibitors currently in clinical studies. Int. Rev.
Immunol. 32, 358-376.

4 RESONATE-2 Investigators. (2015) Ibrutinib as initial therapy for
patients with chronic lymphocytic leukemia. N. Engl. J. Med. 373,
2425-2437.

KEY WORDS:
B-cell homing - B-cell proliferation - mantle cell ymphoma treatment

Volume 100, November 2016 Journal of Leukocyte Biology 853


http://www.jleukbio.org

