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The junctional adhesion molecules (JAMs) have been recently described as interendothelial junctional molecules and as
integrin ligands. Here we show that JAM-B and JAM-C undergo heterophilic interaction in cell-cell contacts and that
JAM-C is recruited and stabilized in junctional complexes by JAM-B. In addition, soluble JAM-B dissociates soluble
JAM-C homodimers to form JAM-B/JAM-C heterodimers. This suggests that the affinity of JAM-C monomers to form
dimers is higher for JAM-B than for JAM-C. Using antibodies against JAM-C, the formation of JAM-B/JAM-C het-
erodimers can be abolished. This liberates JAM-C from its vascular binding partner JAM-B and makes it available on the
apical side of vessels for interaction with its leukocyte counterreceptor a,,, integrin. We demonstrate that the modu-
lation of JAM-C localization in junctional complexes is a new regulatory mechanism for a,,f3,-dependent adhesion of

leukocytes.

INTRODUCTION

Junctional adhesion molecules (JAMs) are immunoglobulin
(Ig)-like proteins, consisting of two extracellular Ig domains,
a short cytoplasmic tail and a PDZ-domain-binding motif
(Ebnet et al., 2004). JAM-A is a component of tight junctions
in both epithelial and endothelial cells and regulates mono-
cyte transmigration (Malergue et al., 1998; Martin-Padura et
al., 1998). We and others have described two closely related
molecules, JAM-B and JAM-C, both expressed by endothe-
lial cells and localized at intercellular contacts (Aurrand-
Lions et al., 2000; Cunningham et al., 2000; Aurrand-Lions et
al., 2001a). Trans-homophilic interaction of JAM-A between
adjacent cells is required for its proper localization at cell-
cell contacts (Bazzoni et al., 2000a). The structural study of
crystallized JAM-A has confirmed that the protein forms
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homodimers, which organize in a zipperlike structures at
intercellular contacts (Kostrewa ef al., 2001; Prota et al., 2003).
Similarly, it has been suggested that JAM-C molecules need
trans-homophilic interaction to be correctly localized at cell-
cell borders (Aurrand-Lions ef al., 2001b).

In mouse, JAM-B and JAM-C expression is restricted to
noncirculating cells, including vascular and lymphatic en-
dothelial cells (Aurrand-Lions ef al., 2001b). In human,
JAM-C is also expressed by platelets and activated T lym-
phocytes and it has been suggested that JAM-C mediates the
adhesion of lymphocytes to endothelial cells via JAM-B ex-
pressed on the vascular bed (Cunningham et al., 2000; Arrate
et al., 2001). However, JAM-B/JAM-C interaction may also
occur between adjacent endothelial cells.

Members of the JAM family have been shown to interact
with leukocyte integrins. Ostermann and collaborators have
reported that the membrane proximal domain of JAM-A on
endothelial cells binds to the I domain of the leukocyte
integrin LFA-1 (oq ,) (Ostermann ef al., 2002; Fraemohs et
al., 2004). This interaction supports the adhesion and trans-
migration of T lymphocytes (Ostermann et al., 2002). Al-
though JAM-A mainly localizes at cell-cell contacts in endo-
thelial cells, it is redistributed to the apical surface upon
inflammatory conditions, suggesting that JAM-A may be-
come available for LFA-1-mediated leukocyte interaction
(Ozaki et al., 1999; Ebnet et al., 2004). Similarly, human
JAM-C expressed on platelets participates in the binding of
platelets to leukocytes, by interacting with the I domain of
the leukocyte integrin a8, (Mac-1) (Santoso et al., 2002;
Chavakis et al., 2004). Finally, human JAM-B interacts with
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the integrin a, 8, expressed by T lymphocytes (Cunningham
et al., 2002). This interaction only occurs after prior engage-
ment of JAM-B with JAM-C and is not detectable in cells in
which JAM-C expression is absent (Cunningham et al., 2002).
In all the cases, these findings indicate that the JAM family
members participate to the recruitment of leukocytes at
inflammatory sites.

However, the interactions between JAM and integrin do
not explain how the leukocyte will cope with the JAMs
expressed on endothelial cells in vivo. More precisely, what
happens when the monocyte integrin a3, faces JAM-B and
JAM-C, both expressed by vascular and lymphatic endothe-
lial cells (Aurrand-Lions et al., 2001b)? One can imagine that
a more complex network of interactions mediated by JAMs
occurs between leukocytes and endothelial cells. Several
questions regarding the significance of JAM-B and JAM-C
interactions between endothelial cells, as well as their effect
on leukocyte recruitment, remain to be answered.

In the present study, we investigate whether JAM-C is
differentially recruited at intercellular contacts by ho-
mophilic or heterophilic interactions with JAM-B. Using flu-
orescence recovery after photobleaching (FRAP) experi-
ments we demonstrate that JAM-B recruits and stabilizes
JAM-C at cell-cell contacts. We are able to disrupt this inter-
action and modify JAM-C localization by means of antibody
directed against JAM-C. In addition, we show that JAM-C
localization modulates a8, integrin-dependent adhesion
to the endothelium.

MATERIALS AND METHODS

Expression Vectors Encoding Chimeric Molecules Fused to
EGFP or FLAG-tag Sequences

FLAG-JAM-B, JAM-C-EGFP, and soluble JAM-C comprising the two extra-
cellular domains have been previously described (Aurrand-Lions et al., 2001a,
2001b). The soluble JAM-B and the soluble JAM-C V domain (solJAM-C 1d)
were obtained by PCR using the same cloning strategy. Primers were ob-
tained from Microsynth (Microsynth GmbH, Balgach, Switzerland), and re-
striction sites added for cloning strategy are underlined. The cDNA encoding
the extracellular V domain of JAM-C was amplified using plasmid encoding
the full-length sequence of murine JAM-C, Pfu polymerase, T7, and (°-
gctctagacagtgttgecgtettgectacag->") as forward and reverse primers. The PCR
product was digested with HindIIl and Xbal before cloning in pcDNA3
containing FLAG-tag sequence (Wiedle et al., 1999). Similarly, the cDNA
encoding soluble JAM-B was obtained by PCR using (*-tcagctaggcagccaget-3')
and (°-gctctagaatctacttgeattegettee->) as forward and reverse primers. The
PCR product digested with Xbal was then cloned in frame with the FLAG-tag
sequence in pcDNA3 using EcoRI/blunt and Xbal sites. For the generation of
JAM-C-EGFP-Out (FGFPJAM-C), a three-step cloning strategy was used. Start-
ing from the vector encoding soluble JAM-C, the sequence was excised by
HindlIII/Xbal and cloned in pcDNA-3 devoid of FLAG-tag sequence. The
sequence encoding the EGFP was then amplified using (°'-gctctagagtgag-
caagggcgaggagetg->) as forward primer modified with Xbal site and (°'-
ctaagggcccttetegagetegtecatgeegagag-3') as reverse primer modified by Xhol
and Apal sites. PCR product was digested with Xbal and Apal, and subcloned
in frame with the sequence encoding the V and C, domains of JAM-C using
Xbal and Apal sites. This resulted in a second intermediate product encoding
soluble JAM-C fused to EGFP. The remaining sequence encoding the trans-
membrane and cytoplasmic part of JAM-C was amplified using (>'-gagccgctc-
gagttgaacattgetgggattattgg->") and (°'-ctagggecctcagataacaaaggacgatttgtg->")
as forward and reverse primers. PCR product was subcloned in the vector
comprising the soluble JAM-C fused to EGFP after Xhol/Apal digestion. The
EGFP was inserted to the hinge region between the membrane proximal C,
domain and the transmembrane part of JAM-C (SFPJAM-C). This construct
left intact the two extracellular domains, the phosphorylation sites and the
PDZ-binding-domain motif in the cytoplasmic tail. The sequence encoding
PECAM-1-EGFP has been previously described (Wong et al., 2000). Integrity
of expression constructs was verified by sequencing the cDNA on both
strands using Dual Lycor 4000 (MWG, Ebersberg, Germany).

Antibodies

The panel of rat monoclonal antibodies (CRAM panel) against mouse JAM-C
(H33, H36, F26, and D22) and rat monoclonal antibodies against mouse
PECAM-1/CD31 (GC51) and mouse Mac-1/CD11b (M1/70) were previously
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described (Springer et al., 1979; Piali et al., 1993; Aurrand-Lions et al., 2001a).
Anti-human CD44 (Hermes, 9B5) used as irrelevant antibody control rat IgG,,
was kindly provided by Dr. B. Engelhardt (Berg et al., 1991; Laschinger and
Engelhardt, 2000). Polyclonal rabbit sera against murine JAM-B or JAM-C
were generated using recombinant soluble molecules consisting in the two
extracellular Ig domains and have been previously described (Gliki et al.,
2004; Lamagna ef al., 2005).

Production of FLAG-tagged Soluble Molecules

293T cells were transiently transfected with pcDNA3 plasmids containing
coding sequences for soluble domains of JAM-B or JAM-C by calcium-phos-
phate precipitation. Producing cells were kept under confluent conditions in
DMEM with 2% Ultroser (BioSepra S.A., Ciphergen BioSystems, Cergy-saint-
Christophe, France), and the supernatant was collected after 10 d (Legler ef al.,
2001). FLAG-tagged molecules were purified from supernatant using a M2
affinity column (Sigma-Aldrich, Saint-Louis, MO) and then competitively
eluted with FLAG-peptide (Sigma-Aldrich) according to the manufacturer’s
instructions. Eluted proteins were dialyzed against phosphate-buffered saline
(PBS).

Cell Lines, Transfections, and Mixed Coculture
Experiments

The WEHI78/24 monocytoid cell line and the bEnd.5 endothelioma cell line
were kindly provided by B. Engelhardt (Bern University, Switzerland). Ly-
End.1, bEnd.5, and WEHI78/24 were cultured in DMEM and Chinese ham-
ster ovary (CHO) cells in F12 medium (GIBCO, Invitrogen, Basel, Switzer-
land), both supplemented with antibiotics and 10% fetal calf serum (FCS).
Fugen 6 (Roche, Rotkreuz, Switzerland) was used according to the manufac-
turer’s recommendation for stable transfection. Cells were cultured in the
presence of 1 mg/ml Geneticin (GIBCO, Invitrogen) to select for stable
expressing cells. Expressing cells were selected using fluorescence-activated
cell sorting (FacStar, Becton Dickinson, Mountain View, CA) after immuno-
staining with appropriate antibodies. Mixed cocultures were obtained by
mixing cells as indicated and growing them to confluence over a 2- to 3-d
period.

Immunofluorescence Staining

For immunohistochemistry with monoclonal antibody (mAb) anti-JAM-C
(F26), polyclonal antibodies against JAM-B or JAM-C, frozen sections were
fixed with acetone/methanol 1:1 for 5 min at —20°C, dried, and rehydrated in
PBS, 0.2% Gelatin, and 0.05% Tween 20. Sections were incubated with pri-
mary antibody for 1 h at room temperature and, after three washes in PBS,
incubated with a secondary antibody coupled to FITC or Texas Red dye
(Jackson ImmunoResearch Laboratories, West Grove, PA). Nuclei were visu-
alized using TO-PRO-3 according to manufacturer’s instruction (Molecular
Probes, Eugene, OR). Note that antibodies-treated lymph nodes were har-
vested from mice 24 h after a single injection of 150 ug of antibodies and
frozen in OCT. Immunostaining was done using the anti-JAM-C polyclonal
antibody.

For immunocytochemistry, cells were fixed with cold methanol for 5 min
before washing with PBS, 0.2% bovine serum albumin (BSA). Cells were then
incubated with primary polyclonal rabbit serum or M2 anti-FLAG mAb
(Sigma-Aldrich) for 1 h and washed, before further incubation with secondary
antibodies coupled to Texas Red (Jackson ImmunoResearch Laboratories).
Images were acquired using confocal microscope Zeiss LSM510 (Zeiss,
Oberkochen, Germany).

ELISA Assays on Mixed Cocultures

For ELISA assay on mixed CHO monolayers, cells grown to confluency in
96-well plates were fixed with 4% paraformaldehyde without further perme-
abilization. JAM-C was then detected using the polyclonal antibody, anti-
rabbit antibody coupled to peroxidase and ABTS (Sigma Chemical). The
relative signal intensity calculated on sextupliquette was normalized to the
signals obtained with monolayers of ESFPJAM-C-expressing cells. The signals
obtained in the absence of EGFPJAM-C-expressing cells (0/100%) correspond
to the background values obtained with monolayers of JAM-B-expressing
cells or nontransfected cells. In Figure 2D, the values obtained for the mix of
EGFPTAM-C with JAM-B-transfected cells were expressed relative to the sig-
nals obtained at the same cell ratio with the mix of FSFPJAM-C with non-
transfected CHO cells (Figure 2C).

FRAP Analysis

Zeiss LSM 510 confocal microscope equipped with a temperature controller
and CO, ventilation module was used. Bleaching of the outlined regions of
interest (ROIs) was done at 37°C with the 488-nm argon laser line at 50%
power, full transmission, for 5-8 iterations (35-56 s). Observation of the
recovery was done at 50% laser power and 3.1% transmission to avoid
significant photobleaching over the period of observation. Openlab software
was used to measure pixel intensity in the ROIs. The fluorescence intensity
just after the bleach (Ij..,) Was between 5 and 20% of the prebleach fluo-
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rescence (100%). The normalized results expressed in percent were obtained
by calculation of the fractional recovery: Rg,,.(t) = (R(t) — Ipjcacn)/ (1 — Ipjcach)
(Axelrod et al., 1976). The half time to raise 50% of the full recovery value (f; ,,)
and mobile fraction were estimated from nonlinear regression fitting to ex-
perimental curves (Yguerabide ef al., 1982). Normalized results were obtained
from at least four independent experiments and three to four ROIs analyzed
for each acquisition.

Flow Cytometry

FLAG-tagged murine soluble JAM-C or JAM-B were incubated with JAM-C-
EGEFP- or JAM-B-EGFP-transfected MDCK mixed with nontransfected MDCK
as internal control (1:1) on ice. After washing with PBS, 0.2% BSA binding of
soluble JAM was detected using biotynilated M2 anti-FLAG mAb (Sigma-
Aldrich) and streptavidin-phycoerythrin (BD-PharMingen, San Diego, CA).

LyEnd.1 and bEnd.5 were incubated with polyclonal sera against JAM-C or
JAM-B on ice. After washing with PBS, 0.2%, BSA binding of antibodies was
detected using a phycoerythrin-coupled anti-rabbit antibody (Jackson Immu-
noResearch Laboratories). As control, preimmune sera were used. Analysis
was performed using FACSCalibur and Cellquest Software (Becton Dickin-
son).

Pulldown Experiments and Western Blots

Confluent monolayers of MDCK cells transfected with either murine JAM-C-
EGFP or murine JAM-B-EGFP were washed with PBS before lysis with 50 mM
Tris, 150 mM NaCl, 1% Triton (TNT) containing protease inhibitors (Com-
plete, Roche). Recombinant soluble molecules were loaded onto beads cou-
pled to the M2 anti-FLAG antibody (Sigma-Aldrich). After washing, beads
coupled to soluble molecules were incubated with cell lysates overnight at
4°C. For blocking experiments, 50 ug/ml antibodies were added during
incubation. Beads were washed three times with TNT, boiled with reducing
buffer, and subjected to SDS-PAGE. Proteins were transferred onto a nitro-
cellulose filter (Amersham Pharmacia Biotech GmbH, Freiburg, Germany) by
electroblotting. The filter was blocked overnight at 4°C with 5% milk in PBS,
0.05% Tween 20 and incubated in the same buffer with monoclonal anti-EGFP
antibody (Covance, Berkeley Antibody Company, Richmond, CA). Blots were
revealed with a horseradish peroxydase-conjugated anti-mouse antibody
(Jackson ImmunoResearch Laboratories) and ECL peroxydase substrate.

LyEnd.1 and bEnd.5 cells were grown to confluence in 6-cm Petri dishes,
washed three times in PBS and surface biotinylated with PBS containing 0.1
mM CaCl,, 1 mM MgCl,, and 0.4 mg/ml sulfo-NHS-biotin for 30 min at room
temperature. Biotinylation reaction was blocked in DMEM, 5% FCS for 5 min
at room temperature. After three washes with PBS, cells were lysated with 50
mM Tris, pH 8.0, 150 mM NaCl, 0.5% Np-40 containing protease inhibitors on
ice for 10 min. Lysates were immunoprecipitated with either preimmune
rabbit sera, anti-JAM-C rabbit serum, or anti-JAM-B rabbit serum preincu-
bated with protein G Sepharose 4 fastflow. Sepharose beads were washed
three times with lysis buffer and boiled in reducing buffer. Samples were run
on a 10% SDS-PAGE gel and transferred onto nitrocellulose membrane.
Biotinylated proteins were revealed with chemiluminescence using HRP-
labeled streptavidin.

Dynamic Light Scattering and Analytical
Ultracentrifugation

The molecular weights of murine soluble JAM-B and JAM-C were investi-
gated by dynamic light scattering (DLS) and analytical ultracentrifugation
(AUCQ). In DLS, scattering intensity is proportional to the hydrodynamic
radius, allowing estimation of the molecular weights and conformations of
macromolecules in solution. Samples of JAM-B, JAM-C, and an equimolar
JAM-B/JAM-C mixture were prepared in tris-buffered saline (TBS; 20 mM
Tris, pH 7.4, 150 mM NaCl) at concentrations of 1 mg/ml, centrifuged to
remove particulate material, and added to a quartz sample cell placed in a
DynaPro99 dynamic light scattering instrument (Protein Solutions, Lake-
wood, NJ). Scattering measurements taken at 20°C were analyzed using the
DYNAMICS software package (Protein Solutions), and molecular weights
were estimated by comparing measurements of the hydrodynamic radius
those of known globular proteins.

To further investigate the molecular weights and oligomeric nature of
soluble murine JAM proteins, sedimentation equilibrium experiments were
performed in a Beckman Optima XL-I analytical ultracentrifuge (Fullerton,
CA), essentially as previously described (Ikemizu et al., 2000). Briefly, JAM-B,
JAM-C, or an equimolar mixture of JAM-B and JAM-C in TBS were used at
concentrations ranging from 0.2 to 0.8 mg/ml, centrifuged at 10,000, 12,000, or
18,000 rpm at 20°C and imaged using absorbance optics at 254-, 280-, and
290-nm wavelengths and using interference optics. The sample distributions
measured at equilibrium were fitted with the program ULTRASPIN using a
single-species equation (Altamirano ef al., 2001). Any nonideal behavior, such
as self-association, manifests itself as increasing apparent whole-cell weight-
average molecular weights (M,,) with increasing concentration.

Real-time Quantitative PCR

Peripheral lymph nodes were harvested from nontreated C57Bl/6 JO mice
(Charles River, St. Alban les Elbeuf, France) or mice injected with monoclonal
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antibodies (150 ug/mice) after 24 h. RNA was extracted by Trizol according
to the manufacturer’s instructions (GIBCO, Invitrogen). Reverse transcription
was done by using 1 ug of total RNA, random hexanucleotide primers and
Superscript II reverse transcriptase (Invitrogen). One in 25 dilution of the
resulting cDNA was used for real-time quantitative PCR using the SYBR
Green PCR Master Mix kit as recommended by the provider and an ABI
PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City,
CA). The following primers were used: JAM-C forward (°-gctgggagagcacat-
gcaa-*'), reverse (*-caggagctctgggetcaca-); RPS-9 forward (°-gaccaggagcta-
aagttgattgga->), reverse (°'-tcttggecagggtaaacttga->); TBP forward (°-ttgac-
ctaaagaccattgcacttc->'), reverse (°'-ttctcatgatgactgcagcaaa->). JAM-C relative
expression level was normalized by geometric averaging of internal control
genes RPS-9 and TBP according to Vandesompele et al. (2002).

Stamper-Woodruff Assays on Peripheral Lymph Node
Sections

Peripheral lymph nodes were harvested from nontreated C57B1/6 JO mice
(Charles River) or from mice injected with monoclonal antibodies (150 ug/
mice) and frozen in OCT. Fresh 10-um sections were cut and used within 30
min. The Stamper-Woodruff assays were performed as described in Stamper
and Woodruff (1976). Briefly, WEHI78/24 cells were harvested in plateau
phase (2.0-2.5 X 10° cells per ml), stained with Calcein-AM according to the
manufacturer’s instructions (Molecular Probes), and suspended in DMEM in
presence or absence of 10 pug/ml monoclonal antibodies against JAM-C (H36,
D22, and H33, all IgG2a isotypes), oy (CD11b; M1/70, IgG2b isotype), oy
(CD49d; PS/2, 1gG2b isotype) or an isotype-matched control antibody to
JAM-C antibodies (anti-human CD44; 9B5, IgG2a). WEHI78/24 cells, (5 X
10°), were added to cryosections within a 8-um diameter ring and allowed to
adhere for 30 min under constant agitation at 37°C. Nonadherent cells were
removed by three washes in Hanks” balanced salt solution (HBSS) supple-
mented with 2 mM Ca?* and 2 mM Mg?", and slides were placed in HBSS
glutaraldehyde 2%, 2 mM Ca?*, and 2 mM Mg?* for 15 min. Sections were
examined under fluorescent microscopy, and the number of adherent cells per
mm? of lymph node was determined.

Immunogold Electron Microscopy

Peripheral lymph nodes from two control and two H33 antibody-treated mice
were fixed for 5 min at room temperature in 4% paraformaldehyde and 0.1%
glutaraldehyde, followed by a 60-min fixation in 4% paraformaldehyde (all
fixatives diluted in 0.1 M phosphate buffer, pH 7.4). After three washes in 0.1
M phosphate buffer, tissues were embedded in 12% gelatin and cooled on ice.
Small blocs of gelatin-embedded tissues were infused with 2.3 M sucrose,
frozen in liquid nitrogen, and sectioned with a EMFCS cryoultramicrotome
(Leica, Cambridge Ltd, England). Ultrathin sections were mounted on Parlo-
dion-coated copper grids. The sections were processed according to a previ-
ously described protocol (Liou et al., 1996; Tokuyasu, 1997), which, in these
experiments, included a 1-h exposure at room temperature to the anti-JAM-C
polyclonal antibody (diluted 1:1000), and a 20-min exposure at room temper-
ature to goat anti-rabbit antibody conjugated to 10-nm gold particles, diluted
1:10. Cryosections were screened and photographed in a CM10 electron
microscope (Philips, Eindhoven, The Netherlands). As negative controls,
sections were exposed to either the preimmune serum or to only the gold-
conjugated goat antibody. None of these incubations resulted in a sizable,
specific staining of the sections.

To assess the distribution of JAM-C immunolabeling, we photographed 40
randomly selected endothelial cell profiles featuring a nucleus. All photo-
graphs were taken at the original magnification of X21,000. Prints made at the
final magnification of X63,000 were used to measure the length of plasma
membrane (control antibody, 453 um; H33 antibody, 510 wm) and the area of
cytoplasm (control antibody, 297 um? H33 antibody, 494 pm?), using an
ACECAD Professional graphic tablet connected to a Quantimet Leica 500+
system (Leica). After scoring the number of gold particles over the measured
compartments, we calculated the number of particles per um of membrane
and um? of cytoplasm. We further evaluated the distribution of gold particles
over the junctional portions of the cell membrane, which were identified by a
narrowing of the intercellular space between two adjacent cell membranes
associated to an accumulation of microfilaments on the cytoplasmic sides.

Values were expressed as mean + SEM (numerical density of particles over
cell membrane and cytoplasm, which showed a Gaussian distribution) or as
median values (number of particles per junctional region, which showed a
highly asymmetrical distribution), and compared by analysis of variance
(numerical density of particles) or nonparametric statistics (labeling of junc-
tional regions), as provided by the Statistical Package for Social Sciences
(SPSS, Chicago, IL).

Statistical Analysis

Each bar in graphs represents the mean * the SE of measurement (SEM). All
experiments, excepted the morphometric analysis of immunoelectron micros-
copy as described above, were evaluated with the Mann-Whitney’s ¢ test,
using the statistical software StatView (Abacus Concepts, Berkeley, CA). A
value of p < 0.05 was considered as statistically significant.
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Figure 1. JAM-C is recruited at cell-cell contacts by JAM-B. FLAG-
JAM-B- and JAM-C-EGFP-transfected MDCK cells were mixed and
the localization of the molecules was visualized by immunofluores-
cent labeling. (A) Negative control for JAM-B staining with poly-
clonal rabbit antibody and anti-rabbit Texas red probe. (B) Plane
view of stacked series of pictures (top panel), JAM-C-EGFP is en-
riched in JAM-C/JAM-B intercellular contacts. On the Z-axis anal-
ysis (bottom panel), JAM-C appears to be localized in basolateral
contacts when engaged heterophilically with JAM-B contacts. Ar-
rows indicate the Z-axis. Scale bar, 20 um. (C) Surface expression of
JAM-B and JAM-C EGFP on MDCK cells used in A and B. The thin
line represents the negative control obtained by omitting the pri-
mary antibody; bold line represents surface expression of JAM-B or
JAM-C EGFP, as indicated.

RESULTS

JAM-C Is Recruited to Cell-Cell Junctions by JAM-B

We investigated whether JAM-B/JAM-C or JAM-C/JAM-C
interactions differentially contribute to the localization of
JAM-C in cell-cell contacts. To this end we cocultured JAM-
C-EGFP- and JAM-B-transfected MDCK epithelial cells and
studied the subcellular localization of JAM-C (Figure 1, A
and B). Using confocal microscopy, we found that JAM-C
was enriched at contacts between JAM-C-EGFP- and JAM-
B-expressing cells, whereas JAM-B was distributed over the
surface of the cell. The analysis of z-axis views revealed that
the apical pool of JAM-C was apparently reduced in cells
adjacent to JAM-B-expressing cells. This was probably due
to the recruitment of JAM-C to the junctional region because
MDCK-transfected cells expressed homogenous levels of
JAM-C-EGFP (Figure 1C).

To ensure that these observations were not a consequence
of polarized junctional complexes in MDCK cells, similar
coculture experiments were performed with cells devoid of
tight junctions. CHO cells expressing full-length JAM-B or
JAM-C were mixed with cells expressing JAM-C fused to the
green fluorescent protein (FSFFJAM-C). The BSFFJAM-C was
poorly enriched at contacts with neighboring JAM-C-ex-
pressing cells (Figure 2A). In contrast, ESFPFJAM-C was en-
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Figure 2. Recruitment of JAM-C at cell-cell contacts depletes the
apical pool of the protein. (A) CHO cells transfected with ESFE.
JAM-C (green) were mixed with JAM-C full-length (red) or (B)
JAM-B-expressing cells (red) and stained with polyclonal antibodies
against murine JAM-B or JAM-C. The plane view of stacked series
of images and Z-axis reconstitution show that ES*FJAM-C is en-
riched in JAM-C/JAM-B intercellular contacts as compared with
JAM-C/JAM-C intercellular contacts. Arrows indicate the Z-axis.
Scale bar, 20 um. (C) Quantification by ELISA of ESFPFJAM-C ex-
pressed on the apical cell surface. ESFPFJAM-C-transfected CHO cells
were mixed with JAM-C (white columns) or JAM-B-expressing cells
(black columns) at indicated cell ratios. The protein ESFFJAM-C at
the apical cell surface was detected with an anti-JAM-C polyclonal
antibody. (D) Same as B, but signals were normalized to the ones
obtained with mixed monolayers of JAM-C-expressing cells with
nontransfected cells. As shown, the relative JAM-C signal detected
at the apical cell surface is decreased when the percentage of JAM-
B-positive cells is increased. Each bar represents the mean value *
SEM (n = 6) of one representative experiment observed in at least
three separate experiments. (* p < 0.05, ** p < 0.01).

riched in cell-cell contacts with JAM-B-expressing cells (Fig-
ure 2B). To proof that JAM-C was recruited away from the
apical surface by JAM-B, we quantified JAM-C at the apical
surface of mixed monolayers by ELISA (Figure 2C). Al-
though paraformaldehyde fixation might cause some cell
permeabilization, the signals gradually decreased when
JAM-C-expressing cells were mixed with JAM-B cells at
increasing ratios. The inhibition of the apical JAM-C signal
was maximal when 60% of JAM-B-expressing cells were
admixed (Figure 2D). To exclude that JAM-C was internal-
ized instead of being concentrated at junctions, surface ex-
pression of FSFPJAM-C was analyzed by flow cytometry
after coculture with JAM-B- or JAM-C-expressing cells (Sup-
plementary Figure 1). No significant loss of surface staining
was observed when ESFPJAM-C-transfected cells were cul-
tured with JAM-B compared with JAM-C-expressing cells,
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Figure 3. JAM-C interacts heterophilically with JAM-B through
its V domain, and monomeric JAM-B dissociates JAM-C ho-
modimers to form heterodimers. (A) JAM-B-EGFP-transfected
MDCK cells were mixed with nontransfected cells and stained
with soluble JAM-C consisting in the two extracellular domains
(2d) or the membrane distal V domain (1d) alone. Dot plots
represent the EGFP fluorescence intensity (FL1) and the fluores-
cence intensity due to binding of soluble molecules (FL2). The
soluble JAM-C 2d as well as the soluble JAM-C 1d binds to
JAM-B-EGFP-transfected cells. No binding was observed on non-
transfected cells as depicted by the absence of FL2 signal on
EGFP-negative cells. Negative control obtained by omitting pri-
mary antibody against the flag-tag is shown. (B) Cell lysates
obtained from JAM-C-EGFP- or JAM-B-EGFP-transfected MDCK
cells were precipitated with beads coupled to soluble JAM-B or
soluble JAM-C. Western blots were revealed using anti-EGFP
antibody. Soluble JAM-C 2d, as well as soluble JAM-C 1d, and
soluble JAM-B are able to pull-down JAM-B-EGFP and JAM-C-
EGEFP, respectively. Control of loading was obtained using M2
anti-FLAG antibody (unpublished data).

showing that JAM-B did not induce JAM-C internalization.
This suggested that JAM-B was able to recruit and interact
with JAM-C at cell-cell contacts.

JAM-C Interacts Heterophilically with JAM-B through Its
V Domain

To demonstrate a direct molecular interaction between
JAM-C and JAM-B, we produced recombinant soluble mol-
ecules comprising the extracellular V and C, (2d) or V (1d)
Ig domains of JAM-C. These molecules were assessed for
their capacity to bind cells transfected with JAM-B using
flow cytometry (Figure 3A). Nontransfected cells were used
as internal control to set the compensation settings. No
bleeding of EGFP fluorescence was observed in the FL-2
channel used to detect the bound soluble molecules. In
contrast, the strong signals observed in the FL-2 channel for
EGFP expressing cells incubated with solJAM-C 2d or sol-
JAM-C 1d showed that both soluble molecules interacted
efficiently with JAM-B-transfected cells. To provide a con-
clusive proof of JAM-B/JAM-C interaction, we determined
whether soluble JAM-C or JAM-B was able to precipitate
cellular JAM-B or JAM-C from lysates (Figure 3B). Our
results indicated that soluble JAM-C pulled down cellular
JAM-B and vice versa. It was remarkable that neither JAM-
C/JAM-C nor JAM-B/JAM-B homophilic interactions were
detectable by this technique. Interestingly, the V domain of
JAM-C was sulfficient to bind and precipitate JAM-B.
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Figure 4. Monomeric JAM-B dissociates JAM-C homodimers to
form JAM-B/JAM-C heterodimers. (A) Representative plots of ap-
parent whole-cell weight-average molecular weight (M,,) against
sample concentration (mg/ml) for absorbance data at 280 nm and 12
000 rpm. Open blue circles are for JAM-B, red circles are for JAM-C,
and green diamonds are for an equimolar JAM-B/JAM-C mixture.
Fitted curves are for a linear regression of weight with concentration
as appropriate for a dimerization process (Ikemizu et al., 2000). (B)
Schematic representation of JAM-B/JAM-C heterodimerization. In
solution, JAM-C tends to form homodimers (top panel). In the
presence of JAM-B molecule, JAM-B/JAM-C heterodimers are pref-
erentially formed. This interpretation does not account for parallel
or antiparallel heterodimerization.

JAM-B Dissociates JAM-C Homodimers to Form JAM-B/
JAM-C Heterodimers

Soluble JAM-B, JAM-C, and mixed JAM-B/JAM-C mole-
cules were analyzed by dynamic light scattering (DLS). The
estimated molecular weights were 47.6, 67, and 72.6 kDa,
respectively. The standard curve used in this estimation
assumed spherical proteins and might slightly overestimate
molecular weights of nonspherical tandem arrangements of
Ig-like domains expected for JAM-B and JAM-C. Compari-
son of SDS-PAGE and DLS-derived molecular weight esti-
mations suggested that JAM-C and the JAM-B/JAM-C mix-
ture formed dimers. In contrast, JAM-B had a significantly
lower DLS-based molecular weight, indicative of monomers
(unpublished data).

To further investigate the dimerization properties of
JAM-C, we performed analytical ultracentrifugation (AUC)
at different speeds using a range of concentrations of JAM-B,
JAM-C, or an equimolar mixture of JAM-B/JAM-C (Figure
4A and Supplementary Figure 2). With JAM-C, a straight
line revealing an inverse trend of apparent M,, in the range
of 55-60 kDa was observed at different concentrations. This
was a typical nonideal behavior arising from crowding ef-
fects at higher sample concentrations and allowed extrapo-
lation to infinite dilution, giving a M,, of 59,812 + 787 Da in
the absence of these effects (Ikemizu ef al., 2000). This clearly
showed that JAM-C was a tightly associated dimer. How-
ever, JAM-B displayed a range of values of M,, at varying
concentrations, all clustered in the region of 30 kDa. Given
the behavior of JAM-B in SDS-PAGE, the results suggested
that JAM-B was predominantly monomeric and unlike the
data for JAM-C, there was no indication of dimerization. In
contrast, when an equimolar mixture of JAM-B and JAM-C
was subjected to the same analysis, there was a direct relation-
ship between the total protein concentration and the M,,. This
showed that JAM-B, while monomeric itself, substituted JAM-
C/JAM-C homodimers to form JAM-B/JAM-C heterodimers
(Figure 4B). Thus both dynamic light scattering and analytical
ultracentrifugation experiments indicated a clear preference for
JAM-B/JAM-C heterodimer formation.

Molecular Biology of the Cell
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Figure 5. Dynamic of JAM-C junctional recruitment by JAM-B in
CHO-transfected cells. (A) FSFPJAM-C CHO cells were mixed with
JAM-B CHO cells at a ratio 1:1. FRAP experiments of FSFFJAM-C
engaged in homophilic interaction (top panel) or heterophilic inter-
action (bottom panel) were performed. Regions of interest for
bleaching were drawn on contacts between ESFFJAM-C-expressing
cells and nonfluorescent cells (ellipses). Arrowheads underline clus-
ters of ECFFJAM-C in which the recovery occurred. Elapsed time
after photobleaching is indicated. Scale bars, 10 um. (B) Fractional
recovery curves obtained for ESFFJAM-C/JAM-C (plain curve, open
triangles) or *SFFJAM-C/JAM-B (dashed curve, open circles) junc-
tional complexes. Recovered fluorescence is expressed as function of
time elapsed after photobleaching (time 0). (C) Fractional recovery
curves obtained for PECAM-EGFP/JAM-C (plain curve, filled tri-
angles) or PECAM-EGFP/JAM-B (dashed curve, filled circles) cell-
cell contacts are shown. No significant differences can be observed
between the two recovery curves indicating that the differences
observed in B are due to trans-interaction between *SFFJAM-C and
its binding partners JAM-B or JAM-C. The curves are mean val-
ues + SD obtained from at least four independent experiments and
three to four regions of interest analyzed for each acquisition.

It has been reported that dimerization of JAM-A is par-
tially mediated by a glutamic acid residue in the V domain
(E60; Kostrewa et al., 2001). We therefore mutated the anal-
ogous putative dimerization motif in the V domain of solu-
ble 1d and 2d forms of JAM-C (E66R) and tested their
capacity to bind JAM-B (Supplementary Figure 3). Binding
of the mutated V/C, form to JAM-B was reduced compared
with nonmutated JAM-C molecule. In addition, the mutated
V domain was unable to bind JAM-B. These experiments
indicated that the V domain of JAM-C was sufficient to
interact with JAM-B and that the C, domain probably sta-
bilized this interaction.

The Dynamics of JAM-C at Intercellular Junctions Is
JAM-B Dependent

We investigated the dynamics of JAM-C engaged in JAM-
C/JAM-C homophilic or JAM-C/JAM-B heterophilic inter-
actions at cell-cell contacts. For this purpose we performed
fluorescence recovery after photobleaching (FRAP) experi-
ments using mixed monolayers of ES¥FJAM-C- and JAM-B-
transfected cells (Figure 5A). Photobleaching was performed
on intercellular junctions. In homophilic JAM-C/JAM-C
contacts, fluorescence was recovered within 300 s, whereas
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heterophilic JAM-C/JAM-B contacts recovered much slower
and never reached the maximum level of fluorescence (Fig-
ure 5A). Recovery curves obtained after fractional fitting
showed that the mobile fraction (M;) of FSFPJAM-C was
reduced in heterophilic compared with homophilic clusters
(Mg 52% vs. 94%, Figure 5B). The half recovery time of
EGFPJAM-C in junctional clusters (f,,,) was more than 2.5
times longer when EFSFFJAM-C/JAM-B cell-cell contacts
were compared with FSFPJAM-C/JAM-C junctions. Such a
difference could be explained by two mechanisms: 1) JAM-C
was immobilized by JAM-B in cell-cell contacts; 2) JAM-B-
expressing cells exhibited a decreased membrane fluidity
that limited the diffusion rate of JAM-C on neighboring cells.
To exclude the latter mechanism, we performed FRAP ex-
periments using mixes of either JAM-B- or JAM-C-express-
ing cells with CHO cells transfected with a different junc-
tional protein (PECAM-1-EGFP). As shown in Figure 5C, we
observed that the recovery of PECAM-1-EGFP in cell-cell
contacts with JAM-B- or JAM-C-expressing cells was similar.
These results clearly indicated that JAM-B immobilized
JAM-C in junctional complexes and inhibited the exchange
of JAM-C with the nonjunctional pool of the protein.

Vascular and Lymphatic Endothelial Cells Show Different
Expression Levels of JAM-B and JAM-C

The expression of JAM-B and JAM-C was analyzed on sec-
tions of peripheral lymph nodes. Although JAM-C was pre-
dominantly expressed by lymphatic sinuses, JAM-B was
more prominent on high endothelial venules (HEVs). How-
ever, both molecules were expressed by lymphatic and vas-
cular structures and were partially colocalized (Figure 6A).
To confirm this differential expression we compared the
endothelioma cell line bEnd.5 with the lymphangioma cell
line LyEnd.1 (Supplementary Figure 4). In agreement with
histological observations, JAM-B was expressed at higher
levels by blood vascular cells bEnd.5 compared with lym-
phatic cells LyEnd.1 (Figure 6B). In contrast, JAM-C was
expressed by both cell lines. These results were confirmed
by Western blotting as shown in Figure 6C. These observa-
tions suggested that JAM-C and JAM-B were differentially
expressed in lymphatic and vascular endothelial cells.

Anti-JAM-C Antibody Blocks JAM-B/JAM-C Interaction
and Modulates JAM-C Localization on Endothelial Cells
In Vivo

We tested monoclonal antibodies against JAM-C for their
ability to interfere with JAM-B/JAM-C interaction. Pull-
down experiments with soluble JAM-C were performed in
the presence of antibodies. One of the antibodies (H33)
blocked JAM-B/JAM-C interaction, whereas others had only
partial or no effect (Figure 7A). We thus investigated
whether anti-JAM-C blocking antibody affected the localiza-
tion of the molecule in vivo. Mice were injected with anti-
JAM-C antibodies and the distribution of the protein in
lymph nodes was analyzed by immunohistochemistry (Fig-
ure 7B). The blocking antibody H33 induced the appearance
of a diffuse JAM-C staining, whereas the partial blocking
antibody D22 showed an intermediate effect and the non-
blocking antibody H36 did not change the pattern of JAM-C
distribution. To exclude that these observations were due to
an increase in JAM-C expression, real-time quantitative PCR
experiments were performed with lymph node RNA ex-
tracts from mice treated with antibodies against JAM-C (Fig-
ure 7C). Antibodies did not significantly modify relative
JAM-C expression levels, enforcing the hypothesis that H33
antibody treatment resulted in the redistribution of JAM-C
on endothelial cells in vivo.
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Figure 6. JAM-C is predominantly expressed by lymphatic ves-
sels, whereas JAM-B is prominent in vascular endothelial cells. (A)
Double staining for JAM-B (red) and JAM-C (green) performed on
murine peripheral lymph node sections shows that JAM-C is highly
expressed on lymphatic sinuses (arrows), whereas JAM-B is
strongly expressed by HEVs. Higher magnification (bottom panel)
shows that JAM-B and JAM-C are both expressed on high endothe-
lial venules where they partially colocalize (arrowheads). Negative
control obtained with preimmune rabbit serum against JAM-B or by
omitting primary antibody against JAM-C are shown. Scale bar, 20
pm. (B) The expression levels of JAM-B and JAM-C molecules by
the lymphangioma cell line LyEnd.1 (Supplementary Figure 4) and
the endothelioma cell line bEnd.5 were analyzed by FACS. JAM-C
expression is predominant in LyEnd.1, whereas JAM-B is preferen-
tially expressed by endothelial cells from blood origin. (C) JAM-B
and JAM-C expressions by LyEnd.1 (top panel) and bEnd.5 (bottom
panel) were analyzed by Western blot and enforced the results
observed by FACS.

To proof this hypothesis, immunoelectron labeling of
JAM-C was performed on ultrathin sections from antibody-
treated mice. Vascular regions were determined according
to morphological criteria, and the expression of JAM-C by
endothelial cells in lymph nodes was confirmed. In control
and H33 antibody-treated groups, JAM-C immunolabeling
predominated at the cell membrane of endothelial cells (Fig-
ure 8). Quantitative analysis showed that the membrane
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labeling was increased by 25% after treatment with the H33
antibody, under conditions that did not significantly modify
the cytoplasmic labeling (Table 1). Evaluation of the distri-
bution of the membrane labeling along the interacting lateral
membranes of adjacent cells, revealed that most junctional
regions were immunolabeled for JAM-C in the control sam-
ples (Table 1). In contrast, much less junctional regions were
immunolabeled in H33-treated samples (17.7% vs. the con-
trol value of 67.1%), under conditions that did not impair the
labeling of adjacent, nonjunctional domains of the same
lateral membranes (Table 1 and Figure 8). Thus, these data
showed that the anti-JAM-C antibody H33 redistributed
JAM-C away from vascular junctions to the apical mem-
brane.

Redistribution of JAM-C Induced by Anti-JAM-C Blocking
Antibody Increases Monocyte Adhesion to Lymph Node
Sections

We have shown that JAM-C localization in junctions is
driven by its interaction with JAM-B. By blocking JAM-B/
JAM-C hetero-dimerization with the antibody H33, we in-
duced the redistribution of JAM-C in vivo. We thus ad-
dressed the question whether the antibody H33 would
render JAM-C available for binding to its leukocyte coun-
terreceptor a3, integrin. For this purpose we performed
adhesion assays using a monocytoid cell line (WEHI78/24)
on lymph node sections (Stamper and Woodruff, 1976).
These cells expressed oy, and a, integrins, respective ligands
for JAM-C and JAM-B (Figure 9A). However, the monocy-
toid cell line did not express JAM-B or JAM-C. Adhesion
assays were performed at 37°C in culture medium to allow
integrin-dependent adhesion. Under these conditions the
leukocytes predominantly adhered to lymphatic sinuses
(Figure 9, B and C). Incubation of monocytoid cells with
lymph node sections in the presence of anti-JAM-C antibod-
ies did not significantly affect the adhesion (Figure 10A). We
then performed the adhesion assay using lymph node sec-
tions from mice treated with anti-JAM-C antibodies (all rat
IgG2a isotype). A significant increase of cell adhesion to
lymph node sections was observed when mice were treated
with the JAM-C/JAM-B blocking H33 antibody but not with
the H36 or D22 antibodies (Figure 10B). Because all three
antibodies were of the same isotype and directed against the
same protein, this allowed excluding that this effect was due
to Fcy receptors. We then investigated whether a,8, or a3,
integrins (respective ligands for JAM-B and JAM-C) were
responsible for the increased adhesion of monocytoid cells.
Interestingly, the blocking antibody against a,,3, was able
to revert the H33-mediated increased adhesion of monocy-
toid cells to the basal level, whereas the anti-a,f3; integrin
antibody had no effect. Our results suggested that the en-
gagement of JAM-C with a8, was responsible for the
increased adhesion. These experiments represented a para-
digm for differential function of JAM-C. When JAM-C was
not engaged with JAM-B in endothelial cell-cell contacts it
became available for interactions with leukocyte a8,
integrin.

DISCUSSION

JAM-B Recruits and Stabilizes JAM-C at Interendothelial
Junctions

The JAM family members were initially described as adhe-
sion molecules localized at cell-cell contacts (Martin-Padura
et al., 1998; Bazzoni et al., 2000a; Aurrand-Lions et al., 2001b).
The C-terminus of the JAMs contains a PDZ-domain-bind-
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Figure 7. Anti-JAM-C mAb blocks JAM-B/JAM-C interaction and
modulates JAM-C localization. (A) Cell lysates obtained from JAM-B-
EGFP-transfected MDCK cells were precipitated with beads coupled to
soluble JAM-C in the presence of irrelevant anti-PECAM antibody
(GC51) or antibodies directed against JAM-C, as indicated. The pres-
ence of immunoprecipitated material was revealed by immunoblotting
with antibody directed against EGFP. The anti-JAM-C antibody H33
abolishes JAM-C/JAM-B interaction. (B) Sections of lymph nodes har-
vested from mice treated with the indicated antibodies were stained
with an anti-JAM-C polyclonal antibody (green) and for nuclei (blue).
The H33 antibody, which affects JAM-B/JAM-C interaction, induces
redistribution of JAM-C as compared with the nonblocking anti-
JAM-C antibody H36 or the isotype-matched control (9B5). This was
observed on sections obtained from three different mice. One repre-
sentative picture is shown. Scale bar, 20 um. (C) Relative expression
levels of JAM-C mRNA in lymph nodes from antibody-treated mice
were quantified by real-time PCR. Treatment of animals with anti-
JAM-C antibodies, and specifically H33 antibody, does not affect
JAM-C expression by endothelial cells. Each bar represents the mean +
SEM of three mice. One representative experiment out of three.
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ing motif, which mediates their interaction with tight junc-
tion scaffolding proteins, including ZO-1 (Bazzoni et al.,
2000b; Ebnet ef al., 2000, 2003). More recently it has been
demonstrated that JAM-C interacts with polarity complex
molecules such as PAR-3, PAR-6, or PAT] and regulates the
activity of the small GTPase Cdc-42 (Ebnet et al., 2003; Gliki
et al., 2004). Taken together, these findings indicate that
JAM-C plays a role in the formation and maintenance of
intercellular contacts.

In the present study, we demonstrate that trans-hetero-
philic binding between JAM-B and JAM-C occurs at inter-
cellular contacts resulting in enrichment of JAM-C at cell-cell
contacts. In contrast, enrichment of JAM-B at the JAM-B/
JAM-C junctions does not occur. We suggest that JAM-B
delivers a signal through JAM-C, which results in the stabi-
lization of JAM-C at intercellular contacts. This is consistent
with our previous finding that dephosphorylation of JAM-C
on Ser 281 results in its enrichment at cell-cell borders (Ebnet
et al., 2003). When JAM-C is stabilized by JAM-B at cell-cell
junctions, the number of accessible JAM-C molecules on the
apical surface is reduced. Such an apical localization of
JAM-C is in apparent contradiction with our previous find-
ings that JAM-C is restricted to tight junctions of MDCK
cells (Aurrand-Lions et al., 2001a). This discrepancy relies
probably on the culture conditions. Indeed, in the current
study, cocultures were performed over a 2-d period to get
homogenous mixes of JAM-B- and JAM-C-expressing cells,
whereas our previous results were based on cultures per-
formed over a period of 11 d (Aurrand-Lions et al., 2001b).
These observations are consistent with findings showing
that molecules involved in the establishment and mainte-
nance of polarity are targeted to membrane subdomains,
depending on environmental and temporal cues (Roh ef al.,
2002).

The interaction between JAM-B and JAM-C involves at
least two different regions of the JAM-C molecule: an essen-
tial dimerization motif in the V domain (RIE,) and the C,
domain, which probably stabilizes the interaction (Supple-
mentary Figure 3). It has been reported that the dimerization
motif R(V,ILL)E in the V domain of JAM-A, which is com-
mon to the JAM family members, is responsible for cis-
homodimerization of the protein (Kostrewa et al., 2001). In
the present study, we show that the V domain of JAM-C is
sufficient to interact with JAM-B and that mutation of the
putative dimerization motif of JAM-C (E66R) abolishes the
interaction. In contrast with previous suggestions by Liang
and collaborators, we have found that soluble JAM-C is
present as homodimers, whereas soluble JAM-B is mono-
meric (Liang et al., 2002). In addition, monomeric JAM-B
competitively substitutes JAM-C in homodimers to form
JAM-B/JAM-C heterodimers. Hence, the affinity of JAM-C
for its heterodimerization with JAM-B is higher than the one
for JAM-C homodimerization.

JAM-B and JAM-C molecules are differentially coex-
pressed by vascular and lymphatic endothelial cells (Palmeri
et al., 2000; Aurrand-Lions ef al., 2001b). The expression level
of JAM-B is up-regulated during chronic inflammatory dis-
eases, whereas JAM-C expression is not affected by inflam-
matory cytokines (Liang ef al., 2002). However JAM-C is
recruited at interendothelial contacts of HUVECs upon in-
flammatory stimuli (Lamagna et al., 2005). On the basis of
our findings on JAM-B/JAM-C interaction, we suggest that
the level of JAM-B expression regulates the distribution of
JAM-C in cell-cell contacts under inflammatory conditions.
Nevertheless, alternative mechanisms may participate to the
stabilization of JAM-C at cell-cell junctions in cells devoid of
JAM-B expression. Indeed it has been shown that PAR-3,
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Figure 8. Anti-JAM-C antibody H33 redistributes JAM-C away from junctional regions of endothelial cells in vivo. Ultrathin frozen sections
of lymphatic regions in lymph nodes from control and anti-JAM-C antibody-treated mice were immunolabeled for JAM-C. (A) After
incubation of a section of a control lymph node with a preimmune rabbit serum and a goat serum against rabbit IgG conjugated with gold
particles, no staining was observed along the apposed, lateral membranes (arrows) of endothelial cells. (B-D) Labeling of lymph node sections
with immune serum against JAM-C resulted in a specific staining of lateral membranes, shown here in an apical (top) to basal orientation
(bottom), in both control and H33-treated lymph nodes. (B) In control lymph node, most junctional regions (arrows) were immunolabeled
for JAM-C (arrowheads). (C) In a lymph node from a mouse treated with the H33 antibody, JAM-C (arrowheads) was usually not detected
at junctional regions (arrows), but was evident in nearby, nonjunctional regions of the same lateral membrane (arrowheads). (D) JAM-C was
immunodetected in the cytoplasm (circled), at the apical membrane of endothelial cells (open arrow heads), and at lateral cell-to-cell
interfaces (solid arrow heads). Bars, 200 nm in A-C, 400 nm in D.
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Table 1. Morphometric data evaluating JAM-C immunolabeling of endothelial cells of lymph nodes

No. of gold No. of gold No. of gold particles JAM-C-labeled
particles per um? particles per um per junctional junctional
cytoplasm membrane membrane membranes (%)

Control mAb
H33 mAb

7.81 + 0.60° (n = 39)
8.64 = 0.77% (n = 45)

1.67 = 0.13° (n = 156)
2.10 = 0.13% (n = 259)

1 (0-6)° (n = 143)
0 (0-4)" (n = 164)

67.1 (96,/143)
17.7 (29/164)

The distribution of JAM-C immunolabeling was assessed on 40 randomly selected endothelial cells, taken in similar numbers in at least 3
different lymph nodes of two animals per group. Measures were performed on 453 um (control mAb) and 510 um (H33 antibody) of plasma
membrane, as well as on 297 um? (control mAb) and 494 um? (H33 antibody) of cytoplasm. After scoring the number of gold particles over
the measured compartments, we calculated the number of particles per um of membrane and pwm? of cytoplasm. We further evaluated the
distribution of gold particles over the junctional portions of the cell membrane, which were identified by a narrowing of the intercellular
space between two adjacent cell membranes associated to an accumulation of microfilaments on the cytoplasmic sides.

2@ Data are shown as mean = SEM, due to the normal distribution of these parameters. Differences between the control and the H33-treated
group were evaluated by either analysis of variance or nonparametric tests, whichever was applicable.

P Data are shown as median values (with range in parentheses), due to the asymmetric distribution of these parameters. Differences between
the control and the H33-treated group were evaluated by either analysis of variance or nonparametric tests, whichever was applicable.

€p < 0.03, 4 p < 0.001. Values in parentheses are number of cells, membranes, and junctional regions scored.

PATJ, and ZO-1 associate with JAM-C (Ebnet et al., 2003;
Gliki et al., 2004), suggesting that junctional polarity com-
plexes stabilize JAM-C in junctions in the absence of JAM-B.
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Figure 9. Leukocyte adhesion to frozen section of lymph nodes
(Stamper-Woodruff assay). (A) Surface expression of the indicated
adhesion molecules by WEHI78/24 monocytoid cell line were de-
tected by flow cytometry using monoclonal antibodies against o,
integrin (PS/2), ay, integrin (M1/70), or polyclonal sera against
murine JAM-B and JAM-C. Plain profiles show the surface expres-
sion, whereas dashed profiles show the appropriate isotype
matched controls for rat monoclonal antibodies or preimmune rab-
bit sera. (B) Representative image of lymph node section to which
the monocytoid cell line labeled with calcein adhered for 30 min at
37°C. Most of the fluorescent monocytes adhered to subcapsular
areas typical of lymphatic sinuses. Scale bar, 250 um. (C) Higher
magnification of lymph node section (nuclei stained in blue) after
adhesion of calcein-labeled monocytoid cells (green). F, follicles; LS,
lymphatic sinuses. Scale bar, 100 um.
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Figure 10. Treatment of mice with antibodies to JAM-C increases
monocyte adhesion to lymph node sections in Stamper and Woo-
druff assays. (A) Stamper and Woodruff assay was performed on
lymph node sections obtained from nontreated animals.
WEHI78/24 cells were incubated in the presence or absence of
indicated anti-JAM-C antibodies. In these conditions anti-JAM-C
antibodies do not affect the adhesion of monocytoid cells to lymph
node sections. (B) Stamper and Woodruff adhesion assay was done
on lymph node sections from mice treated with H36, D22, H33, or
isotype-matched control antibodies. As shown, H33 antibody in-
creases the adhesion of monocytoid cells when administrated to
mice. Experiments were done in the presence of blocking antibodies
against o, integrin (PS/2, white columns), against ay; integrin (M1/
70, dashed columns) or isotype-matched control antibody (black
columns). Data shown are the mean = SEM of the number of
adhering cells/mm? found on eight sections per lymph nodes in
three animals per condition. * p < 0.05.
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JAM-B Modulates JAM-C Interaction with the Leukocyte
Integrin a3,

We show that JAM-B, by interacting with JAM-C, modulates
the accessibility of JAM-C for a,,f3, integrin-mediated adhe-
sion of the monocytoid cell line WEHI78/24 to lymph node
sections. According to previous reports, the monocytoid
cells do not adhere to noninflamed HEVs in Stamper and
Woodruff assays, but prominently bind to lymphatic sinuses
(Stamper and Woodruff, 1976; McEvoy et al., 1997). Antibod-
ies against JAM-C do not affect this adhesion. In contrast, the
blockade of JAM-B/JAM-C interaction in vivo relocalizes
JAM-C and makes it available for the monocyte integrin
ayB,. We also observe the relocalization of JAM-C upon
H33 antibody treatment on mixed monolayers of JAM-B-
and JAM-C-transfected CHO cells (unpublished data).
Unfortunately, WEHI78/24 cells poorly adhere to mixed
monolayers, impairing a correlative study between JAM-C
localization and leukocyte adhesion in vitro. This experi-
mental limitation is consistent with previous findings show-
ing that CHO cells do not support leukocyte adhesion in the
absence of VCAM-1 and E-selectin expression (Cinamon et
al., 2001).

The interaction of JAM-A with the integrin LFA-1 has also
been suggested to require prior relocalization of JAM-A
from intercellular junctions to the apical surface (Ostermann
et al., 2002; Ebnet et al., 2004). Indeed, treatment of endothe-
lial cells with a combination of TNF-a and INF-vy redistrib-
utes JAM-A away from cell-cell contacts. This indicates that
under inflammatory conditions, JAM-A becomes available
at the apical surface of endothelial cells for LFA-1-mediated
leukocyte adhesion (Ozaki et al., 1999; Ebnet et al., 2004).
Similarly, our results suggest that «,,8,-mediated adhesion
of monocytes to JAM-C is regulated by its delocalization to
the apical surface of endothelial cells. However, the anti-
body treatment may also affect homodimerization of JAM-C
or cis-interaction between JAM-C and another endothelial
counterreceptor for a3, integrin. Indeed, the study of an-
imals deficient for JAM-A expression has shown that JAM-A
increases spreading and migration in a cell autonomous
manner (Cera et al., 2004). Indeed, GSK-38 inhibition re-
verses the motile activity observed in cells deficient for
JAM-A, establishing a link between JAM-A and protein
kinase C{/GSK-3p signaling pathways (Bazzoni et al., 2005).
Because some intracellular signaling pathways may be com-
mon to all JAM family members (Ebnet et al.,, 2004), we
cannot exclude that JAM-A may interfere with the adhesion
process described here.

Because JAM-B and JAM-C are respective ligands for the
leukocyte integrins o, and a,,f3, in human (Cunningham
et al., 2002; Santoso et al., 2002), we wonder whether anti-
body blocking of JAM-B/JAM-C interaction will allow bind-
ing of a,B; integrin to JAM-B. However, the interaction
between «,8,; integrin and JAM-B is restricted to cells that
coexpress the a4, integrin and JAM-C (Cunningham ef al.,
2002). JAM-C is not expressed on the monocytoid cell line
WEHI78/24 and on circulating myeloid cells in mice (Aur-
rand-Lions ef al., 2005). We can thus exclude that H33 anti-
body favors JAM-B/a,B, integrin interaction. In addition,
the adhesion of monocytoid cells to lymph nodes via a3, is
exclusively observed upon treatment of mice with the anti-
body against JAM-C. Thus, the H33 antibody does not ham-
per the interaction between o8, and JAM-C.

To date, the integrin ay,, has been mostly implicated in
the migration of myeloid cells to inflammatory sites (Carlos
and Harlan, 1994). Although the most important counterre-
ceptors for ay,B, integrin are ICAM-1 and ICAM-2, other
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nonidentified ligands on endothelial cells may exist (Is-
sekutz et al., 1999). We propose that a mechanism dependent
on leukocyte a3, integrin interaction with endothelial
JAM-C mediates monocyte adhesion to lymphatic vessels
and that the redistribution of the JAM-C participates to this
mechanism.
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