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Abstract ALCAM/CD166 is a member of the
immunoglobulin superfamily of cell adhesion molecules
(Ig-CAMs) which mediates intercellular adhesion
through either homophilic (ALCAM—-ALCAM) or heter-
ophilic (ALCAM-CD6) interactions. ALCAM-mediated
adhesion is crucial in different physiological and patho-
logical phenomena, with particular relevance in
leukocyte extravasation, stabilization of the immunolog-
ical synapse, T cell activation and proliferation and tumor
growth and metastasis. Although the functional implica-
tions of ALCAM in these processes is well established,
the mechanisms regulating its adhesive capacity remain
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obscure. Using confocal microscopy colocalization, and
biochemical and functional analyses, we found that
ALCAM directly associates with the tetraspanin CD9 on
the leukocyte surface in protein complexes that also
include the metalloproteinase ADAMI17/TACE. The
functional relevance of these interactions is evidenced
by the CD9-induced upregulation of both homophilic
and heterophilic ALCAM interactions, as reflected by
increased ALCAM-mediated cell adhesion and T cell
migration, activation and proliferation. The enhancement
of ALCAM function induced by CD9 is mediated by a
dual mechanism involving (1) augmented clustering of
ALCAM molecules, and (2) upregulation of ALCAM
surface expression due to inhibition of ADAMI17 shed-
dase activity.

Keywords ALCAM - CD166 - Tetraspanins - CD9 -
ADAM17 - TACE

Abbreviations

ALCAM Activated leukocyte cell adhesion molecule

APC Antigen-presenting cell

Ig-CAM Immunoglobulin superfamily cell adhesion
molecule

LEL Large extracellular loop

mADb Monoclonal antibody

MD-PBMCs Monocyte-depleted peripheral blood
mononuclear cells

PBS Phosphate-buffered saline

sALCAM Soluble ALCAM

SEE Staphylococcal enterotoxin E superantigen

shRNA Small hairpin RNA

TBS Tris-buffered saline

TNF-« Tumor necrosis factor-o
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SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel

electrophoresis

Introduction

ALCAM, also known as CD166 antigen or melanoma
metastasis clone D (MEMD), is a 110-kDa transmembrane
glycoprotein that belongs to the Ig-CAM superfamily.
ALCAM contains five extracellular Ig-like domains, a
transmembrane region and a short cytoplasmic tail, and
mediates cell-cell adhesion through either homophilic or
heterophilic interactions with CD6. Interestingly, ALCAM
homophilic interactions have 100-fold lower affinity and
faster dissociation rate than heterophilic ALCAM-CD6
interactions [1]. Two distinct structural and functional
modules have been defined in the extracellular region of
the ALCAM molecule: the first two N-terminal Ig-like
extracellular domains control ligand binding affinity, and
the three membrane proximal domains constitute an olig-
omerization module involved in avidity regulation [2, 3].

Although ALCAM is distributed widely in tissues, its
expression seems to be restricted to specific subsets of cells
involved in dynamic growth and migration processes (see
references [2, 4-6] for reviews). Functional studies have
implicated ALCAM-mediated adhesion in a variety of
physiological and pathological phenomena. The hetero-
philic interaction between ALCAM on APCs and CD6 on
T cells has been shown to be essential for immunological
synapse stabilization and optimal T cell activation and
proliferation [1, 7, 8]. In addition, ALCAM mediates leu-
kocyte transendothelial migration and trafficking into
central nervous system [9, 10], axon fasciculation [11], and
invasive growth and metastasis of different tumors,
including melanoma and breast, prostate and colorectal
carcinomas [2, 4, 5].

ALCAM-mediated homotypic cell adhesion is dynami-
cally regulated by the actin cytoskeleton. Inhibition of actin
polymerization by cytochalasin D induces an important
increase in the lateral mobility and clustering of ALCAM
molecules on the cell membrane and dramatically enhances
homotypic ALCAM-mediated cell adhesion, without sig-
nificantly altering the affinity of these interactions [12, 13].

The 22-kDa sALCAM isoform, containing only the
single aminoterminal Ig-like domain, is encoded by an
alternative transcript in a variety of cell types after pre-
mature poly-adenylation in intron 3 [14, 15]. Another form
of SALCAM of 96 kDa, encompassing most of its extra-
cellular region, is generated by ADAM-17-mediated
proteolytic shedding [16, 17]. Levels of sALCAM are
elevated in patients with different types of tumors,
including ovarian carcinomas, which is in agreement with
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the involvement of this ALCAM soluble ectodomain in the
motility of human ovarian carcinoma cells [17]. Further-
more, ALCAM has been recently proposed as a novel
biomarker for breast cancer, based on the elevated levels of
SALCAM that are detected in the serum of these patients
[18].

ADAMI17 (also termed TACE, TNF-o converting
enzyme) was initially identified as the enzyme cleaving
TNF-o from its transmembrane precursor form, and later
found to be the “sheddase” that also cleaves the ectodo-
mains of many other cell surface proteins that are critically
involved in development, cell growth, adhesion, differen-
tiation and migration of leukocytes and tumor cells (for
review see references [19, 20]). ADAMI17 seems to be
particularly important in the regulation of cell adhesion,
since this metalloproteinase can cleave the ectodomains of
many critically important adhesion molecules, which
belong either to the immunoglobulin superfamily—such as
ICAM-1, VCAM-1, NCAM, L1CAM and ALCAM—or to
other families of adhesion receptors—such as CD44 and
L-selectin. The physiological and pathological relevance of
ADAMI17 substrates suggests that its proteolytic activity
must be finely regulated. However, the mechanisms con-
trolling ADAMI17 activity remain largely unknown,
although several possibilities have been proposed, includ-
ing regulation through phosphorylation of its cytoplasmic
tail, interaction with regulatory proteins involved in cell
signaling or control of substrate accessibility [21, 22]. We
have recently reported that the tetraspanin CD9 interacts
directly with ADAM17 on the surface of different types of
leukocytes and through these interactions CD9 exerts an
inhibitory effect on the proteolytic activity of ADAMI17
[23].

CD9 was initially identified as a lymphohematopoietic
marker and later implicated in diverse functions, including
cell signaling, growth, adhesion, motility, tumorigenesis,
metastasis and sperm—egg fusion. Like other tetraspanins,
CD9 participates in the organization of a type of cell sur-
face microdomain—the tetraspanin web—through lateral
association with additional tetraspanins and other trans-
membrane proteins [24]. It is well established that most
lateral interactions of tetraspanins with other membrane
proteins are mediated by the variable region within their
LEL domain, whose conformation is maintained by distinct
disulfide bonds [25]. CD9 associates directly through its
LEL domain with ICAM-1 in specialized endothelial
adhesive platforms, influencing leukocyte adhesion and
extravasation [26, 27].

We report here that ALCAM forms a complex with the
tetraspanin CD9 and with the metalloproteinase ADAM17
on the leukocyte surface. Through these associations, CD9
enhances both the homophilic (ALCAM—-ALCAM) and the
heterophilic (ALCAM-CD6) interactions, resulting in
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increased ALCAM-mediated leukocyte adhesion, migra-
tion and T cell activation. This increased ALCAM
adhesion induced by CD9 is regulated through a dual
mechanism involving augmented clustering of ALCAM
molecules as well as elevated levels of ALCAM surface
expression due to inhibition of ADAMI17 sheddase activity.

Materials and methods
Cells and antibodies

CHO cells stably expressing ALCAM-Fc [12] were grown
in DMEM/10 % fetal calf serum. The Jurkat leukemic T
cell line, Raji B cells, BLM melanoma cells and erythro-
blastic K562 cell line were grown in RPMI-1640/10 %
fetal calf serum. Human PBMCs were isolated from buffy
coats from normal donors over a Lymphoprep (Nycomed
Pharma) gradient according to standard procedures.
Monocytes were depleted from PBMCs by magnetic cell
sorting using CD14 microbeads (Miltenyi Biotec). Culture
media were supplemented with 2 mM glutamine, 50 pg/ml
streptomycin and 50 U/ml penicillin.

Anti-f1 integrin (TS2/16), anti-f2 integrin (Lia3/2),
anti-CD9 (VJ1/20, PAINS-10 and PAINS-13), anti-CD147
(VJ1/9), anti-CD25 (TP1/6), anti-CD69 (TP1/8) and anti-
CD151 (Lial/l1) mAbs have been previously described
[28-33]. The mAb PAINS-15 has been produced and
characterized in our laboratory as an ALCAM-specific
antibody based on (1) identification of the 110-kDa band
immunoprecipitated by this antibody as ALCAM by pro-
tein fingerprinting/MALDI-TOF MS, (2) its specific
reactivity with cell surface ALCAM following transfection
of human full-length cDNA in ALCAM-negative K562
cells, and (3) its reduced reactivity following interference
with specific commercial ALCAM shRNAs (OriGene
Technologies). The anti-CD81 mAb 5A6 was kindly pro-
vided by Dr. S. Levy (Stanford University School of
Medicine, CA). The anti-ADAM]17 polyclonal antibody
H-300 was from Santa Cruz Biotechnologies and the anti-
GST antibody from Amersham Biosciences. VJ1/20 and
PAINS-15 were biotinylated as previously described [28].

RNA silencing and transfections

Jurkat cells were infected with retrovirus containing the
following shRNA-coding plasmids (OriGene Technolo-
gies) according to manufacturer’s instructions: TR20003
(the control plasmid without shRNA cassette insert),
TI356235 (the plasmid with the shRNA insert to silence
CD9); TI359388 (the plasmid containing shRNA inserts to
knock-down ALCAM), and TI364190 (the plasmid with
the shRNA to silence ADAMI17). After retroviral

transduction, cells were selected in medium containing
1 pg/ml puromycin. Raji B cells were electroporated with
CD9 cDNA or with the empty vector pcDNA3 to generate
stable transfectants after selection with G418 (0.8 mg/ml),
as described previously [23]. Subsequently, cells were
electroporated with the shRNA-coding plasmids for
ALCAM, ADAM17 or with the control TR20003 plasmid,
and selected in medium containing 1 pg/ml puromycin to
obtain double-transfected cells. K562 cells were electro-
porated with empty vector pRc/CMV (K562—-vector) or
with full-length ALCAM cDNA (K562-ALCAM), and
selected with G418 (0.6 mg/ml). In some experiments,
CD9 was stably knocked-down in ALCAM-expressing
K562 transfectants by electroporation with the TI1356235
shRNA and selection with 1 pg/ml puromycin. All exper-
iments employing virally transduced or transfected cells
were performed with polyclonal cell populations, and not
with individual selected clones.

Flow cytometry

Protein surface expression was analyzed as previously
described [28]. For sALCAM-Fc binding assays, cells were
incubated with 20 pg/ml ALCAM-Fc for 30 min at 37 °C,
washed with warm RPMI-1640 medium and further incu-
bated  with  fluorescein  isothiocyanate-conjugated
secondary anti-human Fc antibody (Sigma) for 15 min at
37 °C. In experiments for ALCAM expression on Jurkat
and Raji cells transfected with the shRNA plasmid specific
for ADAMI17, an additional antibody layer between the
primary and detection antibodies was included to improve
the detection signal. Cells were then washed with warm
medium and their fluorescence determined on a FACScan
cytometer (Becton-Dickinson).

Immunofluorescence and confocal microscopy

Immunofluorescence experiments were performed as pre-
viously described [23]. Quantification of ALCAM
clustering was performed as follows. Cells were plated on
12-mm diameter glass coverslips coated with poly-L-lysine
(50 pg/ml) and treated or not with 2.5 pg/ml of cytocha-
lasin D for 1 h at room temperature. Cells were then fixed
with 4 % formaldehyde in PBS (10 min at room temper-
ature) or with 70 % ethanol (1 h at —20 °C) as an
alternative fixation protocol where indicated. After fixa-
tion, cells were incubated with the anti-ALCAM mAb
PAINS-15 (5 pg/ml) for 1 h at room temperature. Cells
were washed with PBS and incubated for 30 min with
Alexa Fluor 594-conjugated anti-mouse antibody. Samples
were mounted with Mowiol (Calbiochem) and images were
obtained with a Leica LSM510 inverted microscope.
Images were improved by deconvolution with Huygens 3.2
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software. A threshold was fixed for cluster quantification
by intensity and size with Image] software (NIH). Total
cluster area is related to the total area within cell contours.

Co-immunoprecipitation

Jurkat or Raji-CDO9 cells were lysed for 15 min at 4 °C in
TBS/1 % Brij-97 containing 1 mM CaCl,, 1 mM MgCl,
and protease inhibitors. Cell lysates were centrifuged for
15 min at 13,000 rpm, and aliquots incubated with specific
antibodies for 3 h at 4 °C, and finally incubated with pro-
tein A-Sepharose overnight at 4 °C. Beads were then
washed with 1:10 diluted lysis buffer and immune com-
plexes boiled in nonreducing Laemmli buffer, resolved by
10 % SDS-PAGE, and transferred to nitrocellulose mem-
branes. Blots were blocked with TBS/5 % bovine serum
albumin and developed with the corresponding primary
antibody followed by washes and incubation with sec-
ondary horseradish peroxidase-coupled antibodies (Sigma).
Chemiluminescence was detected using an ECL detection
kit (Amersham Biosciences). In another set of experiments,
cells were incubated for 1 h at 4 °C with the specific
antibodies prior to lysis, followed by washing of excess
antibody to ensure that only cell surface proteins were
engaged for immunoprecipitation. The total protein con-
centrations in whole cellular lysates were calculated using
the DC protein assay (Bio-Rad Laboratories).

Protein—protein interaction assays

The human wt-CD9-LEL-GST, wt-CD151-LEL-GST,
wt-CD81-LEL-GST and GST-PAK-CRIB fusion proteins
as well as CD9-LEL-GST mutants with Cys152, Cys153,
Cys167 or Cysl181 replaced by alanine, were produced as
described previously [23, 26, 34]. ALCAM-Fc and ICAM-
1-Fc fusion proteins were purified from supernatants of
stably transfected CHO cells as described previously [12,
33]. Fusion proteins were incubated with ALCAM-Fc
overnight at 4 °C in binding buffer (TBS with
1 mM CaCl,, 1 mM MgCl,, 10 % glycerol, 1 % Brij-97
and protease inhibitors). Protein complexes were pulled-
down with protein A-Sepharose (2 h at 4 °C), washed in
1:10 diluted binding buffer, fractionated in 12 % SDS-
PAGE, transferred to nitrocellulose membranes, and
immunoblotted using specific antibodies.

ALCAM-Fc adhesion assays

Jurkat and Raji cells transfected with the indicated plas-
mids or MD-PBMC activated with phytohemagglutinin for
2 days and cultured in medium supplemented with inter-
leukin-2, were loaded with the fluorescent probe BCECF-
AM (Sigma). Adhesion experiments were carried out with
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1 x 10° cells per well in RPMI-1640. Cells were left to
adhere for 40 min at 37 °C in 96-well microplates coated
with 10 pg/ml of ALCAM-Fc. For washing, the plate was
submerged in warm PBS and turned over to let the non-
adherent cells detach by gravity for 20 min at 37 °C.
Adherent cells were measured by fluorescence of BCECF-
AM with a fluorescence bottom reader (TecanGENios).
The percentage adhesion was calculated considering the
number of cells prior to washing as 100 % adhesion.

Migration assays

For migration quantification we used 5-um pore size
modified Boyden chambers coated with 70 pg/ml of
ALCAM-Fc. Jurkat cells (6 x 10°) retrovirally transduced
with the indicated plasmids were allowed to migrate
towards 6.25 mM CXCLI12 for 1 h and quantified as pre-
viously described [35]. Assays were run in duplicate.

Soluble ALCAM quantification

The amount of SALCAM released from Jurkat and Raji
cells was determined with an ALCAM DuoSet ELISA
development kit (R&D Systems). Jurkat or Raji cells
(2 x 10°), expressing or lacking CD9 and/or ADAMI17,
were seeded in 24-well plates overnight in 600 pl of
medium, and the culture supernatants were collected.
ALCAM concentrations in the supernatants were calcu-
lated from a standard curve constructed with known
amounts of this adhesion molecule. Assays were done in
triplicate, and background values were subtracted.

Proliferation assays

For MD-PBMC proliferation assays, 4 x 10° Raji cells,
either expressing or lacking CD9 or/and ALCAM, were
pulsed with 2.5 pg/ml SEE superantigen for 30 min at
37 °C and then co-cultured with 1 x 10° primary MD-
PBMC for 72 h in 96-well plates. Proliferation was
quantified by adding 5 pg/ml MTT (3-(4,5-Dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) to the wells
and incubating for additional 4 h at 37 °C. MTT was sol-
ubilized with 100 pl of 50 % dimethylformamide and
20 % SDS overnight at 37 °C in the dark. Assays were
done in triplicate and basal proliferation of Raji and
MD-PBMC was subtracted.

T cell activation assays

For T cell activation following antigen presentation, con-
jugates of Jurkat T cells and Raji B cells (either expressing
or lacking CD9) were allowed to form, as described pre-
viously [8]. In brief, 2 x 10° Raji cells were pulsed with
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2.5 pg/ml of SEE superantigen for 30 min at 37 °C and
subsequently cocultured with 4 x 10° Jurkat cells for 72 h.
Expression of the activation markers CD69 and CD25 on
Jurkat T cells was assessed by flow cytometry.

Statistical analysis

The distribution of data was assessed for normality by the
Bonferroni test. One-factor ANOVA was performed to
determine the significance of differences using SPSS sta-
tistics software (IBM).

Fig. 1 Confocal microscopy A JK
analysis of colocalization of I -

Results

ALCAM/CD166 and CD?9 associate on the cell surface
of leukocytic and tumor cells

Since the tetraspanin CD9 associates on the cell surface
with several members of the immunoglobulin superfamily
[24], we hypothesized that CD9 could also functionally
interact with ALCAM. The initial evidence indicating an
interaction between ALCAM and CD9 on the cell surface
was provided by double immunofluorescence staining of

Raji BLM

ALCAM and CD9. a Flow
cytometric detection of cell
surface CD9 and ALCAM on 1
Jurkat T cells, Raji B cells and CD9
BLM melanoma cells. Gray

filled histograms correspond to

Raji-vector

4— Raji-CD9

negative controls; thick black

-

lines correspond to the "7
expression of the indicated 1
molecules. For Raji cells, the
thin black lines show the
expression of CD9 and ALCAM
on stably CD9-transfected cells

+Raji-CD9

Raji-vector

as indicated (Raji-CD9).

b Immunofluorescence analysis
of ALCAM and CD9 B
co-localization. Jurkat T cells,
CD9-transfected Raji B cells
and BLM melanoma cells were
fixed and stained with the anti-
ALCAM mAb PAINS-15
followed by the biotinylated
anti-CD9 mAb VJ1/20.
Representative confocal slides
for each channel and merged
images are shown

RAJI

BLM
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these molecules performed on fixed cells, followed by
confocal microscopy analysis. These experiments were
performed with the lymphoblastic Jurkat T cell line and
with the invasive metastatic melanoma BLM cell line, both
of which express endogenous CD9, and with the B lym-
phoblastoid Raji-CD?9 stable transfectant cell line. We first
checked that these three cell lines display a significant
expression of both ALCAM and CD9 on their surface
(Fig. 1a). As shown in Fig. Ib, partial colocalization
between CD9 and ALCAM could be observed on the
plasma membrane of Jurkat, Raji-CD9 and BLM cells.
Interestingly, the areas of colocalization between CD9 and
ALCAM on the lymphoid cells were distributed in a pat-
ched pattern, which agrees with the previously described
distribution of ALCAM on other leukocytic cells, espe-
cially after being released from cytoskeletal restraints [12].
Colocalization of CD9 and ALCAM on the adherent BLM
melanoma cells seems to be particularly enriched in the
regions of cell-cell contact.

We further explored this possible association between
CD9 and ALCAM by coimmunoprecipitation analysis using
lysates of Jurkat (Fig. 2a) and Raji-CD9 (Fig. 2b) cells
obtained using the relatively mild detergent Brij-97, with the
aim of preserving primary as well as higher-order tetraspanin
interactions with other proteins [24]. A double 21/24-kDa
band corresponding to CD9 was clearly coimmunoprecipi-
tated with ALCAM (Fig. 2a, b; lane 1) and, likewise, a
110-kDa band corresponding to ALCAM was observed
when CD9 was immunoprecipitated with a specific antibody
(Fig. 2a, b; lane 6). As expected, ALCAM, which has been
reported to be processed by ADAMI17 [16, 17], was effi-
ciently coimmunoprecipitated with this metalloproteinase
(Fig. 2a, b; lane 2). CD9 was also coimmunoprecipitated
with ADAMI17 (Fig. 2a, b; lane 2), as we have recently
reported [23]. In contrast, no detectable ALCAM was
coimmunoprecipitated with CD147 (emmprin/basigin; lane
3) or with other tetraspanins such as CD151 (lane 4) or CD81
(lane 5). As expected, CD9 also coimmunoprecipitated with
CD8]1, since these two tetraspanins are known to associate
with each other to form heterodimers [36]. Immunoprecipi-
tations were also performed using intact cells incubated with
the immunoprecipitating mAbs prior to their lysis. The
results of these experiments (Fig. 2c, d) were similar to those
starting with whole cell lysates, demonstrating that interac-
tions between CD9 and ALCAM take place on the cell
surface.

We further investigated whether the observed CD9-
ALCAM interactions were direct or mediated through other
proteins. Most CD9 lateral interactions with other surface
proteins involve its LEL [25]. Accordingly, fusion proteins
encompassing the CD9 LEL fused to GST (wt-CD9-LEL-
GST) and the whole extracellular region of ALCAM fused to
the Fc of human IgG (ALCAM-Fc) were employed to assess
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Fig. 2 Biochemical analysis of the association between ALCAM and p»
CD9. Jurkat cells (a, ¢) or CD9-transfected Raji cells (b, d) were
lysed using 1 % Brij 97 either before (a, b) or after (¢, d) addition of
the immunoprecipitating antibodies. Proteins were immunoprecipi-
tated with the following antibodies: anti-ALCAM (PAINS-15), anti-
ADAM-17 (2A10), anti-CD9 (VJ1/20), anti-CD81 (5A6), anti-CD151
(Lial/l) and anti-CD147 (VIJ1/9). Precipitated protein complexes
were resolved by 10 % SDS-PAGE under nonreducing conditions,
and immunoblotted with biotinylated anti-ALCAM (PAINS-15)
(upper panels) or anti-CD9 (VJ1/20) (lower panels) mAbs. Blots
are representative of six different experiments. e Pull-down assay
using the wt-CD9-LEL-GST, its mutant forms (CI152A, C153A,
C167A and C181A), wt-CD151-LEL-GST, wt-CD63-LEL-GST,
wt-CD81-LEL-GST or PAK-CRIB-GST fusion constructs. All these
GST fusion proteins were incubated with recombinant purified
ALCAM-Fc or with other Ig domain-containing proteins such as
CD59-Fc or whole human IgG3, as described in Materials and
methods. Upper blots show ALCAM immunodetected with the
PAINS-15 mAb or Ig proteins immunodetected with anti-human Fc
antibody. Lower blots reveal the fusion proteins immunodetected with
a commercial anti-GST antibody. Bars in the bottom panel corre-
spond to a densitometric quantitation with Quantity-One software of
pulled-down GST-LELs/ALCAM-Fec ratios calculated from the above
bands in lanes 7-11. The experiment shown is a representative one
out of four

the direct association between CD9 and ALCAM. The
wt-CD9-LEL-GST was efficiently pulled-down with AL-
CAM-Fc (Fig. 2e; lane 7). The interaction between the CD9
LEL and ALCAM-Fc was specific, as neither the recombi-
nant wt LELs of other tetraspanins (wt-CD151-LEL-GST,
wt-CD63-LEL-GST, wt-CD81-LEL-GST) (Fig. 2e; lanes 4,
5, 6) nor the unrelated GST-containing protein PAK-CRIB-
GST (Fig. 2e; lane 3) were pulled-down by ALCAM-Fc.
Interestingly, four CD9 LEL-GST constructs in which cys-
teines C152, C153, C167 and C181 (that are involved in the
formation of two intra-LEL domain disulfide bonds) were
mutated to alanines retained—to varying degrees—the
ability to pull-down ALCAM-Fc (Fig. 2e; lanes 8,9, 10, 11),
with C153A and C167A mutants clearly showing reduced
interaction. To rule out the possibility that the observed
interaction between ALCAM-Fc and wt-CD9-LEL-GST
recombinant proteins could be mediated through the Fc
region of ALCAM-Fc, control pull-down experiments were
also carried out with two additional Ig domain-containing
proteins, CD59-Fc fusion protein and whole human IgG3,
which were unable to interact with wt-CD9-LEL-GST pro-
tein (Fig. 2e; lanes 12, 13).

Taken together, all these colocalization and biochemical
results reveal a direct interaction between ALCAM/CD166
and CD9 on the cell surface.

Expression of CD9 supports homophilic ALCAM cell
adhesion and migration

The tetraspanin CD9 regulates integrin-mediated cell
adhesion in different cell types [26, 31, 37-39]. Given the
observed association between CD9 and ALCAM on the
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cell surface, we investigated whether the expression of
CD9 exerts regulatory effects on ALCAM-mediated hom-
ophilic adhesion. For this purpose, we carried out adhesion
assays on plastic-immobilized ALCAM-Fc employing two
leukocytic cell types: (1) Jurkat cells (which constitutively

express endogenous CD9) either stably transduced with a
control shRNA (Jurkat control) or with a CD9-specific
shRNA (Jurkat shCD9) (Supplementary Fig. 1), and (2)
Raji cells (which do not express endogenous CD9) either
transfected with empty pcDNA3 vector (Raji-vector) or
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with CD9 ¢cDNA (Raji-CD9) (Supplementary Fig. 1). CD9
silencing in Jurkat cells abrogated cell adhesion to immo-
bilized ALCAM-Fc (Fig. 3a; left panel), whereas ectopic
expression of CD9 in Raji cells promoted their adhesion to
ALCAM-Fc (Fig. 3a; right panel). It is noteworthy that
CD?9 interference in Jurkat cells did not inhibit their LFA-1
integrin-mediated adhesion to immobilized ICAM-1-Fc
(data not shown), ruling out the possibility that a general
change in the steps after ligand binding, such as cyto-
skeletal reorganization, is responsible for the observed
inhibition in ALCAM-mediated cell adhesion.

The adhesion-promoting effect derived from CD9
expression was further enhanced by three different anti-
CD9 mAbs (PAINS-10, PAINS-13 and VJ1/20), which
have been previously shown to stimulate cellular events
mediated by this tetraspanin [23, 31]. In contrast, mAbs
directed to a different tetraspanin (CD151) or the stimu-
latory anti-f1 integrin mAb TS2/16 did not enhance cell
adhesion to ALCAM-Fc. These results clearly reveal the
specific involvement of CD9 in the induction of ALCAM-
mediated cell adhesion. This cell adhesion was greatly
inhibited in both cell types by excess SALCAM-Fc, as has
been previously described [40], as well as by interfering
CD9 function with soluble recombinant wt-CD9-LEL-GST
fusion protein. In contrast, an excess of soluble recombi-
nant LELs of two other tetraspanins (wt-CD81-LEL-GST
and wt-CD151-LEL-GST) only exerted negligible inhibi-
tory effects on ALCAM-mediated cell adhesion, clearly
indicating the specific regulatory role of CD9 in this pro-
cess. Interestingly, an excess of soluble C152 and C181
CD9 LEL mutants retained the maximal ability to inhibit
adhesion to immobilized ALCAM-Fc, similar to that of the
wt-CD9-LEL construct, whereas only partial inhibition was
attained with the C153 and C167 CD9 LEL mutants
(Fig. 3b).

To demonstrate that the observed effects on adhesion are
not mediated by the heterophilic interaction of cellular
CD6 with immobilized ALCAM-Fc, ALCAM was silenced
by shRNA interference in Jurkat and Raji-CD9 cells. This
resulted in approximately 50 % reduction in ALCAM cell
surface expression in both cell types, without any change in
CD6 expression (Supplementary Fig. 1). The adhesion-
enhancing effect derived from CD9 expression was greatly
reduced in these ALCAM-silenced Jurkat and Raji cells
(Fig. 3c), demonstrating that the homophilic interaction
between cellular ALCAM and immobilized ALCAM-Fc
governs this type of adhesion. In contrast, LFA-1-mediated
adhesion of Jurkat cells to ICAM-1-Fc was not affected by
ALCAM silencing, confirming the specificity of these
adhesion assays.

Homophilic ALCAM interactions mediate monocyte
and lymphocyte transendothelial migration towards che-
motactic factors [9, 10], and we have confirmed that these
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Fig. 3 CD9 regulates cell adhesion and migration on immobilized p

ALCAM-Fc. a Jurkat cells (left panel) were retrovirally transduced
with either control shRNA (Jurkat-control) or shRNA specific for
CD9 (Jurkat-shCD9) and Raji cells (right panel) were stably
transfected with either empty vector (Raji-vector) or a CD9 cDNA
plasmid (Raji-CD9). Prior to adhesion, cells were loaded with the
fluorescent probe BCECF-AM (Sigma) and then allowed to adhere to
plastic-immobilized ALCAM-Fc (10 pg/ml) for 40 min at 37 °C in
the presence or absence of the indicated mAbs (20 pg/ml). Data are
presented as the percentages (means £ SD) of adherent cells. The
experiment shown is a representative of five. b Adhesion of Jurkat-
control cells (left panel) or Raji-CD9 cells (right panel) to immobi-
lized ALCAM-Fc in the presence or absence of SALCAM-Fc, soluble
wt-CD9-LEL-GST, its mutant forms (C152A, C153A, C167A and
C181A), wt-CD81-LEL-GST or wt-CD151-LEL-GST (all at a final
concentration of 20 pg/ml). The percentage inhibition was calculated
taking as 0 % the cell adhesion detected in the absence of soluble
proteins. Data are presented as means + SD. The experiment shown
is a representative of three. ¢ Adhesion of ALCAM-knocked-down
Jurkat cells (Jurkat) to immobilized ALCAM-Fc or ICAM-1-Fc and
of Raji cells (Raji-vector and Raji-CD9) to immobilized ALCAM-Fc.
The blocking mAb Lia3/2 specific for the 2 subunit (CD18) of
integrin LFA-1 was used as a positive control for inhibition of Jurkat
adhesion to ICAM-1-Fc. Data are presented as means £ SD. The
experiment is representative of three. d Jurkat cells transduced with
the shRNA specific for CD9 and ALCAM were allowed to migrate
towards 6.2 mM SDF-1o in ALCAM-Fc-coated modified Boyden
chambers as specified in Materials and methods. The cells that
migrated to the lower chamber were quantified by flow cytometry.
Data are presented as means = SD of transmigrated cells from four
independent experiments. e Cell adhesion of PBMC-derived lympho-
blasts stimulated for 2 days with phytohemagglutinin and cultured in
medium containing interleukin-2. Prior to adhesion, cells were loaded
with the fluorescent probe BCECF-AM (Sigma) and then allowed to
adhere to plastic-immobilized ALCAM-Fc (10 pg/ml) for 40 min at
37 °C in the presence or absence of 20 pg/ml sALCAM-Fc, soluble
wt-CD9-LEL-GST, wt-CD81-LEL-GST or wt-CD151-LEL-GST.
Data are presented as the percentages (means = SD) of adherent
cells. The experiment shown is a representative one out of five.
*p < 0.01

homophilic interactions also mediate the migration of
Jurkat cells across ALCAM-Fc-coated polycarbonate
inserts towards the chemokine SDF-1a (CXCL12), based
on its complete abrogation after silencing ALCAM (Jurkat-
shALCAM) (Fig. 3d). The functional role of CD9 in
regulating this ALCAM-mediated process was evidenced
by the significant reduction in the transmigration of
CD9-silenced Jurkat cells (Jurkat-shCD9) compared to
control cells (Jurkat-control). These functional data are
consistent with the abrogation of ALCAM-dependent cell
adhesion upon CD9 silencing in Jurkat cells (Fig. 3a).
Similar to the results with Jurkat and Raji cell lines, the
adhesion of human MD-PBMC-derived lymphoblasts to
immobilized ALCAM-Fc was inhibited by excess soluble
wt-CD9-LEL-GST and ALCAM-Fc recombinant proteins,
but not by other soluble tetraspanin constructs (wt-CD81-
LEL-GST and wt-CD151-LEL-GST), again demonstrating
the specific involvement of CD9 in regulating ALCAM-
mediated adhesion of primary leukocytic cells (Fig. 3e).
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CD9 controls clustering, but not the affinity of cell
surface ALCAM

Cell adhesion can be regulated through changes in the
affinity of individual adhesion molecules or through their
aggregation/clustering which controls avidity [24, 41-43].
To discriminate which of these mechanisms predominates
in the CDY-induced increase in ALCAM-mediated adhe-
sion, we first analyzed the affinity of ALCAM homophilic
interactions. For this purpose, we generated stable ALCAM
transfectants in the human erythroleukemic K562 cell line
which lacks endogenous expression of ALCAM [12].
Binding of sALCAM-Fc to cell surface ALCAM was
measured by flow cytometry in both empty vector (K562-
vector) and ALCAM-transfected cells (K562-ALCAM), as
has been previously described [13]. As expected, only
K562-ALCAM cells were able to bind sALCAM-Fc
(Fig. 4a, upper row), reflecting the high affinity of this
homophilic interaction. Interestingly, silencing CD9 in
these cells (K562-ALCAM shCD9, Supplementary Fig. 1)
did not affect the binding of SALCAM-Fc, implying that
expression of CD9 does not modify ALCAM affinity. On
the other hand, neither Jurkat nor Raji cells, although they
abundantly express ALCAM on their surface, were able to
bind sALCAM-Fc. Furthermore, this inability to bind
ALCAM-Fc was not affected by the expression or lack of
expression of CD9 on these two cell lines. It is noteworthy
that incubation of all these cells with a stimulatory anti-
CD9 mAb (PAINS-10) (Fig. 4a, lower row), or with other
stimulatory anti-CD9 mAbs (PAINS-13, VIJ1/20; not
shown), had no effect on the binding of SALCAM-Fc to
these cells.

These results clearly indicate that expression of CD9
does not increase the affinity of cell surface ALCAM. We
therefore investigated whether CD9 could be affecting the
aggregation state (clustering) of cell surface ALCAM, as
has been described for integrins [31, 44, 25] and other Ig-
CAMs [24, 26, 27]. As shown in Fig. 4b, ALCAM is
constitutively aggregated in conspicuous clusters on the
surface of Jurkat cells. Interestingly, the size of ALCAM
clusters was reduced upon CD9 silencing in these cells
(Jurkat-shCD?9). Similarly, ectopic expression of CD9 in
Raji cells (Raji-CD9) was accompanied by an increase in
the size of ALCAM clusters when compared with control
Raji cells (Raji-vector) (Fig 4c). Cytochalasin D was used
as a positive control for induction of ALCAM clustering
[12]. Similar results on ALCAM clustering induction by
the presence of CD9 or cytochalasin D on the surface of
Jurkat and Raji cells were obtained using 70 % ethanol as
an alternative fixation protocol, ruling out an artifactual
effect of formaldehyde fixation on ALCAM aggregation
(Supplementary Fig. 2). Taken together, these results
indicate that clustering of ALCAM, rather than affinity
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regulation, is a mechanism contributing to CD9-mediated
enhancement of ALCAM homophilic cell adhesion.

ALCAM expression on the cell surface is regulated
by CD9 through ADAM17-mediated shedding

We have recently reported that CD9 interacts with, and
negatively regulates the activity of, ADAMI7/TACE,
which explains why the surface expression levels of dif-
ferent protein substrates of this metalloproteinase ICAM-1
and TNF-«) are altered depending on the presence or
absence of CD9 [23]. ALCAM has been described as a
substrate of ADAMI17 [16, 17]. Interestingly, we observed
that the surface expression of ALCAM in Jurkat cells was
markedly reduced upon CD9 silencing (Jurkat-shCD9)
(Fig. 5a), which is consistent again with a CD9-mediated
inhibition of ADAM17 activity. To demonstrate the role of
ADAMI17 in controlling the surface expression of ALCAM
we silenced this metalloproteinase in Jurkat cells (Jurkat-
shADAM17) (Supplementary Fig. 1) and observed that the
ALCAM surface expression was greatly increased in these
silenced cells (Fig. 5a). This increment in ALCAM
expression in ADAM17 knocked-down Jurkat cells corre-
lated with augmented homophilic adhesion to immobilized
ALCAM-Fc compared to control Jurkat cells (Fig. 5d).
Furthermore, we showed that this enhanced adhesion to
immobilized ALCAM-Fc of Jurkat cells after silencing
ADAMI17 (Jurkat shADAMI17) was selectively blocked by
competitive inhibitors of either CD9 or ALCAM (an excess
of soluble wt-CD9-LEL-GST and ALCAM-Fc, respec-
tively), but not by competitive inhibitors of other
tetraspanins (an excess of soluble wt-CD81-LEL-GST or
wt-CD151-LEL-GST) (Fig. 5d), which clearly demon-
strates the specific involvement of cellular CD9 and
ALCAM in the augmented cell adhesion to ALCAM-Fc
caused by knocking-down ADAM-17.

In agreement with these data, when CD9 was transfected
in Raji cells (Raji-CD9) the surface expression of ALCAM
was increased over that observed on control cells (Raji-
vector) (Fig. 1a). ADAM17 silencing in both control Raji
cells (Raji-vector-shADAM17) and Raji-CD9 cells (Raji-
CD9-shADAM17) (Supplementary Fig. 1) was similarly
accompanied by an increase in ALCAM surface expression
(Fig. 5b, c¢), which also correlated with augmented adhe-
sion to ALCAM-Fc (Fig. 5e). In agreement with these
results, inhibition of ADAM-17 activity on Raji-CD9 cells
with the pharmacological agent TAPI-2 (20 pM) also
enhanced adhesion of these cells to immobilized ALCAM-
Fc (data not shown). As for Jurkat cells, the adhesion
of ADAM-17-silenced Raji-CD9 cells to immobilized
ALCAM-Fc was substantially reduced by competitive
inhibitors of CD9 (an excess of soluble wt-CD9-LEL-GST)
and ALCAM (an excess of sALCAM-Fc), but not by
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Fig. 4 CD9 regulates clustering but not affinity of ALCAM.
a Binding of sSALCAM-Fc was assessed as described in Materials
and methods. Gray filled histograms correspond to negative controls
stained only with secondary antibody; black line histograms represent
the binding of ALCAM-Fc in the presence (lower row) or absence
(upper row) of the anti-CD9 mAb PAINS-10 (20 pg/ml). b Immuno-
fluorescence ALCAM staining of Jurkat cells, either transduced with
specific CD9 shRNA (Jurkat-shCD9) or with control plasmid (Jurkat-
control) both in the presence and absence of cytochalasin D (2.5
pg/ml), performed as described in Materials and methods. Maximal
projections of confocal stacks are shown on the left and clustering

inhibitors of other tetraspanins (an excess of soluble
wt-CD81-LEL-GST or wt-CD151-LEL-GST), again dem-
onstrating the specific involvement of CD9 and ALCAM in
this process (Fig. Se).

The above experiments suggest that the changes in
ALCAM surface expression observed upon CD9 silencing
(reduced ALCAM expression; Fig. 5a) or transfection
(increased ALCAM expression; Fig. 1a) are due to the
altered ability of ADAMI17 to cleave off this adhesion

quantifications on the right. Fold-increases in cluster area/cell area
ratios are in relation to Jurkat-control cells without treatment, which
was considered as 1. Data are presented as means £ SD of five
independent experiments. ¢ Clustering of ALCAM in Raji cells. Cells
were transfected with the cDNA of CD9 (Raji-CD9) or with empty
vector (Raji-vector). Maximal projections of confocal stacks are
shown on the left and clustering quantifications on the right. Fold-
increases in cluster area/cell area ratios are in relation to Raji-vector
cells without treatment, which was considered as 1. Data are
presented as means =+ SD of cluster area relative to total area of
the cell from five independent experiments. *p < 0.01, **p< 0.001

molecule. To demonstrate this hypothesis, stably CDO9-
silenced Jurkat cells were transiently cotransfected either
with control shRNA plasmid (Fig. 6a, upper panels) or
with specific ADAMI17 shRNA plasmid (Fig. 6a, lower
panels). This led to the complete restoration of the
decreased ALCAM surface expression on CD9 silenced
cells upon transient ADAM17 knock-down. To definitively
confirm that CD9 indeed regulates the ADAM17-mediated
ALCAM shedding from Jurkat and Raji cells, secreted
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Fig. 5 ADAMI17 regulates ALCAM surface expression and adhe-
sion. Surface expression of ALCAM on Jurkat (a), Raji-vector (b) and
Raji-CD9 (c¢) cells, assessed by flow cytometry. Gray filled histo-
grams correspond to negative controls stained only with secondary
antibody; thick black line histograms represent the expression of
ALCAM on cells transfected with empty vector, and thin black line
histograms represent the expression of ALCAM on cells transfected

SALCAM was measured using a specific ELISA. As shown
in Fig. 6b, silencing of CD9 in Jurkat cells increased the
secretion of ALCAM, while CD9 transfection into Raji
cells decreased ALCAM shedding. Importantly, knocking-
down ADAMI17 caused in both cell lines a substantial
reduction in ALCAM secretion, demonstrating that this
metalloproteinase is mainly responsible for ALCAM
shedding under these conditions.

Collectively, all these results demonstrate that, in addi-
tion to cell surface clustering of ALCAM, regulation of
ADAMI7 activity represents another mechanism contrib-
uting to the CD9-mediated modulation of ALCAM surface
expression and homophilic adhesion.
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with the indicated shRNAs. Adhesion of Jurkat (d) and Raji (e) cells
knocked-down for ADAM17 (shADAMI17) to immobilized ALCAM
in the presence or absence of 20 pg/ml sSALCAM-Fc, wt-CD9-LEL-
GST, wt-CD81-LEL-GST, or wt-CD151-LEL-GST. Data are pre-
sented as the percentages (means = SD) of adherent cells. The
experiment shown is a representative one out of four. *p < 0.01,
*#p < 0.001

CD9 regulates T cell activation through heterophilic
ALCAM-CD6 interactions

ALCAM is a costimulatory molecule on APCs which
interacts with CD6 on T cells; both molecules are redis-
tributed to the center of the immunological synapse and
their heterophilic interaction contributes to T cell activa-
tion and proliferation [7, 8]. As we established a role for
CD9 in regulating homophilic ALCAM-ALCAM interac-
tions (Fig. 3), we decided to investigate whether CD9
also has a functional role in regulating the heterophilic
ALCAM-CD6 interactions contributing to T cell activa-
tion. For this purpose, we analyzed the expression of CD69
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Fig. 6 CD9 regulates ALCAM shedding. a Flow cytometric detec-
tion of cell surface ALCAM on Jurkat-shCD9 cells, either transiently
transfected with control plasmid (fop panels, Jurkat-shCD9-control)
or with ADAMI17-specific shRNA plasmid (lower panels, Jurkat-
shCD9-shADAMI17). Gray filled histograms correspond to negative
controls; thick black lines correspond to the expression of ALCAM.
Mean fluorescence intensities and percentages of positive cells (%

and CD25, two well-established T cell activation markers,
on Jurkat T cells following their antigen-dependent con-
jugation with CD9-deficient Raji cells (Raji-vector) or
CD9-expressing Raji cells (Raji-CD9) loaded with the SEE
superantigen. SEE-loaded control Raji cells were signifi-
cantly less efficient (Fig. 7a, b; bar 3) than CD9-expressing
Raji cells (Fig. 7a, b; bar 5) at inducing the expression of
CD69 and CD25 activation molecules on the surface of
Jurkat T cells, as determined by two different flow

pos. cells) are indicated in the boxes. b ELISA quantification of
SALCAM released from Jurkat, Raji-vector and Raji-CD9 cells
transfected with control plasmid or shRNA plasmid specific for
ADAMI17 (shADAMI17). Released ALCAM concentrations were
calculated from a standard curve constructed with known amounts of
this molecule. Data are presented as means & SD of released
ALCAM. The experiment shown is a representative one out of four

cytometric parameters: increase (1) in the percentages of
cells positive for CD69 and CD25, and (2) in their levels of
expression (relative mean fluorescence intensities). It is
noteworthy that the induced levels of CD25 and CD69
on Jurkat T cells were similarly decreased after their
conjugation with ALCAM-silenced Raji-vector (Raji-vec-
tor-shALCAM) (Fig. 7a, b; bar 4) and Raji-CD9 (Raji-
CD9-shALCAM( (Fig. 7a, b; bar 6) cells, indicating the
functional involvement of ALCAM on the APC side in this
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Fig. 7 CD9 regulates ALCAM-mediated T cell activation. Raji cells
expressing CD9 (Raji-CD9) or not (Raji-vector) were loaded or not with
2.5 pg/ml of SEE superantigen and then cocultured with responder cells
for 72 h. Expression levels of the T cell activation markers CD69 and
CD25 on Jurkat cells (a, b, respectively) and on MD-PBMC (c, d,
respectively) were measured by flow cytometry. In all cases, bars
represent the percentages of positive cells (mean = SEM) for surface
expression of CD69 or CD25 activation markers and the numbers on top
of each bar represent the mean fluorescence intensity of each activation
marker as an indication of the level of expression of these surface
molecules. Data were calculated from six different experiments for
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MD-PBMC for 72 h. Proliferation was quantified using MTT as
described in Materials and methods. Assays were done in triplicate and
basal proliferation of Raji cells and MD-PBMC was subtracted. Fold-
increases in proliferation are in relation to Raji-vector control cells
which were considered as 1. Data are presented as proliferation
(mean £+ SEM). The experiment shown is a representative one of two
for each of the six donors. *p < 0.05, **p < 0.001
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heterotypic cell conjugate assay. In contrast, no reduction
in the induction of CD25 or CD69 expression was found
when ALCAM was silenced in Jurkat T cells (Jurkat-
shALCAM) (Fig. 7a, b; bar 7), indicating that the hetero-
philic interaction of ALCAM on APC with CD6 on T cells
was responsible for the observed effects. Taken together,
these results indicate that CD9 plays a functional regula-
tory role on the heterophilic interaction of ALCAM with
CDe6.

Very similar CD69 and CD25 surface expression results
were obtained when preparations of primary MD-PBMCs
were used as responder cells after their conjugation with
CD9-deficient Raji cells (Raji-vector) or CD9-expressing
Raji cells (Raji-CD9) loaded with the SEE superantigen as
APCs (Fig. 7c, d).

In addition to quantifying T cell activation through the
induction of CD69 and CD25, we directly measured the
proliferation of primary MD-PBMCs induced after
their conjugation with either CD9-deficient SEE-loaded
Raji cells (Raji-vector) or CD9-expressing SEE-loaded
Raji cells (Raji-CD9). Again, the presence of CD9 on Raji
APCs enhanced the proliferation of responder MD-
PBMCs, which was reduced upon ALCAM silencing in
these APCs. These results demonstrate the importance of
CD9 in the regulation of the costimulatory heterophilic
ALCAM interactions during T cell activation and
proliferation.

Discussion

ALCAM/CDI166 is a widespread member of the Ig-CAM
family which mediates intercellular adhesion through
either homophilic (ALCAM-ALCAM) or heterophilic
(ALCAM-CD6) interactions. ALCAM-mediated adhesion
is crucial in different physiological and pathological pro-
cesses, with particular relevance in leukocyte
extravasation, stabilization of the immunological synapse
and T cell activation and tumor growth and metastasis
(reviewed in references [2, 4, 5]). Although the functional
implication of ALCAM in these phenomena is well
established, the mechanisms regulating its adhesive
capacity are poorly characterized.

We demonstrate here that ALCAM associates with the
tetraspanin CD9 on the leukocyte surface, based on colo-
calization and coimmunoprecipitation experiments.
Furthermore, pull-down experiments with purified recom-
binant proteins have shown that these CD9-ALCAM
interactions are direct and mediated by the CD9 LEL
domain. Most tetraspanin interactions with other mem-
brane proteins are known to be mediated by the variable
region within their LEL domain, whose conformation is
maintained by distinct disulfide bonds [25]. Partial loss of

the CD9 LEL conformation in mutants C153A and C167A,
which form one disulfide bridge that extends from the
beginning (N end) to the central region of the variable
portion of the LEL, dramatically reduced the interaction
with ALCAM, whereas mutants in cysteines C152A and
C181A, that form a second disulfide bond between the N
and C ends of the variable region, had only a minor impact.
Interestingly, the same C153A and C167A mutations in the
CD9 LEL also weakened its interaction with ADAMI17
[23]. Therefore, an intact conformation of the variable
region within the LEL domain of CD9 seems to be required
for optimal lateral interaction with ALCAM on the cell
surface.

Our results clearly indicate that the adhesive function of
ALCAM is upregulated upon its interaction with CD9.
Adhesion experiments have revealed that ectopic expres-
sion of CD9 in Raji B cells promotes ALCAM-mediated
homophilic cell adhesion to immobilized ALCAM-Fc.
In contrast, CD9-silencing in Jurkat T cells abrogates
homophilic ALCAM adhesion. Interestingly, soluble
wt-CD9-LEL-GST protein almost completely blocked
ALCAM-mediated adhesion of these Jurkat and Raji-CD9
leukocytic cells as well as of primary lymphoblasts. In
contrast, the CD9 LEL mutants C153A and C167A, which
showed reduced ability to interact with ALCAM, also
displayed lower capacity to inhibit ALCAM adhesion. It is
noteworthy that, consistent with the biochemical data, the
soluble LEL domains of other related tetraspanins, such as
CDI151 and CDS81, had minimal inhibitory effect on
ALCAM-mediated cell adhesion. These data clearly high-
light the specific involvement of the CD9 LEL domain in
regulating ALCAM function.

As for other adhesion molecules, particularly integrins
[41, 43], increased ALCAM-mediated adhesion can result
from changes either in the affinity or in the avidity/clus-
tering of ALCAM molecules. In fact, clustering of
ALCAM on the cell surface, which is dynamically con-
trolled by the actin cytoskeleton, has been characterized as
an important regulatory mechanism of ALCAM-mediated
adhesion [12, 13]. In contrast, changes in the affinity of
individual ALCAM molecules have not been implicated in
the augmented ALCAM adhesion that is induced by actin-
disrupting agents [13]. In agreement with these reports, our
results show for the first time that CD9 enhances ALCAM-
ALCAM homophilic interactions through a mechanism
involving increased clustering of ALCAM molecules on
the cell surface, without detectable changes in their affinity.
One of the hallmarks of tetraspanin function is their ability
to recruit other cell surface proteins into tetraspanin-enri-
ched microdomains, thereby facilitating their clustering
[24, 45]. In particular, CD9 has been shown to promote the
adhesive function of f1 integrins [31] and other Ig-CAMs,
such as [CAM-1 and VCAM-1, through their inclusion into
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tetraspanin-enriched microdomains and induction of clus-
tering [26, 27]. Although it is established that the actin
cytoskeleton regulates ALCAM clustering/avidity, the
nature of the molecules linking ALCAM with the actin
cytoskeleton has so far remained elusive, although the
ezrin/radixin/moesin and «-catenin proteins have been
suggested as possible candidates [6, 46]. In this regard,
association of ALCAM with CD9 could provide an indirect
link with the actin cytoskeleton, as several specific protein
partners of CD9, such as EWI-2, EWI-F or CD81, are
known to interact directly with ezrin/radixin/moesin pro-
teins [47].

Our group has recently reported that CD9 associates
with and inhibits the activity of ADAMI17 [23]. This
inhibition results in augmented cell surface expression of
TNF-o and ICAM-1, two well-characterized substrates of
ADAMI17. Consistent with these previous findings, we
report here that surface expression of ALCAM is also
increased in leukocytic cells expressing CD9 (Raji-CD?9,
Jurkat-control) compared to their counterparts lacking
expression of this tetraspanin (Raji-control, Jurkat-shCD9).
Furthermore, we demonstrated that these effects of CD9 on
ALCAM-surface expression are mediated through regula-
tion of ADAMI17 metalloproteinase activity, as evidenced
by the restoration, following knocking-down of this
enzyme, of the decreased ALCAM expression in CD9-
interfered cells. We have additionally confirmed the
involvement of ADAMI17 in the CD9-mediated regulation
of ALCAM shedding by ELISA quantification of

Fig. 8 Functional model. A
cooperative dual mechanism
involving on the one hand
increased clustering of
ALCAM, possibly resulting in
enhanced avidity of this
molecule, and on the other hand
augmented ALCAM surface
expression due to inhibition of
ADAMI17 metalloproteinase
activity, contributes to the
enhancement of ALCAM-
mediated adhesion and function
induced by the tetraspanin CD9
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SALCAM. Therefore, the increased ALCAM surface
expression and reduced ALCAM shedding caused by the
presence of CD9 through ADAMI17 inhibition also help
explain the observed increase in ALCAM-mediated
adhesion.

The relative contribution of both mechanisms—facili-
tation of ALCAM clustering and increased ALCAM
surface expression due to inhibition of ADAM17—to the
CD9 enhancement of ALCAM-mediated adhesion remains
to be characterized in detail. However, our data showing
that only a modest increase in ALCAM surface expression
and adhesion is observed after silencing ADAM17 in Raji
cells compared to the much more evident adhesion incre-
ment caused by the presence of CD9 on these cells, would
suggest that the contribution of CD9-mediated clustering of
ALCAM molecules is greater than its inhibitory effect on
ADAMI17 proteolytic activity.

The involvement of CD9 in the regulation of migration
in different cellular settings is recognized as a key func-
tional feature of this tetraspanin, which indeed was
originally termed MRP-1 (motility-related protein-1) [48].
We have shown that the consequences of the observed
effects of CD9 on ALCAM-mediated cell adhesion are also
clearly reflected in a functional assay of Jurkat cell
migration which is dependent on homophilic ALCAM
interactions. In this assay, CD9 silencing dramatically
reduced the number of cells that transmigrated across
ALCAM-Fc-coated filters. In this regard, ALCAM has
been implicated in the transendothelial migration of
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monocytes [10] and as an adhesion molecule on central
nervous system endothelial cells involved in leukocyte
migration across the blood-brain barrier [9]. Different
tetraspanins, including CD9, play an essential role in the
assembling of transmigratory cups, which are specialized
platforms containing complexes of Ig-CAMs, such as
ICAM-1 and VCAM-1, involved in leukocyte adhesion and
transmigration [26, 49, 50]. Further experiments should be
carried out to elucidate whether CD9 also recruits ALCAM
to these platforms. Our current data strongly support the
view that the adhesive function of ALCAM is dynamically
regulated through its association with CD9, representing an
additional example of the functional importance of this
tetraspanin in the regulation of cell migration.

ALCAM has been identified as an important costimu-
latory molecule on APCs which, through its heterophilic
interaction with CD6 on T cells, contributes to the antigen-
specific induction of T cell activation and proliferation [1,
7, 8]. Using conjugates between SEE-loaded Raji B cells
(either lacking or expressing CD9) as APCs and primary
MD-PBMCs or Jurkat cells as a model for antigen-induced
T cell activation and proliferation, we have also demon-
strated the functional role of CD9 in regulating ALCAM-
mediated heterotypic APC-T cell interactions.

In conclusion, we report here that ALCAM directly
associates with the tetraspanin CD9 in a protein complex
on the leukocyte surface that also includes the metallo-
proteinase ADAMI17. Through these interactions, CD9
upregulates both homophilic and heterophilic ALCAM
interactions, which is functionally reflected in increased
ALCAM-mediated leukocyte adhesion and T cell migra-
tion, activation and proliferation. The results presented
here are depicted in the functional model shown in Fig. §,
and show that a cooperative dual mechanism involving on
the one hand increased clustering of ALCAM, possibly
resulting in enhanced avidity of this molecule, and on the
other hand augmented ALCAM surface expression due to
inhibition of ADAMI17 metalloproteinase activity, con-
tributes to the enhancement of ALCAM-mediated adhesion
and function induced by the tetraspanin CD9.
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