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Abstract
Background and Objectives
In multiple sclerosis (MS), peripheral immune cells use various cell trafficking molecules to
infiltrate the CNS where they cause damage.The objective of this study was to investigate the
involvement of coxsackie and adenovirus receptor–like membrane protein (CLMP) in the
migration of immune cells into the CNS of patients with MS.

Methods
Expression of CLMP was measured in primary cultures of human brain endothelial cells
(HBECs) and human meningeal endothelial cells (HMECs), postmortem brain samples, and
peripheral blood mononuclear cells (PBMCs) from patients with MS and controls by RNA
sequencing, quantitative PCR, immunohistochemistry, and flow cytometry. In vitro migration
assays using HBECs and HMECs were performed to evaluate the function of CLMP.

Results
Using bulk RNA sequencing of primary cultures of human brain and meningeal endothelial
cells (ECs), we have identified CLMP as a new potential cell traffickingmolecule upregulated in
inflammatory conditions. We first confirmed the upregulation of CLMP at the protein level on
TNFα-activated and IFNγ-activated primary cultures of human brain and meningeal ECs. In
autopsy brain specimens from patients with MS, we demonstrated an overexpression of en-
dothelial CLMP in active MS lesions when compared with normal control brain tissue. Flow
cytometry of human PBMCs demonstrated an increased frequency of CLMP+ B lymphocytes
and monocytes in patients with MS, when compared with that in healthy controls. The use of a
blocking antibody against CLMP reduced the migration of immune cells across the human
brain and meningeal ECs in vitro. Finally, we found CLMP+ immune cell infiltrates in the
perivascular area of parenchymal lesions and in the meninges of patients with MS.

Discussion
Collectively, our data demonstrate that CLMP is an adhesionmolecule used by immune cells to
access the CNS during neuroinflammatory disorders such as MS. CLMP could represent a
target for a new treatment of neuroinflammatory conditions.
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Multiple sclerosis (MS), the most common chronic neuro-
inflammatory disorder, is characterized by activated leukocyte
trafficking into the CNS, leading to demyelination. Infiltration of
immune cells into the CNS is a highly regulated process that
occurs both through the blood-brain barrier (BBB) and the
blood-CSF meningeal barrier (BMB). During this process, ad-
hesion of the leukocytes is mediated by interactions between
cellular adhesion molecules (CAMs) expressed on the surface of
the barrier endothelial cells (ECs) and their counterligand on the
migrating leukocytes. These include intercellular adhesion mol-
ecule 1 (ICAM-1), vascular cell adhesionmolecule 1 (VCAM-1),
activated leukocyte cell adhesion molecule (ALCAM), dual im-
munoglobulin domain–containing cell adhesion molecule, and
melanoma cell adhesion molecule.1-7 Characterizing cell traf-
ficking into the CNS inMS has already led to the development of
an anti-VLA4 antibody, natalizumab, as a highly effective therapy
for relapsingMS.Given the different profiles of immune cells and
CNS barriers involved in MS, additional investigation to expand
our current understanding of the cell trafficking mechanisms
underlying MS pathogenesis is necessary.

Several junctional adhesionmolecules (JAMs) belonging to the
immunoglobulin superfamily (IgSF) were shown to be in-
volved in transendothelial leukocytemigration. JAM-A, JAM-B,
and JAM-C and JAM-related proteins such as JAM-L and the
coxsackie and adenovirus receptor (CAR) were all described to
be involved in the adhesion or migration of at least 1 leukocyte
population or subpopulation across the brain endothelium.8-15

CAR-like membrane protein (CLMP) is another member of
the IgSF that is structurally related to the JAMs by sharing a
similar domain organization: 2 extracellular Ig domains, a
transmembrane segment, and a cytoplasmic tail.16,17 Unlike the
aforementioned JAMs, CLMP function in neuroinflammation
has not been defined. Based on structural similarity with CAR
and on experiments with CLMP-transfected cells in vitro, it is
generally accepted that CLMP shows homotypic and hetero-
typic interactions, however, with unknown ligands.18

In this study, we performed bulk RNA sequencing on
inflamed primary cultures of human BBB and BMB ECs and
identified CLMP as a potential cell trafficking molecule in-
volved in MS. The upregulation of CLMP on brain ECs in
neuroinflammation was confirmed both at the protein level
and in MS lesions. In parallel, we detected increased fre-
quencies of several CLMP+ immune cell subsets in the pe-
ripheral blood in patients with MS.

Methods
Human BBB and Meningeal ECs Isolation
and Culture
BBB andmeningeal ECs were isolated from patients undergoing
epilepsy surgery. Informed consent was obtained before sur-
geries (CHUM research ethic committee approval number
BH07.001, 20.332). Meninges were removed, and brain material
was washed with PBS to remove blood. Brain material was ho-
mogenized, and cells were isolated using 350 and 112 μm pore
size mesh. For meningeal EC culture, meninges were removed
from the aforementioned brain materials and then digested
mechanically and chemically using collagenase type IV (2 mg/
mL; Sigma-Aldrich) for 15 minutes at 37°C. Following this, ECs
were isolated using a 30-μm filter (Miltenyi). BBB and menin-
geal ECs were cultured at 37°C in 6-well plates coated with 0.5%
gelatin in culture media composed of M199 cell culture media
(Thermofisher Scientific), 10% fetal bovine serum, 5% human
normal serum (Gemini), 0.2% insulin-transferrin-sodium sele-
nite ×100 (Sigma-Aldrich), and 0.14% EC growth supplement
(BD Biosciences). The purity and characterization of these BBB
and meningeal ECs was performed as previously published.19,20

Flow Cytometry
Peripheral blood mononuclear cells (PBMCs) were collected
from blood samples as previously described5 after obtaining
informed consent in accordance with institutional guidelines
(CHUM research ethic committee approval number BH07-
001, 20.332). Extracellular staining was conducted as pre-
viously described.5 In brief, Fc receptors were blocked with
mouse IgG isotype control (Thermo Fisher Scientific) for 20
minutes at 4°C. Cells were then incubated with LIVE/DEAD
fixable Aqua dead cell stain kit (Thermo Fisher Scientific) for
15 minutes. Cells were incubated 30 minutes at 4°C for la-
beling with surface antigen antibodies. Doublets and dead
cells were excluded using classical gating strategy on FlowJo
software (FlowJo, LLC) and the stain with the viability
marker. Positive gates were defined using isotype controls.
The following antibodies against human cell surface markers
were used: CD3, CD4, CD8, CLMP, CD14, CD19, CD45RA,
and CD45RO (all from BD Biosciences).

Immunostaining

Immunohistostaining
Human brain tissue was obtained from patients diagnosed
with clinical and neuropathologic MS diagnosis according to

Glossary
ALCAM = activated leukocyte cell adhesion molecule; BBB = blood-brain barrier; BMB = blood-CSF meningeal barrier;
CAM = cellular adhesion molecule; CAR = coxsackie and adenovirus receptor; CLMP = CAR-like membrane protein; EC =
endothelial cell; HBEC = human brain EC; HMEC = human meningeal EC; ICAM-1 = intercellular adhesion molecule 1;
IFNγ = interferon gamma; IgSF = immunoglobulin superfamily; JAM = junctional adhesion molecule;MS =multiple sclerosis;
ORO = oil red O; PBMC = peripheral blood mononuclear cell; TBST = tris-buffered saline–0.1% Tween; TNFα = tumor
necrosis factor alpha; VCAM-1 = vascular cell adhesion molecule 1.
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the revised 2010 McDonald criteria. Tissue samples were
collected from 3 control donors (42-year-old man and 67-
year-old man; 34-year-old woman) and 7 patients with MS
(33-year-old and 51-year-old women with relapsing-
remitting MS; 26-year-old man with relapsing-remitting
MS; 48-year-old and 65-year-old men with secondary
progressive MS; and 55-year-old and 60-year-old women
with secondary progressive MS) with full ethical approval
(BH07.001) and informed consent as approved by the
local ethics committee. Autopsy samples were preserved
and lesions classified using luxol fast blue/hematoxylin &
eosin (LHE) staining and oil red O (ORO) staining as
previously published.21-23

Frozen brain tissues were sectioned into slices (7 μm) and
fixed in acetone for 10 minutes, transferred to ethanol for 5
minutes, hydrated in PBS, and blocked with 10% species-
specific serum of the secondary antibody hosts. Sections were
incubated for 1 hour at room temperature with primary an-
tibodies diluted in 3% species-specific serum. Primary anti-
bodies were revealed by using secondary antibodies linked to
AF488 or Cy3 (Thermo Fisher Scientific, dilution 1/600,
incubation time 45 minutes at room temperature). Sections
were then mounted using Mowiol reagent containing TO-
PRO®3 (Thermo Fisher Scientific, 1/400). The following
primary antibodies were used: sheep antihuman/mice CLMP
(1/100; R&D Systems), rabbit antihuman laminin (1/500,
Dako), mouse antihuman CD4 (1/100; BD bioscience),
mouse antihuman CD8 (1/100; BD bioscience), rabbit an-
tihuman CD20 (1/200, Abcam), and mouse antihuman
CD68 (1/400; Dako).

Immunocytostaining
Human BBB ECs were grown to confluency in 24-well plastic
chamber for 4 days with 40% astrocyte-conditioned media
and stimulated with a mix of TNFα and IFNγ (100 U/mL)
the last day. Cells were washed with PBS, fixed with 70%
ethanol, and then labeled with antibodies for CLMP (1/100;
R&D Systems) and mouse antihuman p120 catenin (1/50;
BD bioscience).

PBMCs were cytospun in 25% glycerin and fixed in acetone
for 20 seconds at room temperature. The cells were then
labeled with antibodies for CD4, CD8, CD19, CD14
(mouse monoclonal; BD biosciences; 1/100), and CLMP
(sheep; R&D Systems; 1/100) for 1 hour at room tem-
perature. Primary antibodies were revealed by using sec-
ondary antibodies linked to AF488 or Cy3 (Thermo Fisher
Scientific; 1/600; incubation time 45 minutes at room
temperature). Sections were then mounted using Mowiol
reagent containing TO-PRO®3 (Thermo Fisher Scientific,
1/400).

Image Acquisition
Images (z-stacks) were acquired using a Leica SP5 confocal
microscope with Leica LAS AF software and processed using
Fiji and LAS X. All settings were kept the same.

RNA Isolation and Real-Time Quantitative
Polymerase Chain Reaction
Confluent human ECs were stimulated for 24 hours with IL-1β
(1 ng/mL, R&D system), IL-17A (100 ng/mL, R&D system), or
a mix of TNF-α and IFNγ (100 U/mL Thermo Fisher). Un-
treated confluent human BBB or BMBECs were used as control.

RNA was extracted with TRIzol® reagent (Thermo Fisher
Scientific) and the RNeasy Mini kit (Qiagen). RNA was
transcribed into cDNA using a reverse transcription kit
(Qiagen). The primers CLMP (Hs00956747_m1; TaqMan®
FAMTM labeled; Life Technologies) and 18S ribosomal RNA
(VIC®-labeled probe; Life Technologies) were used to assess
relative gene expression levels according to themanufacturer’s
instructions. The CT method was used to compare levels of
mRNA (cycle threshold: cycle at which gene of interest is
detected in a linear range; CT = difference between the cycle
threshold of the gene of interest and the cycle threshold of the
internal gene control).

Western Blot
Confluent human BBB ECs were stimulated for 24 hours with a
mix of TNFα and IFNγ (100U/mLThermo Fisher). Untreated
confluent human BBB ECs were used as control. Cells were
lysed with RIPA buffer with ×1 proteinase inhibitor (Thermo
Fisher) for protein isolation and kept on ice for 30minutes. After
centrifugation, the protein quantification of the supernatant was
performed with the BCA protein assay kit (Thermo Fisher
Pierce). SDS-PAGE (Bio-Rad) was performed by loading10 μg
of denatured protein per lane and blotted onto a polyvinylidene
difluoride membrane (Bio-Rad). After blocking with 5%milk in
tris-buffered saline–0.1% Tween (TBST), the primary antibody
was applied (anti-CLMP; R&D system; 1/200), followed by
washes with TBST and by incubation with antisheep IgG
horseradish peroxidase–conjugated secondary antibody (R&D
system, 1/10,000). Protein bands were developed with the ECL
substrate (Amersham, ECL Plus detection kit) and were then
measured by densitometry using Bio-Rad Gel Doc System and
Quantity One® software.

Migration Assays
Human BBB or BMB ECs were grown for 3 days in Boyden
chambers (Falcon/BD Biosciences; pore size: 3 μm) in cul-
ture media supplemented with 40% astrocyte culture media,
and cells were stimulated with a mix of TNFα and IFNγ (100
U/mL) for 24 hours. Antibodies for CLMP (40 μg/mL; sheep
polyclonal, R&D Systems) or isotype control (40 μg/mL;
sheep polyclonal, R&D Systems) were added 1 hour before
the start of the migration assay. Subsequently, 1 million iso-
lated PBMCs were added to the upper chamber. After 18
hours, migrated cells in the lower chamber were counted and
were then stained with antibodies against CD3, CD4, CD8,
CD45RO, CD14, and CD19 for flow cytometry analyze.

Adhesion Assay
Ninety-six–well plates were coated with 10 μg/mL BSA,
CLMP, or ICAM-1 (all from R&D systems) overnight at 4°C.
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In vitro–activated human T lymphocytes, labeled with 5,
6-carboxyfluorescein diacetate succinimidyl ester (Molec-
ular Probes, Thermo Fisher Scientific), were then trans-
ferred to the coated wells in triplicates at 100,000 cells per
well. After a 4-hour incubation period at 37°C, non-
adherent cells were removed, wells were gently washed

twice with PBS, and fluorescence was measured (Synergy
4, Biotek).

Bulk RNA Seq
Bulk RNA Seq of the 18 EC samples was conducted on
Illumina HiSeq platform. Quality of isolated RNA was

Figure 1 Bulk RNA Sequencing Identifies CLMP as an Inflammatory Candidate Involved in Human Transendothelial Cell
Trafficking

(A) RNA sequencing study design. HMECs and HBECs were stimulated for 24 hours with 40% ACM or with TNFα and IFNγ. RNA was isolated at the same time
point for all the conditions and samples were sequenced. (B) PCA of the 14,637 most expressed genes across all 18 samples. (C) Volcano plots showing
differential expression testing for all genes between untreated and TNF-a and IFN-g treated (C.a) HBECs and (C.b) HMECs. (D) Dot plot of the RNA expression of
(D.a) CLMP, (D.b) VCAM-1, and (D.c) ICAM-1 in the different conditions of stimulation (nonstimulated, astrocyte culturemedium or TNF-a/IFN-g). H =HBECs; M
= HMECs. Table: Number of reads for CLMP in the different conditions. ACM = astrocyte-conditioned medium; CLMP = CAR-like membrane protein; ECs =
endothelial cells; HBECs = human brain ECs; HMECs = human meningeal ECs; ICAM-1 = intercellular adhesion molecule 1; IFNγ = interferon gamma; PCA =
principal component analysis; TNFα = tumor necrosis factor alpha; VCAM-1 = vascular cell adhesion molecule 1.
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assessed using bioanalyzed and nanodrop. Library prepa-
ration was performed with Illumina TruSeq kit. Processing
of the sequencing raw files was performed following
the MUGQIC RNA-Seq pipeline. The pipeline uses STAR
to align reads to the genome. Picard was used to produce
gene expression matrix. R packages DESeq2 and edgeR
were used to perform downstream analysis of gene
expression.

Statistical Analysis
Graphpad Prism and R software (The R Foundation for
Statistical Computing, www.R-project.org) were used for
statistical analyses. Results are presented as mean ± stan-
dard error of the mean. Paired or unpaired Student t tests,
Wilcoxon-Mann-Whitney tests, or Wilcoxon matched-pairs
signed rank tests were performed. One-way analysis of
variance tests were performed, followed by the appropriate
post hoc test when more than 2 groups were compared.

Figure 2 CLMP is Upregulated by Human Brain Endothelial Cells Under Inflammatory Condition and in MS Lesions

(A) Quantitative PCR analysis of CLMPmRNA expression relative to 18S ribosomal RNA inHBECs andHMECs (n = 8;mean SEM; *p < 0.05, by the Student t test).
(B) CLMP (green) and p120 (red) on the surface of HBECs left untreated or treated for 24 hours with TNF-a and IFN-g; nuclei are stained with TOPRO-3 (blue).
Scale bar: 50 μm. Representative of n = 4 independent experiments. (C) Expression of CLMP protein assessed byWestern blot (WB) in. HBECs left untreated or
treated for 24 hours with TNF-a and IFN-g. Representative of n = 3 different preparations. Corresponding quantification of WB signal intensity (n = 3–4; mean
SEM; *p < 0.05, by the Student t test). (D). Immunohistochemistry with confocal microscopy of CLMP (green) in vessels (laminin, red) of control brains and MS
active lesions. Scale bar = 20 μm; data shown are representative of n = 3–4. Corresponding quantification of CLMP fluorescence intensity in CNS vessels in
healthy brains andMS active lesions (n = 3–4; ***p < 0.001, by the Student t test). CLMP = CAR-likemembrane protein; ECs = endothelial cells; HBECs = human
brain ECs; HMECs = human meningeal ECs; IFNγ = interferon gamma; MS = multiple sclerosis; TNFα = tumor necrosis factor alpha.
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Figure 3MS Is AssociatedWith Increased Frequency of CLMP+/CD19+ B Lymphocytes and CLMP+/CD14+Monocytes Ex Vivo

(A) Representative cytospin images of PBMCs immunostained for CD4, CD8, CD19, CD14 (red), CLMP (green), and nuclei (TOPRO-3; blue) and acquired by
confocalmicroscopy. Scale bar: 20 μm. (B) Representative dot plots and quantification of flow cytometry analysis of CLMP expression by CD4+ T lymphocytes,
CD8+ T lymphocytes, CD19+ B lymphocytes, and CD14+ monocytes obtained from peripheral blood of healthy controls or patients with MS; corresponding
quantification (n = 6–11; ns = not significant; **p < 0.01; ***p < 0.001; the Wilcoxon-Mann-Whitney test). CLMP = CAR-like membrane protein; MS = multiple
sclerosis; PBMCs = peripheral blood mononuclear cells.
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Values were considered statistically significant when
p < 0.05.

Standard Protocol Approvals, Registrations,
and Patient Consents
Informed consent was obtained before surgeries (CHUM
research ethic committee approval number BH07.001,
20.332).

Data Availability
The data that support the findings of this study can be
shared at the request of other investigators for the purpose of
replicating procedures and results.

Results
CLMP Is Upregulated on Human Brain ECs
Under Inflammatory Condition and in
MS Lesions
CLMP is upregulated on human brain ECs (HBECs) under in-
flammatory condition and in MS lesions. To identify new players
involved in neuroinflammatory immune cell trafficking inMS, we
performed bulk RNA sequencing of resting and inflamed primary
cultures of HBECs and human meningeal ECs (HMECs)
(Figure 1A). As proinflammatory cytokines are known to induce
an upregulation of various adhesionmolecules on ECs,3,4,7,15,24 we
stimulated HBECs and HMECs with tumor necrosis factor alpha
(TNFα) and interferon gamma (IFNγ) that are 2 cytokines

Figure 4 CLMP+ Immune Cells Invade the CNS in Patients With MS

(A) Representative immunofluorescent images of tissue sec-
tions of meningeal and parenchymal infiltrates in active MS
brain lesions. Stainings are for CLMP (green), laminin, (red),
and nuclei (TOPRO). Scale bar = 50 μm. (B) Quantification of
CLMP expression in patientswithMS in lesion area or normal-
appearing white matter (NAWM); n = 16 areas from 4 differ-
ent patients with MS (*p < 0.05, by Student t test). (C) Repre-
sentative immunofluorescent images of frozen sections of
immune cell infiltrates in active MS brain lesions. Stainings
are for CLMP (green), CD4, CD8, CD68, CD20 (red), and nuclei
(TOPRO). Scale bar = 50 μm. (D) Quantification in active MS
lesions of CD4+, CD8+, CD20+, and CD68+ cells that are posi-
tive for CLMP, by confocal microscopy; n = 11–17 area from 3
different patientswithMS (*p < 0.05 by 1-way ANOVAwith the
Tukey post hoc test). ANOVA = analysis of variance; CLMP =
CAR-Like membrane protein; MS = multiple sclerosis.
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elevated in lesions and CSF of patients with MS.25-27 Astrocyte-
conditionedmediumwas used as a positive control to induce BBB
properties in ECs.28 We first used a principal component analysis
to explore the variance captured by quantifying gene expression in
the ECs. Cell types (HMECs andHBECs) were segregated along
the major component (PC1), and the second principal compo-
nent (PC2) was associated with the EC response to inflammation

with IFNγ/TNFα (Figure 1B). Among the upregulated genes, we
identified CLMP as a potentially major CNS cell trafficking
molecule because it was differentially expressed in both HBECs
andHMECs (HBECs: logFC = 1.42, false discovery rate = 9.98e-
18; HMECs: logFC = 0.89, false discovery rate = 2.13e-15;
Figure 1, C and D) and was previously reported to perform cell-
cell adhesion functions in a nonimmunologic context.29

Figure 5 CLMP Mediates the Migration of Human Immune Cells Across Human CNS Barriers

(A) Experimental design. Human ex vivo PBMCs from healthy donors were allowed to migrate for 18 hours across primary cultures of inflamed HBECs or
HMECs, using a modified Boyden chamber model. PBMCs and ECs were preincubated for 1 hour with isotype control vs blocking antibody against CLMP. (B)
Migration is expressed as absolute number of cells in the lower chamber. (C) Frequencies of migrated PBMCs across HBECs and HMECs; Data shown are
pooled from 4 independent experiments (n = 8–9 blood donors in total; *p < 0.05; **p < 0.01; (B) paired t test; (C) paired t test or the Wilcoxon matched-pairs
signed rank test) performed in triplicate using 4 distinct (C.a) HBEC preparations and 4 distinct (C.b) HMEC preparations. ACM = astrocyte-conditioned
medium; CLMP = CAR-likemembrane protein; ECs = endothelial cells; HBECs = human brain ECs; HMECs = humanmeningeal ECs; I/T = IFNg and TNFα; PBMCs
= peripheral blood mononuclear cells; TNFα = tumor necrosis factor alpha.
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To validate our initial findings, we performed quantitative
real‐time PCR on resting and inflamed HBECs and
HMECs and observed a significant upregulation in CLMP
mRNA expression on inflammation compared with that in
resting condition (Figure 2A, and eFigure 1A, links.lww.
com/NXI/A740). At the protein level, CLMP was found to
be significantly increased in inflamed ECs both by immu-
nofluorescence and Western blot analyses (Figure 2, B and
2C and eFigure 1B, links.lww.com/NXI/A740). To es-
tablish the relevance of our in vitro observations in MS, we
evaluated CLMP expression on ECs in CNS lesions of
patients with MS and found a strong upregulation of
CLMP on the surface of CNS vessels in active MS lesions
when compared with that in controls (Figure 2D). These
results demonstrate that CLMP is upregulated on brain
ECs under inflammatory conditions in vitro and in MS
lesions in situ.

CLMP Is Expressed by Human Peripheral
Blood Leukocytes
In inflammatory conditions, immune cells circulating in the
blood can upregulate specific surface proteins promoting inter-
actions with BBB or BMB ECs and subsequent invasion of the
CNS. Because CLMP was demonstrated to form homotypic
interactions,29,30 we decided to characterize its expression by
ex vivo PBMCs. Using immunofluorescence microscopy,
we observed that CLMP is indeed expressed on different im-
mune cell populations such as CD4+ T lymphocytes, CD8+

T lymphocytes, CD14+ monocytes, and CD19+ B lymphocytes
in healthy donors (Figure 3A). To further quantify CLMP ex-
pression on immune cells and define their relevance for MS, we
performed flow cytometry analyses on PBMCs obtained from
healthy donors and patients with MS. The proportion of
CLMP+/CD4+ and CLMP+/CD8+ T lymphocytes were not
significantly different in healthy donors and patients with
MS (4.97% ± 2.29% vs 5.71% ± 2.89% for CD4+ T lymphocytes
and 9.92%±3.18% vs 11.47%±6.25% forCD8+T lymphocytes;
n = 6–11; Figure 3B). A deeper analysis of these cells in patients
with MS showed that CLMP expression is approximately
2 times greater in ex vivo memory CD45RO+ than in
naı̈ve CD45RA+ T lymphocytes (eFigure 2, links.lww.
com/NXI/A740). However, the proportion of CD19+

B lymphocytes and CD14+ monocytes expressing CLMP
were strikingly increased in patients with MS (3.75% ±
1.28% vs 16.8% ± 8.49% for B lymphocytes, and 47.63% ±
14.77% vs 82.9% ± 21.53% for monocytes; n = 6–11;
Figure 3B). Together, our observations demonstrate that
CLMP is expressed on human leukocytes in the peripheral
blood and that the frequency of CLMP+ B lymphocytes
and monocytes is increased in patients with MS rather than
in healthy donors.

CLMP+ Leukocytes Are Found in Active Brain
Lesions of Patients With MS
The increased expression of CLMP on peripheral leuko-
cytes and brain ECs in patients with MS strongly suggests

its involvement in leukocyte trafficking across the BBB and
BMB in MS. To address this hypothesis, we first assessed
the presence of CLMP+ leukocytes in situ in active MS
lesions. Autopsy-derived MS CNS material was stained
with luxol fast blue hematoxylin and eosin (eFigure 3A,
links.lww.com/NXI/A740) and ORO (eFigure 3B) to
identify lesion type. Globally, we found the expression of
CLMP to be significantly higher in lesion areas with active
infiltration than in areas without infiltration in both the
meninges and in the brain parenchyma of patients with MS
(Figure 4, A and B; n = 16 different areas from 4 patients
with MS). A deeper analysis of CLMP expression on MS
lesions revealed the presence of CLMP on CD4+

T lymphocytes, CD8+ T lymphocytes, CD68+ macro-
phages and CD20+ B lymphocytes near blood vessels
(Figure 4C). In accordance with the flow cytometry results
showing that monocytes are the immune cell-type showing
the highest proportion of CLMP+ cells (Figure 3B), the
proportion of CD68+ macrophages expressing CLMP in
MS lesions is higher than that for the other immune cell-
types (Figure 4D). By detecting the increased presence of
different CLMP+ immune cells in active MS lesions, our
data suggest that CLMP could mediate immune cell traf-
ficking into the CNS in MS.

Blocking CLMP With a Neutralizing Antibody
ImpairsHuman ImmuneCell Diapedesis Across
Brain Barrier Endothelium
To accumulate in MS brains, immune cells must first cross
the endothelia of the different brain barriers.31,32 Because
CLMP is an adhesion molecule with conserved Ig domains
that mediate cell-cell adhesion through homotypic in-
teraction,29 we investigated its role in the transmigration of
leukocytes across both BBB and BMB ECs in vitro. In brief,
leukocytes isolated from the peripheral blood of healthy
donors were allowed to migrate in the presence of anti-
CLMP or isotype antibodies across confluent monolayers of
inflamed HBECs and HMECs cultured in Boyden chambers
(Figure 5A). Blocking CLMP resulted in a significant de-
crease of diapedesis of CD4+ and CD8+ T lymphocytes,
B lymphocytes, and monocytes across HBECs and HMECs
(Figure 5, B and C, n = 6–9). Flow cytometric analysis of
monocytes in the lower chambers (migrated cells) vs upper
chambers (nonmigrated cells) demonstrated that CLMP is
preferentially expressed on monocytes that migrated across
ECs (eFigure 4A, links.lww.com/NXI/A740). To confirm
that significant interactions can take place between leuko-
cyte and CLMP, we performed an adhesion assay and found
that adhesion of human T lymphocytes to coated recombi-
nant human (rh)CLMP was significantly higher than to BSA
1% but comparable with adhesion to coated ICAM-1. The
blocking of CLMP resulted in a suppression of cell adhesion
to (rh)CLMP but not to ICAM-1 (eFigure 4B, links.lww.
com/NXI/A740). These results demonstrate that CLMP is
directly involved in the migration of human leukocytes
across brain barriers.
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Discussion
Currently, although there is no cure for MS, the available
treatments can significantly decrease disease activity and, to
some extent, its progression.33 The efficacy of the MS therapy
natalizumab stems from its capacity to block the functioning of
the cell trafficking molecule VLA4. However, its great capacity
to block immune cell infiltration into the brain was shown to
alter the CNS protective immune surveillance and can result in
life-threatening adverse events,34 thereby limiting natalizumab
use in clinic to JCV-negative patients. Similarly, despite its
clinical efficacy when treating MS, the monoclonal antibody
efalizumab, which targets CD11a, the ligand of ICAM-1, was
withdrawn from the market because of collateral damage of
brain immune surveillance.35 Discovering new molecular
players involved in immune cell diapedesis across brain barriers
is therefore a great unmet need for the development of safer
MS treatments.

In this study, we demonstrated that human brain and meningeal
ECs strongly upregulate CLMP in vitro after stimulation with
proinflammatory cytokines. We also reported that peripheral
blood leukocytes express CLMP, the frequencies of CLMP+

B lymphocytes and monocytes are increased in patients with
MS, and CLMP+ immune cells are increased in MS lesions.
Finally, we showed that blocking CLMP with an anti-CLMP
antibody impairs the capacity of immune cells to cross the BBB
and BMB in vitro. Our results support an important role for
CLMP in the recruitment of immune cells into the CNS during
neuroinflammation, thus suggesting a novel avenue to treat MS.

The efficacy of B-lymphocyte depletion in MS provides
strong evidence of the involvement of B lymphocytes in
disease activity.36 Meningeal B-cell follicles are found in
patients with MS and are associated with cortical in-
flammation and neuronal loss in progressive forms of the
disease.37-39 We have previously described the implication
of ALCAM as an important player of B-lymphocyte in-
filtration in the CNS.40 In this study, we demonstrated that
CLMP is upregulated on meningeal ECs in inflammatory
conditions and the frequency of CLMP+ B lymphocytes is
increased in patients with MS, suggesting that CLMP could
also be involved in the accumulation of B lymphocytes in
the meninges in progressive forms of MS. In line with this,
the blockade of CLMP reduced human B-lymphocyte mi-
gration across meningeal ECs. Targeting CLMP in patients
with MS could be a promising strategy to reduce MS pro-
gression by reducing B-lymphocyte infiltration and accu-
mulation in the meninges.

Monocytes are also believed to play an important role in
MS pathophysiology, especially in progression. After their
infiltration in the CNS, monocytes can differentiate into
dendritic cells or macrophages, which are widely implicated
in MS neuroinflammatory processes.19,41,42 Strikingly, our
data demonstrated that most monocytes from the blood of
patients with MS expressed CLMP vs less than half of them

in healthy donors. We also demonstrated that CLMP+

monocytes are present in active lesions and the blockade of
CLMP significantly reduce monocyte migration across
meningeal and brain ECs. These observations suggest that a
therapeutic approach to block CLMP could have a major
effect in blocking monocyte migration and therefore in
hindering their pathologic functions in MS.

We found that CLMP is expressed by 5% of CD4+

T lymphocytes and 10% of CD8+ T lymphocytes in the pe-
ripheral blood of healthy individuals and patients with MS.
Surprisingly, however, the blockade of CLMP reduced the
migration of T lymphocytes in vitro by 39.8% across the BMB
endothelium and by 24.2% across the BBB endothelium. Ow-
ing to its structural similarities with CAR, which can carry
homotypic and heterotypic interactions with different ligands,17

we hypothesized that the CLMP-mediated T-lymphocyte
trafficking across the brain barriers likely involve additional
binding partners. Future work should therefore address the
heterotypic interactions of CLMP on T lymphocytes and on
brain ECs and unravel the contribution of each interaction to
MS development. The static migration assay used is suitable to
study the migration of the immune cells across ECs in vitro.
However, cell trafficking across brain barriers is a multistep
process involving rolling and adhesion of immune cells on ECs.
To study the implication of CLMP in these different steps of
cell trafficking, the use of in vitro models using shear flow and
live cell imaging would be required.

In conclusion, our study demonstrates that CLMP is involved
in leukocyte migration across both the BBB and BMB in MS.
Its antibody-mediated blocking showcases the feasibility of its
pharmaceutical targeting. The association of CLMP expres-
sion with active MS allows us to further postulate that CLMP
represents a new biomarker of brain inflammation. Alto-
gether, our study suggests that CLMP is a promising thera-
peutic target for MS.

Acknowledgment
The authors are grateful to the CRCHUM animal facility led
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(CRCHUM); Department of
Neurosciences, Faculty of
Medicine, Université de
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de Montréal (CHUM)
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