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Abstract

Leukocyte transmigration into the central nervous system promotes multiple
sclerosis pathogenesis, yet ambiguity remains regarding the mechanisms con-
trolling the migration of distinct immune cell subsets. Using in vitro, ex vivo
and postmortem human materials, we identified a significant upregulation of
junctional adhesion molecule-like expression at the blood—brain barrier, mono-
cytes, and CD8 T cells of multiple sclerosis patients. We also detected junc-
tional adhesion molecule-like” trans-migratory cups when monocytes/CD8 T
cells adhered to the blood-brain barrier, however, their migratory capacity was
significantly compromised when junctional adhesion molecule-like was blocked.
These findings highlight a novel role for junctional adhesion molecule-like in
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Introduction

Multiple sclerosis (MS) is an immune-mediated disorder
of the central nervous system (CNS) characterized by mul-
tifocal areas of leukocyte infiltration, demyelination, and
axonal damage. Demyelination in MS plaques is typically
associated with accumulation of leukocytes migrating from
the periphery via the CNS barriers." The vasculature asso-
ciated with the blood-brain barrier (BBB) is formed by
specialized endothelial cells (ECs) maintaining unique
morphological and metabolic properties including their
intrinsic immunoquiescent state."”” In MS, this delicate
microenvironment is perturbed by peripheral and central
inflammation that leads to endothelial activation and
leukocyte transmigration. The latter is characterized by the
sequential activation and interaction of molecular effectors
expressed by ECs, including selectins, chemokines, cells
adhesion molecules (CAMs), and their counter ligands
expressed by immune cells." Additional CAMs involved in
this process are the junctional adhesion molecule (JAM)
family (JAM-A to C), which are type I transmembrane
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leukocyte transmigration and its potential as a promising therapeutic target.

proteins differentially expressed at the junctions of ECs,
epithelial cells, and on various leukocytes.” A more recently
identified member of this family, JAM like (JAML), is
known to mediate the transmigration of neutrophils and
monocytes by interacting with coxsackie-adenovirus
receptor (CAR) expressed by epithelia.* JAML is also
expressed by endothelium where it homodimerizes in cis,
although homophilic trans interactions have been reported
in areas of cell-cell contact.” To establish whether JAML
influences the recruitment of specific subsets of pathogenic
cells into the CNS and could serve as a therapeutic target
to dampen CNS inflammation, we sought to determine
JAML expression on the BBB and on immune cells, and its
plausible role in the process of leukocyte migration.

Material and Methods

Primary cultures of BBB-ECs

Human adult CNS tissue was obtained from patients
undergoing surgery for intractable epilepsy. Informed

© 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


http://creativecommons.org/licenses/by-nc-nd/4.0/

J. I. Alvarez et al.

consent and ethic approval were given prior to surgery
(HDO04.046). Primary cultures of BBB-ECs were estab-
lished as previously described.®’

RNA isolation and quantitative PCR

Human BBB-ECs were cultured to confluency and then
treated for 18 h with TNF and IFN-gamma, cells were
trypsinized and RNA was isolated as described before.”*
RNA was reverse-transcribed using Life Technologies
(Grand Island, NY) high-capacity cDNA reverse transcrip-
tion kit following manufacturer’s recommendations. For
quantification of JAML (AMICAI), cDNA samples were
prepared in triplicate with Life Technologies Power
SYBR® Green PCR Master Mix and the primers FWD: 5'-
GGTGATCATTGTGGGAATTGT-3’' REV: 5-TCGTGTTC
TTCACCAAGACTGT-3'. qPCR was run on Applied
Biosystems StepOnePlus™ System (Waltham, MA). Results
were normalized to GAPDH controls (primers: FWD: 5'-
GCAAATTCCATGGCACCGT-3" — REV: 5'-TCGCCCCAC
TTGATTTTGG-3') and quantified using the associated
StepOnePlus™ software.

Protein isolation and western blot analysis

Protein from resting and inflamed human BBB-ECs was
isolated as previously described.® 20 ug of proteins were
run on Bio-Rad 4-20% Mini-PROTEAN® TGX™ gels
(Hercules, CA) under reducing conditions. Proteins were
transferred to nitrocellulose membranes (Bio-Rad) and
blocked for 1 h at room temperature (RT) in Odyssey®
Blocking Buffer (TBS) (Li-Cor). Rabbit anti-JAML (Ab-
cam) and Mouse anti-f-actin (Sigma) were diluted in
blocking buffer and incubated overnight at 4°C. Mem-
branes were washed three times in TBS-Tween 20 (0.1%).
Fluorescent IRDye® secondary antibodies (Li-Cor) were
diluted in blocking buffer (1:10,000) and added to the
membrane for 1 h at RT. Membranes were washed three
times in TBS-T and visualized using the Odyssey Infrared
Imaging System (LI-COR, Inc - Lincoln, ME). Quantifica-
tions were performed using Image Studio™ Software (LI-
COR, Inc - Lincoln, ME) according to the company’s rec-
ommendations. All results were normalized to f-actin
protein levels.

Patients

Blood was drawn/obtained from MS patients and healthy
donors after written informed consent. MS patients had
relapsing-remitting MS (RRMS) and at the time of blood/
CSFE (cerebrospinal fluid) draw had not received steroids
or disease-modifying therapies. RRMS patients consisted
of 10 women and five men with a mean age of 37.5 years
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of age (range 22-52 years) and healthy controls were five
women and three men with a mean age of 35.1 years of
age (range 21-54 years).

Flow cytometry analysis

MS patients were classified as previously described.® per-
ipheral blood mononuclear cells (PBMCs) were isolated,
stained, and analyzed as previously reported.” PBMCs
were phenotyped using antibodies (10 mg/mL) specific
for human JAML-FITC (R&D systems), CD3-APC, CD4-
PE-Cy7, CD8-PB, CD14-PE, and CD19-Alexa700 or cor-
responding isotype controls (all from BD Biosciences)
(East Rutherford, NJ). Cells were acquired on a BD LSRII
cytometer (BD Bioscience) and analyzed using the BD
FACSDiva software (BD Biosciences - East Rutherford,
NJ)).

Immunostainings

Primary cultures of BBB-ECs were grown to confluency,
inflamed, and stained as previously described.® In brief,
BBB-ECs (n = 3) were stained with anti-JAML antibody
(R&D systems, 1/50), followed by donkey anti goat-Alexa
488  (Jackson ImmunoResearch-West grove, PA).
Immunohistofluorescent stainings in postmortem brain
sections from MS patients (n =5) were performed
according to institutional guidelines (CRCHUM,
SL05.022, SL05.023, and BH07.001).® Postmortem frozen
MS brain blocks (n = 24) were cryosectioned, fixed, and
immunostained with goat anti-JAML (R&D systems, 1/
50) and with mouse anti-CD68 (DAKO, 1/100), mouse
anti-CD11c (BD Biosciences, 1/200), rabbit anti-CD3
(DAKO, 1/200) and mouse anti-MHC-II (DAKO, 1/100)
followed by corresponding secondary antibodies (Jackson
ImmunoResearch - West Grove, PA). Imaging quantifica-
tion was performed as previously described.®

Adhesion and transmigration assays

Monocytes and CD8 T cells were isolated from blood of
healthy donors as previously described® and were allowed
to adhere 1 h to monolayers of human BBB-ECs. Cells
were then washed, fixed, and immunostained for JAML.
intercellular adhesion molecule-1 (ICAM-1) (mouse anti-
ICAMI1, Biolegend, San Diego - CA) and p120 (mouse
anti-p120, BD Biosciences 1/100) as described before.® To
enable investigation of leukocyte migration across the
BBB, we used a transwell model in which BBB-ECs were
grown on the upper chamber for 72 h.®® Before migra-
tion, CD8 T cells were activated using plate-bound
anti-CD3 (eBioscience, 2.5 ug/mL) (Santa Clara, CA) and
soluble anti-CD28 (BD Pharmingen, 2 ug/mL) in X-vivo
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15 medium (Lonza) for 4 days. Monocytes were isolated
by positive selection according to the manufacturer’s pro-
tocol (Miltenyi). Activated CD8 T cells and monocytes
(10° cells per well) were added to the transwell chamber
containing anti-JAML (R&D systems, 20 ug/mL) or con-
trol immunoglobulins and migrated for 18 h. Migrated
cells were imaged using DIC microscopy (Leica MZ10F;
Leica Microsystems, Wetzlar - Germany), and were col-
lected and counted as previously described.®®

Statistical analyses

Statistical analyses were performed using Graphpad
PRISM 4.0 (La Jolla, CA). Data are expressed as the
mean =+ standard error of the mean (SEM). Data were
analyzed using Students’ t-test and only P-values <0.05
were considered statistically significant.

Results

To determine JAML expression on the CNS vasculature,
primary cultures of human BBB-ECs were grown under
resting and inflammatory (IFN-y/TNF) conditions.
Expression of JAML was low on BBB-ECs grown under
resting conditions, but was significantly upregulated upon
inflammation (Fig. 1A-C and Fig. S1A). In MS brains
JAML was moderately expressed by normal-appearing
white matter blood vessels and by perivascular macro-
phages, while significant upregulation was found in ves-
sels within MS lesions (Fig. 1D and Fig. SI1B).
Macrophages/microglia (CD68"), dendritic cells (CD11c")
and few CD3" T cells also stained positive for JAML in
MS lesions (Fig. 1D). We thus decided to characterize
JAML expression in peripheral and CNS leukocytes from
RRMS patients and healthy controls. Roughly 52% of
CD14" monocytes derived from the blood of healthy
donors expressed JAML, but a significant increase in
percentage (80%) and level of expression (twofold upreg-
ulation) was observed in monocytes of RRMS patients
(Fig. 1E and F). In contrast, only 2.1% of CD8 T cells
isolated from healthy controls (n =9) expressed JAML
versus 5.5% in MS patients (n = 15) (Fig. 1G and H).
However, the frequency of JAML-expressing CD8 T cells
significantly increased (up to 30%) in the CSF of RRMS
patients (n = 4) (Fig. 1G and H). The low frequency of
monocytes in the CSF of MS patients did not permit
proper analysis. JAML expression in CD4 T cells and B
lymphocytes was marginal (below 1%) and minimal dif-
ferences were found between healthy subjects and RRMS
patients (data not shown). These findings suggest that the
inflammatory milieu in the periphery and in the CNS of
MS patients regulates JAML expression in myeloid cells
and CD8 T lymphocytes.
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As part of its active role supporting leukocyte transmi-
gration, the BBB projects transmigratory cups rich in
actin and CAMs that anchor and embrace adherent
leukocytes.” Monocyte adhesion to BBB-ECs was accom-
panied by the formation of transmigratory cup-like struc-
tures rich in JAML (Fig. 2A). Analysis of junctional
molecules supporting BBB function such as p120 demon-
strated localization at inter-endothelial junctions and in
docking supporting adherent monocytes
(Fig. 2A). Transmigratory cup-like structures expressing
JAML were also detected in areas of contact between CD8
T cells and the BBB (Fig. 2B). We next investigated
whether JAML is required for efficient transmigration of
leukocytes in vitro. Pretreatment of BBB-ECs with a
JAML blocking antibody significantly compromised the
transmigration of CD14" monocytes (Fig. 2C — 57%
reduction) and of activated CD8 T cells (Fig. 2D — 45%
reduction). These findings are strongly suggestive of a role
of JAML in mediating the migration of monocytes and
CD8 T cells across the BBB.

structures

Discussion

Here, we demonstrate the expression of JAML at the BBB
level and its upregulation during neuroinflammatory con-
ditions. Monocytes/macrophages and CD8 T cells also
expressed JAML and during active MS is significantly
upregulated. The fact that JAML localizes in ring-like
structures reminiscent of transmigratory cups at sites
where leukocytes adhere to BBB-ECs and that its blockade
reduces monocyte and CD8 T cell transmigration across
the BBB suggest an important function for JAML in the
recruitment of specific leukocyte subsets into the CNS.
The upregulated expression of JAML on inflamed
BBB-ECs and immune cells highlight its potential role
in leukocyte transmigration across the BBB. We support
this notion by showing for the first time JAML expres-
sion in structures reminiscent of transmigratory cups/te-
traspanin-enriched microdomains, which serve as
docking structures thought to facilitate leukocyte migra-
tion.”'"  Interestingly, monocyte adhesion to the
endothelium also induced the formation of transmigra-
tory cups enriched in p120, providing further evidence
for the expression of junctional proteins by leukocytes''
and emphasizing the role of pl20 as an intracellular
mediator of monocyte migration.12 In addition, JAML
expression on myeloid and CD8 T cells populations
within the CNS is an important aspect that warrants
further investigation as JAML is also a costimulatory
molecule able to support cell activation and effector
functions.”” The migration of neutrophils and mono-
cytes across epithelium and EC lines was shown to be
decreased when JAML is blocked.*!* Here, we show
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Figure 1. JAML expression on the BBB and immune cells during MS. gPCR (A) western blot (B) and immunocytofluorescent analysis (C)
expression of JAML in primary cultures of resting and inflamed (TNF/IFN-y) human BBB-ECs. Gene nomenclature for JAML is AMICAT. Data shown
are representative of two to three independent experiments (n = 2-3 EC preparations), Scale bar: 10 um (D) JAML expression was evaluated in
MS tissues (both NAWM and lesions) and costained with the immune markers CD68 (macrophages/microglia), CD11c (dendritic cells), MHC-II
(antigen-presenting cells) and CD3 (T cells), scale bars: 20 um. (E and F) Representative flow cytometry dot plot showing the expression of JAML
on human ex vivo CD14 monocytes and CD8 T cells in the peripheral blood of RRMS patients and controls. (G and H) MFI and percentage of
JAML-expressing CD14 monocytes and CD8 T cells in the peripheral blood of controls and RRMS patients and in the CSF of patients with active
disease. (*P < 0.05, **P < 0.01, ***P < 0.001). JAML, junctional adhesion molecule-like; BBB-ECs, blood-brain barrier endothelial cells; MS,
multiple sclerosis; NAWM, normal appearing white matter; CSF, cerebrospinal fluid; MFI, mean fluorescent intensity.

JAML expression by primary cultures of human BBB-
ECs and demonstrate that JAML blockade compromises
the migration of monocytes and activated CD8 T cells.
CD8 T cell migration across the BBB is partially depen-
dent on o4 integrin,'”” a process in which JAML might
play an active role as its dimerization is controlled by
o4 and leads to strong leukocyte-EC binding.'®

© 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

In addition, JAML also serves as a ligand for CAR, a
molecule known to localize at epithelial tight junctions,'”
but is expressed diffusely in choroid plexus.'® Thus, during
RRMS JAML might support monocyte and CD8 T cell
migration into the CNS through homophilic interactions
with the BBB endothelium and heterophilically by binding
to CAR on the choroidal epithelium forming the blood—
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Figure 2. JAML support leukocyte migration across the BBB. (A and B) Expression of JAML (green) on CD14+ monocytes and CD8 T cells
adhering to primary cultures of human BBB-ECs. Costaining for p120 — ICAM-1 (red) and nuclei (blue) are included. Y-Z projections show JAML
enhancement surrounding the leukocytes in transmigratory cups. Data shown are representative of four independent experiments. Scale
bar = 10 ugm. (C and D) Human ex vivo CD14 monocytes and activated CD8 T cells were allowed to migrate for 18 h across a monolayer of
primary human BBB-ECs pretreated with isotype control or anti-JAML antibody. JAML blockade significantly restricted the migration of CD14
monocytes and activated CD8 T cells across BBB-ECs. Data shown are representative of three independent experiments (n = 3 and 6 blood
donors) performed in triplicate using two distinct BBB-EC preparations (***P < 0.001). JAML, junctional adhesion molecule-like; BBB-ECs, blood-

brain barrier endothelial cells.

CSF barrier. JAML emerges as a CAM involved in mono-
cyte and CD8 T cell migration during neuroinflammatory
conditions and holds significant promise as a therapeutic
target, given its role in controlling the trafficking of specific
populations of pathogenic leukocytes into the CNS.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. JAML expresion on BBB-ECs and MS tissues.
Relative levels of JAML expression were measured by
pixel intensity analysis of control and TNF/IFN-g treated
BBB-endothelial cells (A). The pixel intensity of JAML
was also measured on blood vessels within NAWM and
MS lesions (B). In vitro analysis of JAML expression was
performed in five different regions of a BBB-EC mono-
layer (controls vs. inflamed) (n = 3 experiments), whereas
in situ analysis represents five patients and a total of 25
vessels analyzed per region (NAWM vs. MS lesions).
P-values obtained using an unpaired t-test are indicated
as ***P < 0.001.
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