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Astrocytic junctional adhesion molecule-A
regulates T-cell entry past the glia limitans to
promote central nervous system autoimmune
attack
Mario Amatruda,1,* Candice Chapouly,2,* Viola Woo,1 Farinaz Safavi,3 Joy Zhang,4

David Dai,5 Anthony Therattil,6 Chang Moon,1 Jorge Villavicencio,1 Alexandra Gordon,7

Charles Parkos8 and Sam Horng1,9

* Co-first authors.

Contact-mediated interactions between the astrocytic endfeet and infiltrating immune cells within the perivascular space are under-
explored, yet represent potential regulatory check-points against CNS autoimmune disease and disability. Reactive astrocytes upre-
gulate junctional adhesion molecule-A, an immunoglobulin-like cell surface receptor that binds to T cells via its ligand, the integrin,
lymphocyte function-associated antigen-1. Here, we tested the role of astrocytic junctional adhesion molecule-A in regulating CNS
autoinflammatory disease. In cell co-cultures, we found that junctional adhesion molecule-A-mediated signalling between astrocytes
and T cells increases levels of matrix metalloproteinase-2, C–Cmotif chemokine ligand 2 and granulocyte-macrophage colony-stimu-
lating factor, pro-inflammatory factors driving lymphocyte entry and pathogenicity in multiple sclerosis and experimental auto-
immune encephalomyelitis, an animal model of CNS autoimmune disease. In experimental autoimmune encephalomyelitis, mice
with astrocyte-specific JAM-A deletion (mGFAP:CreJAM-Afl/fl) exhibit decreased levels ofmatrixmetalloproteinase-2, reduced ability
of T cells to infiltrate the CNS parenchyma from the perivascular spaces and a milder histopathological and clinical course of disease
compared with wild-type controls (JAM-Afl/fl). Treatment of wild-type mice with intraperitoneal injection of soluble junctional adhe-
sion molecule-A blocking peptide decreases the severity of experimental autoimmune encephalomyelitis, highlighting the potential of
contact-mediated astrocyte–immune cell signalling as a novel translational target against neuroinflammatory disease.
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Keywords: astrocyte immune cell cross-talk; junctional adhesionmolecule-A; experimental autoimmune encephalomyelitis; multiple
sclerosis; glia limitans

Abbreviations: AdIL-1= IL-1β expressing adenovirus; AGM= astrocyte growth medium; AQP4= aquaporin-4; BBB=blood–
brain barrier; CCL-2=C–C motif chemokine ligand 2; CD3, CD4, CD8, CD31, CD45= cluster of differentiation 3, 4, 8, 31, 45;
CFA= complete Freund’s adjuvant; CKO= conditional knock-out; CLDN-1= claudin-1; CLDN-4= claudin-4; EAE=
experimental autoimmune encephalomyelitis; GFAP= glial fibrillary acidic protein; GL= glia limitans; GM-CSF=
granulocyte-macrophage colony-stimulating factor; HC=healthy control; Iba1= ionized calcium binding adaptor molecule 1;
IL-1β= interleukin-1 beta; JAM-A= junctional adhesion molecule-A; JAM-Ap= JAM-A blocking peptide; KO= knock-out;
MMP-2=matrix metalloproteinase-2; MMP-9=matrix metalloproteinase-9; MOG=myelin oligodendrocyte glycoprotein; NeuN
=neuronal nuclear protein; Olig2=oligodendrocyte transcription factor 2; PBMCs=peripheral blood mononuclear cells; PBS=
phosphate buffer saline; PD-1= programmed cell death protein 1; PFA=paraformaldehyde; PVSs=perivascular spaces; VCAM-1
= vascular cell adhesion molecule 1; WT=wild-type
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Introduction
In multiple sclerosis and other autoimmune diseases of the
CNS, immune cells inappropriately invade the CNS from
the bloodstream and drive inflammatory lesion formation.1,2

CNS entry is a two-step process through a specialized struc-
ture termed the blood–brain barrier (BBB): first, immune
cells cross the endothelial wall, using contact-mediated inter-
actions with the endothelial surface to traffic into an inter-
mediary compartment termed the perivascular space
(PVS).3–5 Within the PVS, immune cells encounter the glia

limitans (GL), a barrier comprised of astrocytic endfeet
through which cells must subsequently cross to access the
CNS parenchyma and inflict damage.6

Interactions between the astrocytic endfeet and immune
cells within the PVS have been minimally explored despite
their potential significance in regulating the autoimmune re-
sponse. Cross-talk is known to involve leucocyte matrix
metalloproteinase-2 (MMP-2) andmatrixmetalloproteinase-9
(MMP-9) indegradingPVSbasementmembranes, enabling the
parenchymal entry of infiltrating immune cells during experi-
mental autoimmune encephalomyelitis (EAE).7–9 Astrocytic
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vascular cell adhesion molecule-1 (VCAM-1) acts as a tumour
necrosis factor receptor 1–induced cell adhesion molecule and
is critical for immune cell trafficking past the GL and into the
CNS parenchyma during EAE.10–12 Astrocytic VCAM-1 is
also modulated in a region-specific manner by interleukin-17
(IL-17) producing effector T cells (Th17) accounting for regio-
nal differences in immune cell infiltration.13 Recently, tissue re-
sident cluster of differentiation 8 (CD8)-positive T cells were
found within multiple sclerosis lesions to express the pro-
grammed cell death protein 1 (PD-1) while reactive astrocyte
endfeet express PD-1 ligand, suggestive of potential inhibitory
interactions within the PVS.14 Therefore, both soluble and
contact-mediated signals between astrocytes and immune cells
within the PVS have the potential to regulate CNS autoinflam-
matory disease.

We previously reported15 that reactive astrocytes upre-
gulate junctional adhesion molecule-A (JAM-A), an
immunoglobulin-like cell surface receptor, in response
to the pro-inflammatory cytokine, interleukin-1 beta (IL-1β)
in vitro as well as in in vivo models of CNS inflammation.
JAM-A has a dual role: (i) initiating and stabilizing tight junc-
tion complexes via homophilic binding between identical cell
types16–18 and (ii) serving as an immune cell surface receptor
via heterophilic binding to lymphocyte function-associated
antigen-1 on T cells and monocytes.19 In gut and CNS vascu-
lar endothelium, JAM-A binds to immune cells to induce in-
tracellular signal transduction pathways and promote
transmigration through the endothelial layer, ultimately lead-
ing to a pro-inflammatory, tissue damaging state.4,20–25

We hypothesized that astrocytic JAM-A interacts with im-
mune cells within the PVS to promote effector pathways of
CNS inflammation and tissue damage. Here, we focused on
the T-cell population given its central role in driving patho-
genesis of EAE, an animalmodel of CNS autoimmune demye-
linating disease.We first characterized the effects of astrocytic
JAM-A on proteases and cytokines implicated in EAE and
multiple sclerosis pathogenesis. Then, using a genetic mouse
model in which JAM-A is selectively deleted from reactive as-
trocytes (mGFAP:CreJAM-Afl/fl) compared with unaffected
(JAM-Afl/fl) controls,26,27 we investigated how astrocytic
JAM-A regulates lesion pathology in two models of CNS in-
flammation and its effects on T-cell trafficking, the inflamma-
tory proteome and clinical disability in EAE. Additionally, we
tested the therapeutic potential of an exogenously adminis-
tered JAM-A blocking peptide (JAM-Ap) in EAE.

Materials and methods
Cell mono-culture: astrocytes
Primary human foetal astrocytes were obtained from Lonza
(CC-2565) and grown to confluence on glass confocal plates
(Mat-Tek, P35GC-1.5-14C) in astrocyte growth medium
(AGM). AGM comprised MCDB 131 Medium (Gibco
10372-019) and Astrocyte BulletKit factors (Lonza, CC-3186),
providing for 3% FBS, 2 mM L-glutamine, 30 µg/ml gentamicin

and 15 ng/ml amphotericin (GA-1000), 70 µM ascorbic acid,
3 ng/ml rhEGF and 7.5 µg/ml insulin. Astrocytes were then
pre-treated with MCDB 131 alone for 6 h and then treated
with 20 ng/ml human recombinant IL-1β, 100 ng/ml
CCL-2, IL-1β+CCL-2 or vehicle for 24 h and then were
fixed in ice-cold 4% paraformaldehyde (PFA) in 1× phos-
phate buffer saline (PBS) for 30 min then processed for im-
munocytochemical staining.

Cell co-culture: astrocytes
Primary human foetal astrocytes were plated to 70% conflu-
ence on a 20 cm2 tissue culture dish (Corning, 353003) in
AGM. Astrocytes were washed with PBS twice, dissociated
gently with 0.05% trypsin, centrifuged, resuspended and nu-
cleofected with 2 µM siRNA of either non-targeting (siNT)
or JAM-A (siJAM-A) targeting sequences, as detailed below.
Transfected astrocytes were re-plated and allowed to grow
for 24 h in AGM. Astrocytes were then serum-starved in
MCDB 131 for 24 h and then treated with 20 ng/ml IL-1β
for 24 h. MCDB 131 was refreshed and astrocytes were
then paired with 1–2× 106 isolated CD3+ T lymphocytes
on a 20 cm2 tissue culture dish for 24 h. After co-culture,
CD3+ T lymphocytes, astrocytes and supernatants were se-
parated, sonicated and stored at −20°C for protease and
cytokine array experiments.

Cell co-culture: T lymphocytes
Human T lymphocytes were extracted from human blood of
healthy adult donors freshly collected in lavender K2-EDTA
tubes (BD #367861). Briefly, peripheral blood mononuclear
cells (PBMCs) were isolated fromwhole blood samples using
density centrifugation with Ficoll-Paque PLUS (GE
Healthcare). Six millilitres of whole blood were diluted
with an equal volume of HBSS (Mediatech Inc.) and layered
onto 15 ml tubes prefilled with 4 ml of density gradient med-
ium. Tubes were centrifuged for 1 h at 620 relative centrifu-
gal force (rcf). PBMCs were collected from their density
gradient layer using a transfer pipette, washed in HBSS
(Mediatech Inc.) and centrifuged for 15–20 min at 620 rcf
× 2. The PBMC pellet was resuspended in eluent buffer
and processed with a magnetic labelling and separation pro-
tocol using a human pan-T-cell protein (CD3+) (Miltenyi,
130-096-535). Cells were then activated in lymphocyte
growth medium [comprised of RPMI 1640 (Gibco), 10%
FBS, 2 mM L-glutamine, 1% 2-mercaptoethanol] at 37°C
for 72 h with 4 µg/ml anti-CD28 (eBioscience 16-0298-85)
on 20 cm2 tissue culture dishes pre-treated with 7 µg/ml
anti-CD3 (eBioscience 16-0037-85) in PBS at 37°C for 2 h.
After activation, T lymphocytes were centrifuged and 1–2×
106 cells were applied to astrocyte cultures for 24 h before
sample separation and processing, as above.

Human protease and cytokine arrays
Reactive astrocyte and CD3+ T-lymphocyte co-cultures were
prepared as outlined above. Culture medium supernatant
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withCD3+T lymphocyteswas aspirated fromco-cultures after
24 h. Aspirant was centrifuged at 620 rcf for 7 min, then the
supernatant was stored at 20°C. The CD3+ T-lymphocyte pel-
let was reconstituted and harvested in cell lysis buffer, which
was sonicated and then stored at 20°C. Adherent astrocytes
from the 20 cm2 tissue culture dish were harvested in cell lysis
buffer, sonicated and then stored at 20°C. Supernatant
(500 µl), T-lymphocyte (100 µg) and astrocyte (100 µg) sam-
ples were then applied to human protease (R&D, ARY021B)
and cytokine (R&D,ARY005B) ELISA array kits per theman-
ufacturer’s instructions in three biological replicates.
Quantification of protease signal was performed by densitom-
etry as follows: non-saturated developed films were scanned
using aCanon LiDE scanner (CanonUSA), and themean pixel
density of each duplicate array probe was measured using the
ImageJ software (NIH). Datawere standardized to three dupli-
cated reference probes, and the relative change between siNT-
and siJAM-A-treated conditions was calculated and then com-
pared with the relative change in reference probe signal.
Comparisons included all array probes initially and then those
without visually detectable signals were excluded and not con-
sidered biologically significant.

Mouse proteome arrays
Spinal cord tissue fromwild-type (WT) (n= 4) and condition-
al knock-out (CKO) (n= 3) mice were harvested at 5 days
from EAE disease onset, homogenized in PBS with protease
inhibitors and stored at −80°C before thawing for experi-
ments. Samples were quantified for protein concentration
and 200 µg applied to mouse proteome ELISA profiler arrays
(R&D, ARY028) per the manufacturer’s instructions in four
and three biological replicates. Quantification of protease sig-
nal and analysis of the relative change betweenWT and CKO
were performed as outlined in the ‘Human protease and cyto-
kine arrays’ section.

Chemical and protein reagents
Human IL-1β and CCL-2 were purchased from PeproTech
and used at 20 and 10 ng/ml, respectively, for mono-culture
experiments described above.

JAM-A blocking peptide
JAM-Ap and control peptide were synthesized to order at
.95% purity from New England Biopeptide with the fol-
lowing sequences: NPKSTRAFSNDDYVLNPTTG for
JAM-Ap and NLFSVDTPNGKTASDNYPRT for control,
as designed and characterized by a previous group.20 Daily
intraperitoneal injection of 1 µg in 0.1 ml of sterile 0.9%
NaCl starting on Day 7 post-EAE immunization was per-
formed in EAE experiments.

Antibodies
Catalogue numbers and concentrations of all antibodies are
as follows. Anti-GFAP (130300, rat, 1:200), anti-occludin

(711500, rabbit, 1:125) and anti-IgG (A11029, mouse, 1:100)
were from Invitrogen. Anti–JAM-A (sc53623, mouse, 1:100)
was from Santa Cruz Biotechnology. Fluoromyelin was from
ThermoFisher (F34651, 1:300). Anti-fibrinogen (A0080,
rabbit, 1:150) was from Dako. Anti-CD3 (16-0037-85,
mouse, 1:100), anti-CD4 (14-9766-82, rat, 1:100),
anti-CD31 (550274, rat, 1:100), anti-CD45 (550539, rat,
1:100) were from eBioscience. Anti-CD4 (ab183685, mouse,
1:50) was from Abcam. Anti-NeuN (MAB377, mouse,
1:100), anti-Olig2 (MABN50, mouse, 1:500) and
anti-AQP4 (AB3594, rabbit, 1:200) were from Millipore.
Anti-laminin (L9393, rabbit, 1:200) was from Sigma–
Aldrich. Anti-Iba1 (109-19741, rabbit, 1:500) was from
Wako.

Small interfering RNA
Human astrocyte cultures were nucleofected with siRNA
(2 µM) with non-targeting sequences (siNT) or JAM-A target-
ing sequences (siJAM-A) (Thermo Scientific Dharmacon,
siGENOME SMART pool), using an Amaxa nucleofector
(programme A033) with the Basic Glial Kit (Amaxa). The ex-
tent and specificity of gene silencing were confirmed by im-
munoblotting as reported in a previous study.15

Mice
mGfap-Cre [B6.Cg-Tg(Gfap-cre)73.12Mvs/J] mice were
genetically engineered in the laboratory of Michael
Sofroniew (University of California, Los Angeles, CA,
USA) and are available for purchase from Jackson labora-
tories (https://www.jax.org/strain/012886). Cre expression
is astrocyte-specific except in areas of adult neurogenesis,
where it is also observed in some neural progenitors.27

JAM-Afl/fl mice were obtained from Charles Parkos
(University of Michigan, Ann Arbor, MI, USA) and
Terence Dermody (University of Pittsburgh, Pittsburgh,
PA, USA).26,28 For all experiments,mGfap-Cre JAM-Afl/fl fe-
male mice were crossed with JAM-Afl/flmale mice to generate
�50% mGfap-Cre JAM-Afl/fl (CKO mice) and �50%
JAM-Afl/fl (WT) littermate controls. Selective deletion of
JAM-A in glial fibrillary acidic protein (GFAP)-positive cells
was described in a previous study15 and confirmed
here. Total JAM-A knock-out (KO) mice were generated
by breedingmGfap-Cre JAM-Afl/fl male mice (which express
Cre in germline cells) to JAM-Afl/fl to create JAM-Afl/− mice
which were then crossed to create JAM-A−/−. Genotyping
primers were mGfap-Cre forward (GfF) ACC AGC CAG
CTA TCA ACT C, reverse (GfR) TAT ACG CGT GCT
AGC GAA GAT CTC CAT CTT CCA GCA G, 350 bp;
JAM-A forward (JaKOF) TCT TTT CAC CAA TCG GAA
CG, reverse (JF2R) AAA AAC TCT AGG AAC TCA CCC
AGGA, band 200 bp (wt), 320 bp (flox); JAM-A excised for-
ward (TS379) CCT CTC TTT TCA CCA ATC GGA,
JAM-A excised reverse (TS512) TCT TCT TCA GAC
GCCGAACCT, band 489 bp. PCR conditions for all primer
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sets were as follows: 94°C for 4 min; 35 cycles of 94°C for
30 s, 56°C for 30 s and 72°C for 30 s; then 72°C for 10 min.

Cortical microinjection of IL-1β
expressing adenovirus
Mice (8–12 weeks old, at least five per condition per time
point, on the C57BL/6 background) were anaesthetized
using isoflurane and placed into a stereotactic frame
(Kopf). IL-1β expressing adenovirus (AdIL-1) or AdDL70
control (AdCtrl) (106 PFU) was microinjected into the cere-
bral cortex at y= 1 mm caudal to bregma, x= 2 mm, z=
1.5 mm. Animals were allowed to recover for 7 days and
then were sacrificed and perfused with 10 ml of 1× PBS
and 10 ml of 4% PFA in 1× PBS.

Experimental autoimmune
encephalomyelitis
Mice (males and females, 10–13 weeks old, at least eight an-
imals per group for each experiment, on the C57BL/6 back-
ground) were subcutaneously injected, at cervical and
lumbar sites, with 0.1 cc of myelin oligodendrocyte glyco-
protein peptide 35–55 (MOG35–55) in complete Freund’s ad-
juvant (CFA) (1 mg/ml) followed by intraperitoneal injection
of 0.1 cc pertussis toxin on Days 0 and 1 (Hooke
Laboratories). Healthy control (HC) mice received the injec-
tion of CFA emulsion with no MOG35–55. Mice were rated
daily on a standard 5-point motor scale from Days 7 to 28
after induction: 0, no symptoms; 1, floppy tail; 2, hind
limb weakness (paraparesis); 3, hind limb paralysis (paraple-
gia); 4, forelimb and hind limb paralysis; and 5, death. The
average EAE score consisted of the average score across all
animals of the same genotype at Day 28 (the end of the ex-
periment). Cumulative EAE score consisted of the average
summed score per animal across all animals of the same
genotype at Day 28 (the end of the experiment). The average
mortality was calculated as the proportion of animals with a
score of 5 by the end of the experiment (Day 28). Disease-free
values were calculated by the proportion of animals who
maintained a score of 0 throughout the entire experiment
(Days 7–28). Three independent experiments were per-
formed for WT and CKO and two independent experiments
for KO. Raters were blind to genotypewhere possible; breed-
ing conditions required separate WT and KO cages in paral-
lel to the CKO colony, which produced both WT and CKO
offspring. Three independent experiments were performed
for JAM-Ap and scramble control experiments. Raters
were blinded to treatment group in the treatment
experiments.

Flow cytometry
WT and CKO mice were anaesthetized and perfused with
5 ml PBS at 5 days from the onset of disease in EAE (Days
14–20 from induction). Spinal cords and spleens were col-
lected in cold PBS and mechanically dissociated. Spleen

samples were passed through a 70 μm filter, then incubated
in red blood cell lysis buffer (BioLegend) for 2 min at room
temperature and washed with PBS. Spinal cord samples
were passed through a 100 μm filter and separated from
myelin using a 60%/30% Percoll gradient. Cell suspensions
were then collected, counted and subjected first to a Zombie
Yellow stain (Biolegend, 423103) and washed and then fol-
lowed by incubation with FITC-anti-CD3 (Biolegend,
100306) and APC/Cy7-anti-CD4 (Biolegend, 100355) anti-
bodies in cell staining buffer (BioLegend). Cells were washed
with fluorescence-activated cell sorting buffer (2% FBS in
PBS), fixed and permeabilized following the manufacturer’s
instructions for staining using the FIX & PERM® Cell
Permeabilization Kit (Invitrogen). Forward scatter and side
scatter were used to gate cells excluding debris and cell aggre-
gates, Zombie Yellow was used to exclude dead cells and
then percentages of CD3+ cells were measured with a subse-
quent gate to CD4. Flow cytometry for spinal cord tissues
was set to run CD3+ events up to 2000; total CD3+ counts
from actual samples ranged from 298 to 1340. Flow cytome-
try for spleen tissue all exceeded CD3+ counts of 40 000.
Data were acquired on the Invitrogen™ Attune™ NxT Flow
Cytometer and analysed with the FCS Express software
(De Novo) at the Flow Cytometry CoRE at Mount Sinai.

Immunohistochemistry
Brains and spinal cords were dissected from animals per-
fused with 10 ml ice-cold 1× PBS followed by 10 ml 4%
PFA-1× PBS, tissues were subjected to 2 h post-fixation in
4% PFA-1× PBS followed by storage in 30% sucrose-1×
PBS at 4°C until sectioning. Immunostaining was performed
on 25 μm coronal (brain) and axial (spinal cord) sections.
For all antibody staining, sections underwent antigen retrie-
val in citrate (pH 6.0; 100°C) for 20 min. For laminin, CD4
and CD45, sections were treated with 0.5 mg/ml protease
XIV (Sigma–Aldrich) at 37°C for 5 min. Primary antibodies
were used at concentrations ranging from 1:50 to 1:500.
Sampleswere examined using a LeicaMicrosystems confocal
microscope, and stacks were collected with z of 1 μm.

Morphometric analysis
Morphometric analyses were performed using the NIH
ImageJ and Leica LAS software and all analyses were per-
formed blinded to treatment group and genotype. For in vitro
studies, JAM-A and occludin signal in astrocytes was ana-
lysed as pixel intensity in the ImageJ using the freehand se-
lection tool to demarcate astrocytes’ cell body without the
cell nuclei. Colocalization analyses in vitro (JAM-A and oc-
cludin) were performed using the ImageJ Just Another
Colocalization Plugin (JACoP) through each plane of the
z-stack. In total, three images were analysed per each
of the three technical replicates per condition, from three
biological replicates. For colocalization analyses in vivo
(JAM-A and GFAP, JAM-A and AQP4, JAM-A and
CD31, JAM-A and CD45, JAM-A and Iba1)
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immunohistochemical stains were analysed with the JACoP
through each plane of the z-stack in at least two (range: 2–3)
lumbar spinal cord cross-sections per mouse. Cortical
AdIL-1 injection lesions were analysed on coronal brain sec-
tions of 25-μm thickness distributed serially across 10 slides
from the posterior to anterior end of the brain; adjacent sec-
tions on the same slide were roughly 250 μm apart. Sections
for analysis were selected to represent the centre of the le-
sion, corresponding to the area of greatest lesion length as
noted by width of neuronal nuclear protein (NeuN) loss
and GFAP positivity. Field of analysis for lymphocyte loca-
lization relative to the PVS was selected on a 20× field of
�770 μm width centred over the midline of the cortical in-
jection site. Anatomical localization of CD4+ lymphocytes
relative to the laminin-demarcated PVS in cortical AdIL-1
lesions was analysed manually through each plane of the
z-stack. At least two (ranging from two to four) representa-
tive sections through the centre of the lesion were analysed
per mouse and values were then averaged for each animal.
EAE spinal cords were analysed on axial spinal cord sections
of 25-μm thickness distributed serially across 10 slides from
the caudal to rostral end of the lumbar, thoracic and cervical
spinal cord; adjacent sections on the same slide were roughly
250 μm apart. Immunopathological analyses focused on the
lumbar white matter (anterolateral tract) and grey matter
(ventral horn). At least three (3–6) representative images
were quantified and averaged from age- and sex-matched
animals per condition per genotype per time point. Myelin
loss, neuronal loss and astrocyte reactivity were quantified
by measuring the FM-positive area, counting NeuN+ cells
and measuring GFAP+ pixel sums normalized to total
area in the field of interest in matched projections at ×20
magnification. Quantification in the spinal cord EAE of
CD4+ lymphocyte cuffs within the BBB, as demarcated by
laminin staining, was performed on at least two (2–7) repre-
sentative lumbar sections per mouse at ×20 magnification,
values were normalized to area and averaged for each ani-
mal. The proportion of parenchymal infiltration of CD4+

cells was calculated from these sections as the number of
×20 sections demonstrating parenchymal infiltration of
CD4+ cells over the total number of sections averaged for
each animal.

Statistical analysis
Statistical analyses were performed in GraphPad Prism ver-
sion 9.2. All data were first tested for Gaussian distribution
using the Shapiro–Wilk normality test. When the data satis-
fied the normal distribution assumption, parametric tests
were applied: Student’s t-test was used to compare two
groups of unmatched samples, and the one-way ANOVA
with Tukey’s post hoc test was used to compare more than
two groups to each other. When the data deviated signifi-
cantly from normality, non-parametric tests were applied:
Mann–Whitney U test was used to compare two groups of
unmatched samples, Kruskal–Wallis one-way ANOVA fol-
lowed by Dunn’s multiple comparison test was used when

comparing more than two groups. Differences in EAE dis-
ease course were assessed using non-parametric tests as fol-
lows: Friedman’s repeated-measures one-way ANOVA
followed by Dunn’s multiple comparison test was used to
compare more than two groups, whereas the Wilcoxon
matched-pairs signed-rank test was applied when comparing
two groups. Survival curves for mortality and disease induc-
tion in EAE were analysed with the Mantel–Cox test. The
statistical analyses are reported in the figure legends and all
results are shown as mean+ SEM. In all cases, P, 0.05
was considered significant.

Study approval
The use of commercially available human astrocytes and
anonymized human blood donor samples was approved by
the IRB at the Icahn School of Medicine at Mount Sinai
(ISMMS). Studies using mice were approved by the IACUC
at the ISMMS and adhered to the American Veterinary
Medical Association guidelines. The ISMMS has an
Animal Welfare Assurance on file with the Office for
Laboratory Animal Welfare (assurance no. A3111-01).

Data availability statement
The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Results
Astrocytic JAM-A is upregulated
diffusely on the astrocytic cell surface
in response to IL-1β in vitro and in
in vivo models of CNS inflammatory
disease
We reported previously that reactive astrocytes upregulate
the tight junction proteins, claudin-1 (CLDN-1), claudin-4
(CLDN-4) and JAM-A in response to CNS inflammation.15

In CNS vascular and gut endothelial cells, JAM-A acts
both as a tight junction molecule in trans dimeric form and
as an immune cell receptor in monomeric form.29–31 In vas-
cular endothelium, the cytokine C–C motif chemokine li-
gand 2 (CCL-2) serves as a switch, causing JAM-A
internalization from the tight junction and relocalization to
the cell surface as a monomer.20,30

Using human astrocyte cultures, we confirmed that treat-
ment with IL-1β, but not CCL-2 alone, upregulated the ex-
pression of JAM-A and the tight junction protein occludin
by 24 h (Fig. 1A–C). Intriguingly and confirming previous
work,32 occludin also localized to the cell nuclei of cultured
astrocytes (Fig. 1A). Upon induction, astrocytic JAM-A not
only co-localized with occludin but was also distributed
more diffusely throughout the cell membrane (Fig. 1A and D).
Combined treatment with IL-1β and CCL-2 did not
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augment or change the distribution of JAM-A compared
with IL-1β alone (Fig. 1A, B and D). Therefore, unlike endo-
thelial JAM-A, astrocytic JAM-A is expressed diffusely
throughout the cell membrane after induction by IL-1β
and its distribution does not change with the addition of
CCL-2.

We characterized the expression of astrocytic JAM-A in
two models of CNS inflammation in the mouse. In resting
(i.e. healthy) cortex, JAM-A was not expressed in astrocytes
of the CNS parenchyma (identified by labelling for GFAP)
but it was expressed in other cell types (Fig. 2A), in a pattern
consistent with previous work demonstrating JAM-A ex-
pression on the vascular endothelium.20,30,33,34 In asymp-
tomatic inflammatory lesions produced by intracortical
injections of IL-1β expressing adenovirus (AdIL-1), reactive
astrocytes expressed JAM-A (Fig. 2B). Conditional KO
mice for JAM-A in astrocytes (mGFAP:CreJAM-Afl/fl,

CKO) appeared, at a qualitative level, to not express astro-
cytic JAM-A 7 days after the intracortical injection of

AdIL-1 (Fig. 2B). In healthy spinal cord, astrocytic JAM-A
was largely undetectable (Fig. 2C). In inflammatory demye-
linating spinal cord lesions of EAE, JAM-A was expressed
in astrocytes (GFAP) (Fig. 2C), and particularly in the
aquaporin-4 (AQP4)-positive endfeet of the perivascular as-
trocytes (Supplementary Fig. 1A and B), as well as on infil-
trating leukocytes (Supplementary Fig. 2) and additional
CNS resident cell types within EAE lesions. JAM-A was pre-
sent at low levels on blood vessels (cluster of differentiation
31, CD31) (Supplementary Fig. 1A and C), robustly ex-
pressed by microglial cells [ionized calcium binding adaptor
molecule 1 (Iba1+)] within areas of inflammation
(Supplementary Fig. 3A and B) and on the surface of ventral
horn neurons (neuronal nuclei, NeuN+) (Supplementary
Fig. 4A and B). Oligodendrocytes [oligodendrocyte tran-
scription factor 2 (Olig2+)] did not show clear overlap
with JAM-A staining (Supplementary Fig. 5).
Astrocyte-specific knock-down of JAM-Awas demonstrated
in EAE lesions, but not in healthy spinal cord, of CKO mice
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Figure 1 Inflammation induces reactive astrocytes to express JAM-A diffusely throughout the cell surface membrane in vitro.
(A and B) Astrocytic JAM-A (green) was increased in vitro at 24 h after treatment with 20 ng/ml IL-1β and, not significantly, by the combination of
IL-1β+ 100 ng/ml CCL-2 but not CCL-2 alone (average vehicle (14 500) versus IL-1β (18 915) versus CCL-2 (14 950) versus IL-1β+CCL-2 (17
665), vehicle versus IL-1β: P= 0.03, CCL-2 versus IL-1β: P= 0.04, one-way ANOVA with Tukey’s multiple comparison test). JAM-A was both
diffusely localized throughout the cell membrane (green arrows) and co-localized with the tight junction marker, occludin (OCLN, red, red
arrows; yellow double-headed arrow pointing to overlay of OCLN and JAM-A in yellow). Scale bar: 10 µm. (C) Astrocytic occludin was similarly
induced at 24 h after treatment with IL-1β or the combination of IL-1β and CCL-2 but not CCL-2 alone (average vehicle (10 550) versus IL-1β (17
706) versus CCL-2 (12 117) versus IL-1β+CCL-2 (16 657), vehicle versus IL-1β: P= 0.01, vehicle versus IL-1β+CCL-2: P= 0.03, CCL-2 versus
IL-1β: P= 0.04, one-way ANOVA with Tukey’s multiple comparison test). (D) The addition of CCL-2 to IL-1β did not change the proportion of
JAM-A+ pixels co-localized with OCLN+ pixels at 24 h [IL-1β (0.36) versus IL-1β+CCL-2 (0.32), P= 0.63, unpaired two-tailed t-test]. (B–D)
The analysis was performed on three images for each three technical replicates per condition. Dot plots show the average of the technical
replicates within each biological replicate (n= 3 per group).
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Figure 2 Astrocytic JAM-A expression was successfully reduced in vivo using a transgenic mouse line. (A and B) JAM-A and GFAP
expression patterns were visualized in vivo in the cortex of WT (JAMAfl/fl) and JAM-A CKO (mGFAPCre:JAMAfl/fl) mice both in resting conditions
(A) and after the injection of an IL-1β expressing adenovirus (AdIL-1) (B). In the resting cortex (A), JAM-A (green) does not strongly overlap
(yellow) with astrocytes (GFAP, red). In the inflamed cortex of WT AdIL-1-injected brains (B), JAM-A (green) overlaps with GFAP (red, overlap:
yellow) and astrocytic JAM-A appears diminished in CKOs. Scale bars in A and B are 25 µm. (C) Images show immunofluorescence for JAM-A
(green), GFAP (red) and DAPI (blue) in the spinal cord dorsal column of HCs, WT and CKO mice with EAE. JAM-A expression is nearly
undetectable in the spinal cord of HC mice, while it is upregulated in EAE WT and EAE CKO mice. EAE CKO mice show decreased
immunoreactivity to JAM-A in GFAP-positive astrocytes compared with EAE WT, as shown in the higher magnification inset (white dashed
square).White arrowheads point to JAMA-A+GFAP+ astrocytes (overlap: yellow). Scale bar: 50 µm. (D) Colocalization analysis shows a greater
proportion of GFAP+ pixels that co-localize with JAM-A+ pixels during EAE compared with HC [average HC (0.19) versus EAEWT (0.29) versus
EAE CKO (0.14), HC versus EAE WT: P, 0.0001; HC versus EAE CKO: P= 0.0036] and a decreased proportion in EAE CKO mice compared
with EAE WT mice (EAE WT versus EAE CKO: P= 0.0009). Number of animals HC, n= 6; EAE WT, n= 5; EAE cKO, n= 5, one-way ANOVA
with Tukey’s multiple comparison test.
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compared with littermate WT (JAM-Aflfl, WT) controls
(Fig. 2C and D; Supplementary Fig. 1A and B). CKO mice
showed decreases of JAM-A expression within astrocytes
(GFAP), including the astrocytic endfeet (AQP4), but not
in the endothelium (CD31) during EAE (Fig. 2C and D;
Supplementary Fig. 1A and B).

Astrocytic JAM-A increases levels of
pro-inflammatory cytokines and
proteases critical for CNS
autoinflammatory disease
Local protease and cytokine levels within the PVS play a crit-
ical role in facilitating immune cell priming, CNS entry and
autoimmune attack.8,13 We tested whether astrocytic
JAM-A leads to changes in protease and cytokine levels in
an astrocyte-T-cell co-culture system. Here, we used a
pan-T-cell population (cluster of differentiation 3, CD3) to
assess the net effects of astrocytic JAM-A signalling to both
cluster of differentiation 4 (CD4+) and 8 (CD8+) T cells.
ELISA arrays were performed on co-cultures of activated
(IL-1β-treated) human astrocytes and CD3+ T cells in the
presence or absence of astrocytic JAM-A. The efficacy of
siRNA-mediated knock-down of JAM-A (siJAM-A) in com-
parison to a non-targeting siRNA (siNT) was demonstrated
previously.15 Supernatants extracted from co-cultures with
siJAM-A transfected astrocytes showed statistically significant
decreases in MMP-2 (Fig. 3A) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) (Fig. 2D), both factors
previously shown to promote EAE pathogenesis.8,9,35–44

Lysates of siJAM-A transfected astrocytes showed decreased
levels of a disintegrin and a metalloproteinase 9 (ADAM9),
cathepsin C and CCL-2 (Fig. 3B and E), the latter of which
is known to promote EAE pathogenesis via its chemotactic ef-
fects on infiltrating monocytes.45,46 Lysates of CD3+ T cells
showed no statistically significant protease or cytokine
changes (Fig. 3C and F). In sum, in astrocyte-T-cell co-cultures
subjected to pro-inflammatory conditioning of both cell types,
astrocytic JAM-A deletion leads to decreased levels of
MMP-2, CCL-2 and GM-CSF, EAE promoting signals in-
volved in immune cell infiltration into the CNS parenchyma
and pathogenic T-cell activity.

Astrocytic JAM-A regulates immune
cell infiltration past the PVS in IL-1β
induced cortical lesions
To test whether astrocytic JAM-A facilitates immune cell in-
filtration past the PVS and contributes to parenchymal dam-
age, we characterized lesion size and patterns of immune cell
entry in asymptomatic cortical lesions induced by intracorti-
cal AdIL-1 injection. Lesion size after AdIL-1 injection, mea-
sured as area of neuronal loss, showed a decreasing trend not
reaching statistical significance in mGFAP:CreJAM-Afl/fl

(CKO) mice compared with JAM-Aflfl (WT) mice (Fig. 4A
and B). CKO mice also demonstrated an increasing trend

not reaching statistical significance in the number of CD4+

immune cells within lesions compared with the WT group
(Fig. 4C and D). However, CKO mice showed an increased
proportion and total number of CD4+ immune cells within
the PVS, as demarcated by pan-laminin staining (Fig. 4C
and E–G). In contrast, in WT mice, a higher proportion of
CD4+ cells were located in the parenchyma, indicating suc-
cessful migration out of the PVS (Fig. 4C, E and H).
Although CKO mice showed a decreased proportion of par-
enchymal CD4+ cells compared withWT controls (Fig. 4H),
the overall number of CD4+ cells in the parenchyma was not
statistically different between groups (Fig. 4I) probably due
to the higher total number of CD4+ cells in CKO mice
(Fig. 4D). This finding suggests that astrocytic JAM-A
knock-down led to the retention and accumulation of
CD4+ cells within the PVS, yet did not significantly affect
the total number of cells ultimately able to access the par-
enchyma and by extension, the size of the cortical lesion.
In sum, astrocytic JAM-A appears to modulate CD4+ im-
mune cell infiltration past the GL and into the CNS parench-
yma in cortical AdIL-1-induced lesions.

JAM-A deletion in astrocytes
decreases MMP-2 levels and T-cell
infiltration in the CNS, and results in
reduced tissue damage and disease
severity in mice with EAE
To test the role of astrocytic JAM-A in a model of CNS auto-
immune demyelinating disease, EAE was induced in
JAM-Aflfl (WT), mGFAP:CreJAM-Afl/fl (CKO) and
JAM-A−/− (KO) mice. CKO and KO mice were studied to
dissociate astrocytic JAM-A loss from total JAM-A deletion.
CKO and KO mice both showed statistically significant
milder courses of disease (Fig. 5A), including lower average
(Fig. 5B), peak (Fig. 5C) and cumulative (Fig. 5D) disease
scores at Day 28 post-induction compared with WT mice.
Survival curves showed statistically significant differences
in mortality, but not disease induction between WT and
the CKO and KO mice (Fig. 5E and G). Rates of mortality
at Day 28 post-induction were significantly reduced in
both CKO and KO mice (Fig. 5F) while rates of resistance
to disease induction showed a greater, non-statistically sig-
nificant trend in CKO and KO mice compared with WTs
(Fig. 5H). To confirm the translational potential of JAM-A
blockade, WT mice were treated with daily intraperitoneal
injection starting at Day 7 post-immunization of either a so-
luble JAM-Ap specifically targeting the monomeric form or a
scramble non-targeting peptide. Treatment with JAM-Ap
demonstrated a protective effect against clinical disability
in EAE compared with the scramble control (Fig. 6A–D).

The course and severity of disease did not differ between
CKO and KO mice, suggesting that the protective effect of
JAM-A blockade may be fully attributed to astrocytic
JAM-A.To eliminate confoundingmechanismsof JAM-Ade-
letion in other tissues and cell types, we decided to focus on
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neuropathology in the CKO line. Immunohistopathology
wasperformed inCKOandWTmice tomeasurefirst patterns
of immune cell infiltration into spinal cord lesions. At 5 days
from EAE onset, when immune cells are most exponentially
infiltrating the CNS,47 infiltrating cells were found to be dif-
fusely distributed throughout the CNS parenchyma in WT
mice but accumulated within the PVS between the astrocytic
endfeet (AQP4) and blood vessel wall (CD31) in CKO mice
(Fig. 7A). Subsequently at Day 21 post-EAE immunization,
WTmice continued to showCD4+ and CD45+ immune cells
throughout the CNS parenchyma while CKOs showed on-
going accumulation, or cuffing, of CD4+ cells within the
laminin-rich PVS and decreased infiltration of CD4+ cells
into the parenchyma (Fig. 7B–D).

To establish a mechanistic link between astrocytic JAM-A
signalling and T-cell infiltration in vivo, a proteome profiler
probing 111 soluble mouse proteins, including cytokines,
chemokines, proteases, growth factors and acute phase sig-
nals was used to compare the proteomic patterns of spinal
cord tissues fromWT and CKOmice at 5 days from EAE dis-
ease onset. Of 111 probes,MMP-2, which had shown strong
astrocytic JAM-A-dependent regulation in vitro, demon-
strated the highest fold change in vivo andwas the sole factor
with a statistically significant difference in expression be-
tween WT and CKO mice (Fig. 7E–G and Supplemental
Fig. 6).

To test whether the absence of astrocytic JAM-A and PVS
cuffing altered the total number of CD3+ and CD4+ T cells
entering the CNS during EAE, flow cytometry was per-
formed in CKOs and WTs at 5 days from EAE disease onset
during the ascending phase of disease. No difference in total
CD3+ T-cell number was found in the spinal cord (Fig. 8A
and B) or spleen of CKO mice compared with WTs
(Fig. 8E and F). In the spinal cord, CD3+CD4+ T-cell counts
showed a decreasing trend not reaching statistical signifi-
cance in CKOs compared with WTs (Fig. 8C and D). In
the spleen, CD3+CD4+ counts were not significantly differ-
ent between groups (Fig. 8G and H). Therefore, astrocytic
JAM-A deletion affected the spatial distribution but not
the total number of T cells within the CNS during EAE.

Immunohistochemical analyses of spinal cord tissues from
HCs, and mice at 5 days from EAE disease onset and at 28
days post-immunization, demonstrated that CKO mice
were protected against the neuropathological damage of
EAE compared with WT mice. Throughout EAE, CKO
micemaintained the levels of anterolateral tract flouromyelin
staining (a marker of myelinated fibres) that were signifi-
cantly higher than WT and comparable to HCs (Fig. 9A
and B). EAE CKO mice also showed a higher number of
NeuN+ cells within the ventral horn of the lumbar spinal
cord than time-matched WT controls (at Day 5 from EAE
onset and at Day 28 post-induction) and, in EAE CKO
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Figure 3 Astrocytic JAM-A increases pro-inflammatory protease and cytokine levels in astrocyte-CD3+++++ T-cell co-culture.
Astrocytes were transfected with JAM-A or non-targeted siRNA (siJAM-A versus siNT), then co-cultured with CD3+ T cells for 24 h and samples
processed for human protease and cytokine ELISA immunoassays. (A–C) JAM-A knock-down in astrocytes led to an increase of MMP-1 (relative
log2 expression 0.38, P= 0.019) and a decrease of MMP-2 (relative log2 expression−0.13, P= 0.014) in the supernatant and decrease of ADAM9
(relative log2 expression −1.074, P= 0.05) and cathepsin C (relative log2 expression −1.174, P= 0.006) in astrocyte lysates (B). There were no
significant changes in protease levels seen in lymphocyte lysates (C). (D–F) Astrocytic JAM-A knock-down led to decreased levels of (D) GM-CSF
(relative log2 expression −0.79, P= 0.04) in the supernatant and (E) CCL-2 (relative log2 expression −1.3, P= 0.03), CXCL12 (relative log2
expression −0.13, P= 0.04) and serpin E1 (relative log2 expression −0.3, P= 0.03) in astrocytic lysates. There were no significant changes in
cytokine levels seen in lymphocyte lysates (F). Data (A–F) are from three biological replicates; two-tailed paired t-tests were performed on
probes demonstrating a visually detectable signal in normalized expression values relative to a reference control.
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Figure 4 In inflammatory cortical lesions, CD4+++++ T cells are arrested within the PVS in the absence of astrocytic JAM-A.
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mice at Day 28 post-induction, the number of NeuN+ cells
was comparable to that observed in HC (Fig. 9C and D).
Finally, EAE CKO mice also had similar levels of GFAP sig-
nal in the white matter of the lumbar spinal cord compared
with HC, while WT mice with EAE at 28 days post-
immunization showed significant increases in GFAP signal,
suggesting greater astrogliosis (Fig. 9E and F). Collectively,
these histopathologic changes reflect a milder course of the
disease which resembles other genetic models8,48 in which
immune cell trapping within the PVSs prevents parenchymal
damage and clinical disability.

Discussion
The GL is the final barrier separating peripheral infiltrating
immune cells and soluble factors from the CNS parenchy-
ma.3,49 The PVSs therefore represent the penultimate

compartment for incoming cells and factors during CNS
autoinflammatory disease. Contact-mediated signals be-
tween the astrocytic endfeet of the GL and immune cells
have the potential to act as critical check-points for both (i)
the entry of inflammatory cells into the CNS parenchyma
from the PVS and (ii) the functional differentiation of both
cell types in the inflammatory context.13,50–53 Here, we dem-
onstrate a novel role for the astrocyte cell signalling receptor,
JAM-A, in controlling lymphocyte trafficking into the CNS
parenchymawithdownstreameffects onMMP-2 levels, histo-
pathological damage and clinical disability in mice with EAE.
Experimentsusing functional genenetworkanalysis to charac-
terize how the astrocytic JAM-A-mediated interaction be-
tween astrocytes and T cells regulates the functional
differentiation of both cell types are currently underway.
Additional in vivo imaging experiments to characterize the dy-
namics of immune cell trafficking in the presence and absence
of astrocytic JAM-A-mediated signalling are also in progress.

G

WT CKO

C

A B

p<0.05
CD

4/
la

m
in

in
/D

A
PI

CD
45

/la
m

in
in

/D
A

PI

WT CKO

P
ro

po
rti

on
 o

f I
nf

ilt
ra

tio
n

*

*
N

um
be

r o
f c

uf
fs

 / 
μm

2  
p<0.01

WT CKO

**

**

WT CKO
Ref RefMMP-2MMP-2

-0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08
0.0

0.5

1.0

1.5

2.0

Difference in analyte levels 

-lo
g(

P
 v

al
ue

)

CKO vs WT

MMP-2

p<0.05*

WT CKO
-0.04

-0.02

0.00

0.02

0.04

MMP-2

E
xp

re
ss

io
n 

re
la

tiv
e 

to
 W

T 
(lo

g2
)

*

E

F

HC EAE WT EAE CKO
A

Q
P4

CD
31

*

* *
*

*

*

*

*
*

A
Q

P4
/C

D
31

/D
A

PI

D
Parenchymal 

InfiltrationPVS Cuffs

0.0

0.5

1.0

0

1×10-6

2×10-6

3×10-6

4×10-6

5×10-6

A
Q

P4
/C

D
31

/D
A

PI

Figure 7 In EAE, astrocytic JAM-A signalling induces MMP-2 expression and promotes T-lymphocyte entry into the CNS
parenchyma from thePVSs. (A) PVSs were identified relative to AQP4 staining of the astrocyte endfeet and CD31 staining of the endothelium
in HC, WT and CKO mice. Cell infiltrates (DAPI, blue) were seen in the CNS at 5 days post-EAE disease onset in both WT and CKO but not in
HC. Representative images demonstrate that in JAM-A CKO, infiltrating cells (highlighted by white asterisks) accumulated mostly within the PVSs
(between AQP4 and CD31) whereas in WT, infiltrating cells localized diffusely past the PVSs within the CNS parenchyma. White single
arrowheads and white doubled arrowheads indicate transverse and longitudinal blood vessels, respectively. Top panel, scale bar: 50 µm. Bottom
panels represent inset outlined by dotted white box, scale bar: 30 µm. (B) In inflammatory lesions of EAE at Day 21 post-immunization, in CKO
mice, CD4+ (green, upper panel) and CD45+ cells (green, lower panel) clustered in ‘cuffs’, colocalizing with the pan-laminin marker (in red),
whereas in WT mice, CD4+ and CD45+ cells were instead located in the parenchyma. Scale bar: 100 µm. (C) Number of CD4+ cuffs/µm2 of
lumbar spinal cord cross-sections were increased in JAM-A CKOmice compared with WTs [average 3.5× 10−7 (WT) versus 2.6× 10−6 (CKO),
P= 0.008, Mann–Whitney test, number of mice: WT n= 5, CKO n= 5]. (D) Proportion of parenchymal infiltration of CD4+ cells seen in serial
spinal cord sections was lower in JAM-A CKO compared with WT mice [average 0.86 (WT) versus 0.25 (CKO), P= 0.02, Mann–Whitney test,
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JAM-A is an immunoglobulin-like cell surface receptor
with well-characterized roles in tight junction formation,
endothelial diapedesis and immune cell signal transduction
in vascular, gut and lung endothelial cells.16–18,54 We

demonstrated that astrocytes upregulate JAM-A in vitro in
response to IL-1β, a critical pro-inflammatory cytokine in
multiple sclerosis and EAE pathogenesis, and in vivo during
EAE and intracortical injection of AdIL-1. Previous work
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Figure 9 Astrocytic JAM-A exacerbates histopathological markers of neuroinflammatory damage in EAE. (A and B) Proportion
of fluoromyelin (FM, green; marker of myelin) positive area of the lumbar anterolateral whitematter tracts was significantly decreased inWT—but
not in CKO—mice in both the acute (5 days from disease onset) and late chronic stage of EAE (28 days post-induction) compared with HCs [HC
(98.53%) versus EAE WT 5 days from disease onset (77.85%), P= 0.0014; HC (98.53%) versus EAE WT Day 28 post-induction (69.35%), P,
0.0001]. In the acute phase of EAE, CKOmice showed a greater, although non-statistically significant proportion of myelinated white matter area
than time-matched WT controls [EAE CKO 5 days (89.91%) versus EAE WT 5 days (77.85%), P. 0.05] and a significantly greater proportion of
FM-positive area than EAE WT mice at 28 days post-induction [EAE CKO 5 days (89.91%) versus EAE WT Day 28 post-induction (69.35%), P=
0.0015]. At the chronic stage of disease, EAE CKO mice showed a significantly larger proportion of myelinated white matter area than
time-matched WT controls [EAE WT Day 28 post-induction (69.35%) versus EAE CKO Day 28 post-induction (91.2%), P= 0.0007]. Scale bar:
400 µm. (C andD) Number of NeuN+ neurons/mm2 within the ventral grey matter of the lumbar spinal cord was, on average, higher in EAE CKO
mice than in EAEWT controls and significantly in EAE CKOmice at Day 28 post-induction compared with time-matched controls (average values
for HC (207.5), EAEWT 5 days from disease onset (127.1) EAE CKO 5 days from disease onset (167.1), EAEWT Day 28 post induction (139.3),
EAE CKODay 28 post induction (204.6); HC versus EAEWT 5 days: P, 0.0001, HC versus EAE CKODay 5: P= 0.04, HC versusWT Day 28: P
= 0.0002, EAEWT 5 days versus EAE CKODay 28: P= 0.0001, EAEWTDay 28 versus EAE CKODay 28: P= 0.0005). Scale bar: 100 µm. (E and
F) GFAP-positive (purple, marker of astrocytes) pixel sum/µm2 of the lumbar anterolateral white matter tracts was quantified as a proxy for
astrogliosis. GFAP levels were similar between HCs and mice with EAE at Day 5 from disease onset and significantly increased in EAEWTmice at
Day 28 post-immunization (average values for HC (33.55), EAE WT 5 days from disease onset (35.73), EAE CKO 5 days from disease onset
(40.02), EAE WT Day 28 post induction (64.83), EAE CKO Day 28 post induction (54.72); HC versus EAE WT Day 28:
P= 0.002, EAE WT 5 days versus EAE WT Day 28: P= 0.009, EAE WT Day 5 versus EAE WT Day 28: P= 0.03). EAE CKO mice at Day 28
post-induction showed a decreased trend of GFAP immunoreactivity compared with time-matchedWT controls. Scale bar: 100 µm. (B,D and E)
HC n= 6 animals, EAEWT 5 days from disease onset n= 5, EAECKO 5 days from disease onset n= 5, EAEWTDay 28 post-induction n= 6, EAE
CKODay 28 post-induction n= 5 forB, n= 6 forD and E; one-way ANOVAwith Tukey’s multiple comparison test. At least three (from three to
six) sections from each animal were analysed.
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detailing JAM-A expression within active multiple sclerosis
lesions, notedpatternswithin theBBB that appear to conform
to upregulated expression within the astrocytic endfeet.34

Protease and cytokine ELISA experiments showed that
astrocytic JAM-A increases pro-inflammatory effector pro-
teins MMP-2, CCL-2 and GM-CSF in co-culture with a
CD3+ T-cell population. These factors have previously
been demonstrated to promote EAE pathogenesis and multi-
ple sclerosis lesion formation; MMP-2 by facilitating im-
mune cell migration out of the PVS and into the CNS
parenchyma,8,9,41 CCL-2 through its chemotactic effects
on infiltrating monocytes45,46 and GM-CSF via its effects
on monocyte recruitment and pathogenic T-cell activity in
the acute phase37,55,56 with pleiotropic effects on tissue dam-
age in the chronic phase.57

Comparing conditional JAM-A KOmice and controls, we
found that astrocytic JAM-A promotes the entry of T cells
into the CNS parenchyma in two in vivo models of CNS in-
flammation and that astrocytic deletion of JAM-A reduces
clinical disability and histopathological damage during
EAE. Astrocyte-specific and total JAM-A deletion showed si-
milar phenotypes suggesting that astrocytic JAM-A may
fully account for its pathogenic effects in EAE, though this
does not rule out the additional possibility of both patho-
genic and protective effects of JAM-A in other tissues, in-
cluding the intestinal epithelium and spleen. Exogenous
administration of a soluble JAM-Ap ameliorated the disease
in mice with EAE, demonstrating a net protective effect and
translational potential of blocking astrocyte–immune cell in-
teractions during autoimmune attack.

Proteome ELISA arrays on spinal cord tissues at 5 days
from EAE disease onset recapitulated in vitro findings in
the EAE disease model identifyingMMP-2 as a critical astro-
cytic JAM-A-dependent factor in vivo. Previous work estab-
lished a role for MMP-2 in promoting T-cell entry into the
CNS parenchyma from the PVSs via several
potential mechanisms such as (i) digesting dystroglycans
that anchor the astrocytic endfeet to the parenchymal base-
ment membrane,41 (ii) activating the pro-inflammatory
NFκB pathway in astrocytes via Notch-18 and (iii) degrading
perivascular reserves of CXCL12, which promotes the reten-
tion of immune cells within the PVS.58 Statistically signifi-
cant differences were not found in vivo for GM-CSF and
CCL-2, two additional factors found in our in vitro experi-
ments to have decreased levels after astrocytic JAM-A dele-
tion. It is possible that local in vivo changes in GM-CSF
and CCL-2 within the PVS were below the threshold of de-
tection in total spinal cord lysates and may require higher re-
solution techniques for detection.

Collectively, we show that astrocytic JAM-A is a key com-
ponent for the effective trafficking of T cells out of the PVS
and into the CNS parenchyma. Nonetheless, astrocytic
JAM-A is likely not the only player involved in this process
since its deletion in astrocytes did not entirely stop T cells
from crossing the GL in CNS autoimmune lesions.

The extent to which T-cell activation and differentiation is
influenced by local signalling interactions within the PVS has

yet to be determined. Experiments measuring the relative pro-
portions of suppressor [regulatory T-helper (Treg) and
T-helper Type 2 (Th2)] and pro-inflammatory [T-helper
Type 1 (Th1), Th17, GM-CSF secreting] T-helper-cell subsets
in JAM-A CKOs and WTs are now underway to determine
whether astrocytic JAM-A-mediated signalling has the cap-
acity to modulate T-cell differentiation patterns. Additional
potential immunomodulatory players within the PVS include
not only the astrocytic endfeet, but also pericytes, microglial
processes, migrating oligodendrocyte precursors, basement
membrane components and other circulating immune cells in-
cluding dendritic cells, macrophages and B cells.

Astrocytes have the capacity to both promote and protect
against CNS autoinflammatory disease.13,40,59–68 In their re-
active state, astrocytes drive both acute and chronic phases
of neuroinflammation, and contribute to the transition from
a neuroinflammatory to a neurotoxic, or neurodegenerative,
state.40,60,64,65,69,70 Conversion from acute inflammatory in-
jury to a chronic neurodegenerative state is a clinical hallmark
of secondary progressive multiple sclerosis and also occurs in
a range of other neurologic diseases, including ischaemic
stroke and dementia.71–73 Future work defining the temporal
dynamics of astrocytic JAM-A signalling and other receptor-
mediated astrocyte–immune cell interactions within the PVSs
will help us to understand how acute neuroinflammatory
changes may prime the CNS for longitudinal injury or repair,
leading to novel translational strategies for progressive multi-
ple sclerosis and other neurodegenerative diseases.

Conclusion
Astrocytic JAM-A increases MMP-2 in spinal cord tissues
during EAE and promotes the migration of T cells out of
the PVSs and into the parenchyma, exacerbating inflamma-
tory histopathology and clinical disability. Exogenous ad-
ministration of soluble JAM-Ap decreases the severity of
EAE demonstrating that blockade of contact-mediated
astrocyte–immune cell signalling within the PVS represents
a novel therapeutic strategy against multiple sclerosis and
other CNS autoimmune diseases.
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