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Introduction
In autoinflammatory conditions such as multiple sclerosis (MS)
and neuromyelitis optica (NMO), penetration into the CNS of
inflammatory cells, and soluble factors such as autoantibodies,
cytokines, and plasma proteins, drives lesion formation and clin-
ical relapse (1, 2). New therapies that limit immune component
entry are needed, as presently only high-dose corticosteroids
and plasmapheresis effectively treat exacerbations in the short
term, but can cause significant side effects and have minimal
impact on long-term disability (3, 4). Identifying key mecha-
nisms controlling leukocyte and humoral entry may lead to novel
agents that more effectively limit relapse severity, as well as pre-
vent relapses and long-term disability. Such approaches may also
delay onset of the secondary progressive phase of MS, which has
been linked to neurodegeneration resulting from demyelinating
and neuronal injury during the relapsing-remitting stage (5).
The CNS is unique in that entry of circulating immune compo-
nents is normally restricted (6). To enter the parenchyma from the
vasculature, leukocytes and soluble factors must traverse 2 barri-
ers. Initially, they must cross the blood-brain barrier (BBB), which
exists at the level of the microvascular endothelium and is sealed by
tight junctions (TJs) composed of claudin 5 (CLDNS5) and occludin
(7). Beyond the BBB lies the perivascular space (PVS), where leuko-
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Lesions and neurologic disability in inflammatory CNS diseases such as multiple sclerosis (MS) result from the translocation
of leukocytes and humoral factors from the vasculature, first across the endothelial blood-brain barrier (BBB) and then
across the astrocytic glia limitans (GL). Factors secreted by reactive astrocytes open the BBB by disrupting endothelial tight
junctions (TJs), but the mechanisms that control access across the GL are unknown. Here, we report that in inflammatory
lesions, a second barrier composed of reactive astrocyte T|s of claudin 1 (CLDN1), CLDN4, and junctional adhesion molecule
A (JAM-A) subunits is induced at the GL. In a human coculture model, CLDN4-deficient astrocytes were unable to control
lymphocyte segregation. In models of CNS inflammation and MS, mice with astrocyte-specific Cldn4 deletion displayed
exacerbated leukocyte and humoral infiltration, neuropathology, motor disability, and mortality. These findings identify a
second inducible barrier to CNS entry at the GL. This barrier may be therapeutically targetable in inflammatory CNS disease.

cytes encounter CNS antigen in the context of major histocompat-
ibility complex (MHC) (8). Distal to the PVS is a second barrier of
astrocytic endfoot processes that encircle the microvascular wall,
termed the glia limitans (GL) (9). Thus, access to the CNS from the
vasculature requires penetration of both the BBB and the GL.

Previous reports identified breakdown of the endothelial BBB
as a critical event in lesion pathogenesis in conditions including MS,
NMO, and viral meningoencephalitis (10-12). Establishment and
maintenance of the endothelial barrier depend on astrocytes (13)
and pericytes (14, 15), and both are also linked to BBB disruption
in disease (14, 16). Studies have identified astrocytes as important
drivers of BBB breakdown in lesions: proinflammatory cytokines
stimulate astrocytic production of permeability signals, which
downregulate endothelial TJ proteins to induce BBB opening (17-
19). Importantly, however, reactive astrocytes also serve a protec-
tive role in inflammatory conditions, as their conditional elimina-
tion or suppression results in strikingly larger and more aggressive
lesions (9, 20). Collectively, these findings suggest that both the
endothelial BBB and the astrocytic GL play key protective roles in
limiting parenchymal access. However, while the protective role of
reactive astrocytes has been described, the mechanisms by which
they control trafficking at the GL are largely uncharacterized.

In this study, we show that upon opening of endothelial TJs
at the BBB, reactive astrocytes regulate leukocyte and humoral
transit by forming TJs of their own at the GL. Our data reveal that
reactive mouse astrocytes in vivo, and cultured human astrocytes
in vitro exposed to inflammatory stimuli, upregulate the classical
T] proteins claudin 1 (CLDN1), claudin 4 (CLDN4), and junctional
adhesion molecule A (JAM-A) — the same molecules that form TJ
strands in tightly sealed skin and bladder epithelia (21-23). We fur-
ther show that reactive astrocytes produce structural T] complex-
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es in response to proinflammatory signals, and use TJ proteins to
corral activated T lymphocytes into distinct clusters. Our studies
in vivo demonstrate that in models of CNS inflammation and MS,
mice with conditional astrocytic deletion of the key TJ structural
protein CLDN4 display exacerbated leukocyte and humoral infil-
tration, neuropathology, disability, and mortality.

Collectively, these findings provide evidence that the BBB and
GL represent a coordinated double barrier to CNS entry, which
may allow for the regulation of immune cells and factors within
the PVS prior to transit into the parenchyma. Therapeutic manip-
ulation of both barriers in combination may have greater potential
than either alone to restrict CNS entry of immune components,
and thus lesion pathogenesis and neurologic deficit.

Results
Induction of T] molecules in a primary human model of reactive astro-
gliosis. To test whether TJs and junction-associated proteins are
regulated by inflammatory factors in reactive astrocytes, we ini-
tially used an in vitro model in which primary human astrocytes
are exposed to cytokines implicated in lesion pathogenesis in con-
ditions such as MS. These included IL-1B, IFN-y, TGF-B, IL-6, and
IL-17 (Figure 1, A-C, and Supplemental Figure 1, A and B; see com-
plete unedited blots in the supplemental material; supplemental
material available online with this article; https://doi.org/10.1172/
JCI91301DS1). Notably, of these factors, the transcriptional pattern
induced by IL-1p in astrocytes is thought to resemble that of reac-
tive astrocytes in active inflammatory lesions, including induction
of adhesion molecules, cytokines, and chemokines (19, 24).

Importantly, immunoblotting studies revealed induction of
the TJ proteins CLDN1, CLDN4, and JAM-A. CLDN1 was induced
by IL-1B, IFN-y, and TGF-p1, CLDN4 by IL-1p and TGF-p1, and
JAM-A selectively by IL-1f (Figure 1, A and B). IL-6 and IL-17 did
notinduce TJs or TJ-associated proteins (Supplemental Figure 1, A
and B). These findings extended preliminary data from our labo-
ratory that CLDN1 is IL-1B-sensitive (25). CLDN4 expression was
seen 6 hours after IL-1f treatment, was maintained at 48 hours,
and declined by 72 hours (Figure 1C). Other members of the clau-
din and JAM families were not detected. Claudins are structural
proteins that form functional T] strands (26), while JAM-A is a sig-
naling protein with the capacity to modulate T] properties, as well
as binding to JAM-A ligand-expressing cells of other lineages (27).
Suggesting physiologic relevance, these same 3 proteins in com-
bination represent a pattern characteristic of tightly sealed TJs in
skin and bladder epithelia (21-23). Confocal microscopy of human
astrocytes confirmed CLDN1, CLDN4, and JAM-A induction and
localization to the cell membrane of IL-1B-treated human astro-
cytes, but not controls (Figure 1D). We also detected differential
regulation by TGF-B1 of the TJ-associated MARVEL (MAL and
related proteins for vesicle trafficking and membrane link) protein
tricellulin, which may alter TJ strand complexity (Figure 1, A and
B), though other TJ-associated proteins, including the MARVEL
protein occludin, and the adaptors cingulin and zona occludens-1
(2O-1), which link TJ strands to the cytoskeleton (28), were not
significantly regulated by cytokines (Figure 1, A and B, and Sup-
plemental Figure 1, A and B).

CLDNI, CLDN4, and JAM-A are coexpressed at TJs at the astro-
cytic GL in CNS lesions. We initially validated these data in vivo
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using a model induced by stereotactic cortical injection of the IL-1
vector AdIL-1, which produces asymptomatic focal inflammatory
lesions that are maximal in size at 7 days postinjection (dpi) (18).
Confocal imaging of sections from AdIL-1-injected C57BL/6 mice
at 7 dpi confirmed expression of CLDN1, CLDN4, and JAM-A, all
localizing specifically to GFAP* reactive astrocytes (Figure 1E).
None of the proteins was detected in controls receiving empty vec-
tor AADL70 control (AdCtrl). Notably, confocal imaging further
revealed that while astrocytic expression of these TJ proteins was
detectable in the parenchyma in lesions, immunoreactivity was
strongest at astrocytic endfeet surrounding the CNS vasculature
(Figure 2A and Supplemental Figure 1C). Transmission electron
microscopy further revealed the presence of structures between
astrocytic endfeet at the GL surrounding CNS vessels, possess-
ing the typical ultrastructural appearance of TJ strands (Figure
2B). Moreover, immunogold labeling for CLDN4 and JAM-A con-
firmed that both structural and signaling components of the TJ
were present in these strands (Figure 2B). In contrast, perivascular
astrocytes in areas injected with empty vector control were nega-
tive for CLDN4, JAM-A, and TJ strands (Figure 2B).

To investigate relevance to disease, we studied lesions in the
widely used MS model experimental autoimmune encephalomy-
elitis (EAE), characterized by ascending paralysis and multifocal
inflammatory demyelinating spinal cord lesions (29). Immunobhis-
tochemistry of EAE lesions confirmed reactive astrocyte-specific
immunoreactivity for CLDN1, CLDN4, and JAM-A (Figure 2C and
Supplemental Figure 1, D and E), with all 3 proteins localizing most
strongly to perivascular astrocytic endfeet (Figure 2C and Supple-
mental Figure 1E). Detailed analysis confirmed strong astrocytic
expression of T] proteins localizing to the GL, defined as the GFAP*
layer immediately adjacent to the laminin* astrocytic basement
membrane and outside the PVS, the endothelial basement mem-
brane, and the microvascular endothelium (Figure 2C). Expression
was not detected by immunohistochemistry in other cell types in
lesions, and none of the proteins was detected in the CNS in non-
EAE controls. These changes accompanied loss of endothelial
CLDNS5 in inflammatory lesions, which we previously reported and
which contributes to BBB opening (18).

Collectively, these findings show that reactive astrocytes in
vitro and in vivo upregulate T] proteins that are distinct from those
found in vascular endothelium and that have a similar pattern to
that seen in skin and bladder epithelia. These molecules are incor-
porated into complexes that possess the typical ultrastructural
features of TJs. Therefore, under healthy conditions, the BBB is
closed and enforced by CLDN5 and occludin. The encircling GL
is open and does not express T] proteins. In response to inflamma-
tion, particularly IL-1f secretion by local microglia, the BBB down-
regulates CLDN5 and opens, while the GL upregulates CLDNI,
CLDN4, and JAM-A, and forms structural TJs (Figure 2D).

T]Js in reactive astrocytes form intracellular complexes tethered to
the actin cytoskeleton. To explore the structural composition of reac-
tive astrocytic T] complexes, we used coimmunoprecipitation to
assess whether they associate with canonical intracellular T] adap-
tors (Figure 3). Classical TJs, as characterized in tissues including
skin, gut, and renal epithelia and vascular CNS endothelium, bind
to intracellular adaptor proteins in order to anchor components
of the TJ strand to the actin cytoskeleton (28). Coimmunoprecip-
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Figure 1. Reactive astrocytes upregulate CLDN1, CLDN4, and JAM-A in vitro and in vivo. (A and B) Western immunoblots (2 replicates depicted) (A) and
mean values of densitometric quantification of immunoblot band intensities (from 3 biological replicates) (B) from cultured human astrocytes treated
with 10 ng/ml IL-1B, IFN-y, or TGF-P1 for 24 hours. CLDN1, CLDN4, and JAM-A are all induced by IL-18, and CLDN1 and CLDN4 are also induced by TGF-B1. The
TJ-associated protein tricellulin is induced by TGF-B1 alone. CLDNS is not expressed by astrocytes. See also Supplemental Figure 1, A and B. (C) Following
treatment with 10 ng/ml IL-1B, CLDN4 induction begins at 6 hours, is maintained at 24 and 48 hours, and decreases at 72 hours. (D) Immunostaining of
human astrocyte cultures demonstrates that IL-1B induces expression of CLDN1, CLDN4, and JAM-A (red), which localize to the cell membranes of cells
positive for the astrocyte marker GFAP. Scale bars: 20 um. (E) In control C57BL/6 mice, cortical microinjection in vivo of adenovirus expressing IL-1 (AdIL-1),
but not a control sequence, AdDL70 (AdCtrl), induces reactive astrocyte morphology and upregulation of CLDN1, CLDN4, and JAM-A at 7 days postinjection
(7 dpi). Images are 3-dimensionally rendered projections. Scale bars: 40 um. Data are representative of findings from 3 (A-C, and E) or more than 3 (D)
biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. CLDN4 and JAM-A are expressed within T strands of reactive astrocytes in vivo. (A) Immunostaining within an AdIL-1lesion at 7 dpi for GFAP
(green), the basement membrane marker pan-laminin (blue), and the astrocytic TJ protein CLDN4 (red) demonstrates CLDN4 expression at reactive astro-
cytic endfeet surrounding the vasculature (arrows). Scale bar: 10 um. See also Supplemental Figure 1C. (B) Transmission electron microscopy of astrocytic
endfeet within cortical AdIL-1and AdCtrl injection sites demonstrates T)s in AdIL-1lesions but not in controls. Immunogold staining shows colocalization of
CLDN4 and JAM-A to the T) structures (arrows point to gold particles). A, astrocyte; EC, endothelial cell. Original magnification, x10,000. (C) Immunostaining
within an EAE lesion at 21 days for GFAP (blue), pan-laminin (red), and CLDN4 (green) demonstrates the structural organization of the reactive GL. This cross
section shows basement membranes of the endothelial BBB (EBM) and astrocytic GL (ABM), demarcated by pan-laminin staining and differentiated by
astrocytic endfeet, stained by GFAP and CLDN4. Leukocytes, identified in gray based on morphologic features and DAPI nuclear staining, are seen within the
endothelial lumen (LUM) and PVS. White arrows highlight colocalization of CLDN4 and GFAP; pink arrows indicate areas of irregular CLDN4 staining, possi-
bly reflecting irregularities of expression in the plane of staining or degradation in proximity to leukocytes. Scale bars: 10 um. See also Supplemental Figure
1, D and E. (D) Schematic of the endothelial BBB and astrocytic GL in health and inflammatory disease. Under healthy conditions, endothelial cells express
T) proteins CLDNS5 and occludin (OCLN), which reinforce a closed BBB. In response to inflammation, CLDNS and OCLN are downregulated, opening the BBB.
In turn, astrocytes of the GL upregulate T) proteins CLDN1, CLDN4, and JAM-A, closing the GL and restricting incoming leukocytes to the PVS (blue). Data are
representative of findings from at least 3 (A-C) biological replicates.
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itation for CLDN4 (a structural protein within the TJ strand) and
JAM-A (a TJ strand-associated signaling molecule) was performed
on cell lysates of human astrocytes under control and IL-1B-treated
conditions. We found that CLDN4 associated with the T] adaptor
proteins cingulin, CASK, and ZO-1 (the latter weakly), and cyto-
skeletal B-actin (Figure 3, A and B). JAM-A existed in complexes
with an overlapping but slightly different composition, containing
Z0-1, ZO-2, afadin, and cingulin (the latter weakly) (Figure 3, A
and C). Interestingly, and compatible with a previous report (30),
CLDN4 and JAM-A did not coimmunoprecipitate with each other,
suggesting that the two, if connected within the TJ complex, do
not associate directly and are more weakly linked by intermediary
proteins (Figure 3, A-C). All of the tested adaptor and cytoskeletal
proteins were present in total cell lysate of astrocytes under control
and IL-1B-treated conditions (Figure 3A). Nonspecific isotype con-
trol mouse IgG1 and polyclonal rabbit IgG did not show signal at
the molecular weights of interest, confirming that antibodies for T]
adaptor proteins were specific (Figure 3D). These data suggest that
in response to inflammatory stimuli, astrocytes produce structural
TJ complexes resembling those found in other tissues.

Reactive astrocytes use T] proteins to corral inflammatory cells into
clusters in an in vitro model. Preparatory to functional studies in vivo,
we tested whether human reactive astrocytes use T] proteins to reg-
ulate inflammatory cell behaviors in vitro, using an adapted version
of arecently described model in which primary astrocytes are cocul-
tured with activated CD3* T lymphocytes (31) (Figure 4 and Supple-
mental Figure 2). We nucleofected primary human astrocytes with
Volume 127 Number 8

jci.org August 2017

siRNA for CLDNI, CLDN4, JAM-A, or nontargeting control, then
grew them to confluence and exposed them to IL-1B or vehicle for
24 hours, followed by washout. Primary human CD3* T cells were
activated with biotinylated anti-CD3 antibody and then added to the
astrocytes. Resulting cocultures were left to interact for 24 hours.
Quality control studies confirmed silencing of CLDN1, CLDN4,
and JAM-A as efficient and specific (Supplemental Figure 2, A and
B), and Image] analysis of confocal images validated even loading
of CD3" cells onto astrocytic monolayers (Supplemental Figure
2, C and D). When activated human CD3" T lymphocytes were
added over control astrocytes, the 2 cell types intermingled ran-
domly (Supplemental Figure 2, E and F). In contrast, when activated
T lymphocytes were added to astrocytes that had been exposed to
IL-1B, the astrocytes formed a network of processes that surrounded
and segregated T cells into discrete clusters that could be identified
and counted (Figure 4A). Notably, these thin, elongated astrocytic
processes resembled morphology typical of reactive astrocytes
in vivo (ref. 32 and Figure 4A). Importantly, however, when acti-
vated T lymphocytes were seeded onto cultures of IL-1B-treated
astrocytes deficient in CLDN1, CLDN4, or JAM-A, a majority of
the inflammatory cells remained randomly intermingled with the
astrocytes (Figure 4, B-D), and the number of clusters and leuko-
cyte density within clusters were both reduced significantly (Figure
4, E and F). Interestingly, we found that corralling of T cells into
clusters requires T cell activation, as naive T cells do not cluster on
IL-1B-treated astrocytes (Supplemental Figure 2F). Therefore, both
astrocytes and T cells must be primed for cluster formation.
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Figure 4. Silencing of astrocytic CLDN1, CLDN4, and JAM-A in vitro disrupts lymphocyte clustering. (A-D) Primary human astrocytes were nucleofected
with siRNA for CLDN1, CLDN4, JAM-A, or nontargeting (NT) control, then exposed to 10 ng/ml IL-1B (see also Supplemental Figure 2A). After 24 hours,
astrocytes were washed and CD3* T lymphocytes added for coculture for 24-48 hours. Scale bars: 75 um. (A) Under control conditions, astrocytes extend
interconnected processes that surround and corral lymphocytes into clusters (white arrows point to cell clusters, white dots outline interconnected astro-
cytic processes). (B-D) In cultures with silenced CLON1, CLON4, or JAM-A, there are fewer interconnected processes, and lymphocytes are distributed more
diffusely throughout the coculture. (E and F) Compared with siNT controls, there is a significant decrease in the number of clusters containing greater than
40, 60, 80, and 120 cells in siCLONT-, siCLDON4-, and si/AM-A-treated cultures (n = 3 per group, P < 0.00005, 1-way ANOVA with Bonferroni correction).
Data are representative of 3 independent experiments in separate cultures. See also Supplemental Figure 2, B-F. ***P < 0.001.

These findings show that astrocyte cultures exposed to IL-1p Astrocyte-specific Cldn4 inactivation exacerbates inflammatory
and then cocultured with activated T lymphocytes actively sur-  lesion size in vivo. To test whether astrocytic TJs limit inflammatory
round and corral these immune cells into discrete clusters. Impor-  lesion pathogenesis in vivo, we conditionally disrupted Cldn4
tantly, the astrocytic TJ proteins CLDN1, CLDN4, and JAM-A  expressioninreactive astrocytes, and examined the consequences in
each contribute to barrier formation in this model. 2 inflammatory CNS models (Figure 5 and Supplemental Figure 3).
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Figure 5. Conditional astrocyte Cldn4 inactivation
25 7dpi . exacerbates the size of inflammatory CNS lesions.
] Cortical AdIL-1 microinjection produces asymptom-
atic inflammatory lesions characterized by leukocyte
15 (predominantly CD4* and CD11b* cell) and humoral factor
parenchymal entry, accompanied by reactive astrogliosis
and neuronal death. Lesion pathogenesis peaks at 7 dpi
and is resolving by 14 dpi. (A-D) Compared with controls,
Cldn4 CKO mice display increased AdIL-1lesion size,
® as measured by the area of neuronal cell death (NeuN
o O@Q'(\S;a loss), at 7 dpi and 14 dpi (7 dpi: n = 12 CKO, n = 15 WT,
& O\b P < 0.005;14 dpi: n =5 CKO, n = 8 WT, P < 0.05, 2-tailed
) t test). Scale bars: 300 um. (E-H) At 7 dpi, lesions of
14,14 dp * Cldn4 CKO mice have increased numbers of CD4* lym-
phocytes (n =10 CKO, n =10 WT, P < 0.01, 2-tailed t test)
(E and F) and level of CD11b* staining (n = 6 CKO,
n=9WT, P< 0.005, 2-tailed t test) (G and H). (I and
J) At 7 dpi, lesions of Cldn4 CKO mice show increased
areas of 1gG entry (n = 8 KO, n =11 WT, P < 0.01, 2-tailed
t test). See also Supplemental Figure 3, A-G. *P < 0.05,
**P<0.01.
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Cldn4™ mGfap-Cre Cldn4™ F displayed no spontaneous pathology, and had an
100 * intact BBB (Supplemental Figure 3, A and B).
Initially, we compared responses of condi-

tional Cldn4 knockout (CKO) mice and controls

to cortical injection of AdIL-1 versus AdCtrl,
measuring the maximal area of leukocyte paren-
chymal entry over time, assessed by total num-
bers of CD45* leukocytes and CD4* T helper lym-

o\b“h @\"“%o’f phocytes, and the area of CD11b* macrophage/

€0 microglial reactivity. We also measured the

maximal area of humoral factor infiltration into

*x the CNS, in terms of parenchymal entry of serum

' proteins with proinflammatory roles, notably

fibrinogen and IgG (35-38). We then compared

these data with the maximal area of neuronal cell
death (NeuN loss) in lesions over time.
Importantly, these studies demonstrated
& 0 that lesion formation in mGfap-Cre Cldn4"#
® @(’*‘;%oﬁ mice was strongly exacerbated compared with
that in littermate controls. Confirming efficacy
and specificity of inactivation, AdIL-1-induced
lesions in mGfap-Cre Cldn4"# mice were nega-
tive for CLDN4, whereas JAM-A was induced

normally (Supplemental Figure 3C). In controls,
I AdIL-1 induced the formation of a focal inflam-
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matory lesion that was maximal in size at 7 dpi
and in which inflammation and reactive astro-
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gliosis resolved by 14 dpi (16). Notably, however,

0@%‘?{. lesion size in experimental mGfap-Cre Cldn4"?
& mice, as measured by neuronal cell death or
loss of NeuN immunoreactivity, was much larg-

er than that in controls at 7 dpi (Figure 5, A and

We focused on CLDN4 because it represents a paradigmatic struc-  B), and this difference persisted at 14 dpi (Figure 5, C and D).
tural (as opposed to signaling) component of T] strands. We crossed ~ Moreover, while lesions in controls contained CD4*, CD11b*, and
a floxed Cldn4 allele (33) with mGfap-Cre (34), to generate experi-  CD45" leukocytes, lesions in the CKO mice contained significant-
mental mGfap-Cre Cldn4"/ mice and 3 control genotypes (mGfap-  ly exacerbated numbers and densities of all of these leukocyte
Cre Cldn4"+ and non-Cre Cldn4"f and Cldn4"*). mGfap-Cre Cldn4"#  subsets (Figure 5, E-H, and Supplemental Figure 3D). There were
mice were born in expected ratios, grew normally to adulthood,  also large increases in the areas of cortical IgG and fibrinogen
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Figure 6. Clinical disability and mortality in EAE are more severe in Cldn4 CKO mice than controls. (A) Experimental C/dn4 CKO and control mice induced
with EAE were scored daily on a standard 5-point scale (29). Disability scores are significantly more severe for CKO mice at days 14-21; *P < 0.05, **P < 0.01,
2-way ANOVA with Bonferroni correction. (B) Peak score during EAE is increased in Cldn4 CKO mice compared with controls (CKO n =18, WT n = 24, P < 0.01,
2-tailed t test). (C-E) Also increased in Cldn4 CKO are average EAE disability score from days 7 to 21 (CKO n =18, WT n = 24, P < 0.005) (C), average score during
time of disability (CKO n =18, WT n = 23, P < 0.05) (D), and mortality or severe paralysis requiring euthanasia (score >4; P < 0.005) (E). There was no difference
between groups in rate of EAE induction (P = 0.32, data not shown). (F-]) Spinal cord EAE lesions harvested at 21 dpi or at the time of euthanasia demonstrate
increased CD4* cell infiltration (CKO n =3, WT n =6, P < 0.01, 2-tailed t test) (F and H) and increased fibrinogen (CKO n = 4, WT n = 4, P < 0.05) and IgG entry
(CKOn=4,WTn=3,P<0.005) (G, I, and J) in Cldn4 CKO mice compared with controls. Data for CD4* cells were confirmed using flow cytometry (Supplemental
Figure 4, A and B) with no difference in counts from the spleen (Supplemental Figure 4, C and D). Infiltrating inflammatory cells in Cldn4 CKO mice showed
more parenchymal access past the glia limitans superficialis and perivascular spaces compared with controls (Supplemental Figure 4, E and F). (K and M)
Demyelination in EAE lesions, as measured by loss of myelin basic protein (MBP), which represents the percentage of white matter loss (% WM loss) within
the dorsolateral (corticospinal motor) tracts, is strikingly increased in Cldn4 CKO mice compared with controls (CKO n =4, WT n = 4, P < 0.005). (L and N) Oligo-
dendrocyte numbers within EAE lesions are not significantly different between groups (CKO n = 3, WT n = 3, P = 0.25). Scale bars: 300 um (F and G), 500 um (K
and L). See also Supplemental Figure 4, H-K. *P < 0.05, **P < 0.01.
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Figure 7. Astrocytic CLDN4 is degraded in EAE lesions and in coculture with activated CD3* lymphocytes in vitro. (A and B) Immunoblotting (A) and densi-
tometric quantification (B) of spinal cord lysates from C57BL/6 mice with EAE (score 2-3, from 18-21days) and age- and sex-matched controls demonstrate
induction of CLDN1, CLND4, and JAM-A in EAE (A and B, upper panel), along with degradation products of CLDN1and CLDN4 (14 kDa and 18 kDa), but not
JAM-A (A and B, lower panel). (C and D) Immunoblotting and densitometry of cocultures of reactive human astrocytes (IL-13-treated followed by washout)
with activated CD3* lymphocytes. Coculture leads to degradation of astrocytic CLDN4 by 24 hours, and CLDN4 degradation is blocked by specific protease
inhibitors, including the serine protease inhibitor aprotinin, and by MMP inhibitor-2. In contrast, degradation is not blocked by the cysteine protease inhibitor
E-64, or the aspartic protease inhibitor pepstatin. These studies collectively suggest combinations of kallikrein and urokinase (substrates of aprotinin) and
MMP-1, -3, -7, and -9 (substrates of MMP inhibitor-2) as potentially responsible for CLDN1and CLDN4 digestion (see also Supplemental Figure 5, A-C). (E-G)
Human astrocytes were pretreated for 24 hours with 10 mg/ml IL-1B, then washed and cultured alone or with activated CD3* cells for 72 hours. Supernatant and
cell lysates of isolated astrocytes or leukocytes were then harvested and applied to protease arrays (3 biological replicates of each condition) (E and F). Astro-
cyte lysates from coculture with CD3* cells showed upregulation of kallikrein 7, MMP-2, -7, -8, and -9, and CD10 compared with lysate from monoculture (n = 3
each group, 2-tailed t test, P < 0.05). (E and G) CD3* cell lysates from coculture demonstrated strongest expression of cathepsins A and D, DDPIV, MMP-8, and
uPA. See also Supplemental Figure 5, D and E. Data in A-G are representative of findings from 3 or more biological replicates. *P < 0.05, **P < 0.01.

infiltration seen in response to AdIL-1 in mGfap-Cre Cldn4"# mice
at 7 dpi (Figure 5, I and J, and Supplemental Figure 3, E and F).
Interestingly, GFAP expression, a marker of reactive astrocytosis,
was not significantly different between groups, indicating that
AdIL-1injections activated astrogliosis to a similar extent (Supple-
mental Figure 3G).

Micewith astrocytic Cldn4 inactivation display exacerbated disabil-
ity in a model of MS. To examine the impact of these findings on dis-
ease severity, we investigated the phenotype of the MS model EAE
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in mGfap-Cre Cldn4"# mice and Cldn4"# controls (Figure 6 and Sup-
plemental Figure 4). Mice (10- to 12-week-old females, n = 18 CKO,
n = 24 control) were sensitized with the encephalitogenic myelin
peptide MOG,, ., and clinical deficit was evaluated using a widely
accepted 5-point paradigm from day 7 until the end of the experi-
ment at day 21 after sensitization (29).

Critically, these studies revealed that the clinical course and
pathology of EAE were strongly exacerbated in mGfap-Cre Cldn4"#
mice. In controls, neurologic deficit was observed from day 10, and
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increased in severity until day 20, when clinical score stabilized
at a mean of 2.6, representing hind limb weakness and unsteady
gait (Figure 6A). In contrast, the onset of clinical signs in mGfap-
Cre Cldn4"# mice was first seen 2 days earlier, and the clinical
course was much more severe. In mGfap-Cre Cldn4"/ mice, disease
reached a plateau at day 18 at a mean of 3.8, indicating hind limb
paralysis and forelimb involvement, a severe clinical phenotype,
and this divergence in scores reached significance from day 14 to
day 21 after sensitization (Figure 6A). The peak EAE score, total
average score, and score during the time of disability were all exac-
erbated in mGfap-Cre Cldn4"# mice (Figure 6, B-D). These chang-
es translated to marked differences in survival. Mortality or severe
paralysisrequiring euthanasia (score 24) occurred in 57% of mGfap-
Cre Cldn4"f mice, but in only 11% of Cldn4"# littermate controls
(Figure 6E).

Neuropathology in the mGfap-Cre Cldn4"# cohort was also
strongly exacerbated (Figure 6, F-N). Typical pathology of EAE was
observed in spinal cord white matter of controls at 21 days, includ-
ing inflammatory leukocyte and serum protein infiltration (Figure
6, F-J) and multifocal demyelination (Figure 6, K-N, and ref. 29).
Reactive astrocytes in EAE lesions in controls expressed CLDN4,
CLDN1, and JAM-A, with immunoreactivity strongest at the GL
(Supplemental Figure 1, D and E). In contrast, lesions in mGfap-
Cre Cldn4" mice were negative for CLDN4, whereas CLDN1 and
JAM-A were induced normally (Supplemental Figure 1D). The
numbers and density of inflammatory cells in lesions in mGfap-
Cre Cldn4"/ mice were strongly amplified, as measured using his-
topathology and confirmed using flow cytometry (Figure 6, F and
H, and Supplemental Figure 4, A and B). Entry of fibrinogen and
immunoglobulin was also exacerbated (Figure 6, G, I, and J). Inter-
estingly, infiltrating inflammatory cells in mGfap-Cre Cldn4"/ mice
showed more parenchymal access through the glia limitans superfi-
cialis as well as past the PVS within penetrating vessels, compared
with controls (Supplemental Figure 4, E and F). Importantly, these
changes resulted in strikingly increased areas of demyelination in
mGfap-Cre Cldn4"# spinal cords (Figure 6, K-N). These effects were
CNS-specific —no differences in lymphocyte numbers were seen in
peripheral lymphoid organs of mGfap-Cre Cldn4"f mice versus con-
trols with EAE (Supplemental Figure 4, C, D, and G).

To test for qualitative rather than quantitative changes in pat-
terns of pathology, we performed a secondary analysis on 2 outlier
groups, a group of mild CKO mice (n = 3, mean score 2.6) and a
group of severe WT mice (n = 3, mean score 3.9), euthanized at 21
dpi (Supplemental Figure 4, H-K). We found that severe WT mice
had a similar degree of demyelination and numbers of CD4" cells
to those of representative CKO mice (Supplemental Figure 4, H
and J). However, IgG infiltration into the parenchyma was signifi-
cantly higher in representative CKO mice compared with both rep-
resentative and severe WT mice (Supplemental Figure 41). These
data suggest that the loss of a TJ-enforced barrier at the GL in con-
ditional knockouts allows for more diffusion of soluble IgG into the
CNS than is seen even in the most aggressive EAE in WT mice.

Collectively, these results reveal that conditional loss of a key
structural component of astrocytic TJs at the GL in mGfap-Cre
Cldn4™# mice leads to increased leukocyte and humoral infil-
tration into the CNS in inflammatory lesions, and exacerbated
pathology. In a model of MS, these changes result in increased
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paralysis and mortality. Thus, these studies identify astrocytic TJ]
formation as an important mechanism controlling tissue damage
and clinical deficit in a model of human disease.

Activated T cells cleave astrocytic CLDN4 using serine proteases and
MMPs. To understand how circulating leukocytes are able to tran-
sit the astrocytic TJ barrier in inflammatory lesions and enter the
CNS, we carried out immunoblotting of spinal cord samples from
WT C57BL/6 mice with EAE (score 2-3, from day 18 to day 21) and
age- and sex-matched controls (Figure 7 and Supplemental Figure
5). Interestingly, these studies suggested that astrocytic claudins are
degraded in inflammatory lesions in a model of MS. While CLDNI,
CLDN4, and JAM-A were not detected in samples from untreated
controls, they were all strongly expressed in EAE samples. Moreover,
we detected apparent degradation products of both CLDN1 and
CLDN4, but not JAM-A, in EAE samples (Figure 7, A and B). Deg-
radation of CLDN4 appeared more extensive than that of CLDN1.

To analyze these changes in more detail, we used immuno-
blotting of cocultures of reactive human astrocytes and activated
human CD3" T lymphocytes, prepared as above and left in cocul-
ture for 24 hours. Notably, these experiments revealed a similar
pattern of apparent CLDN4 degradation products, suggesting that
CLDN4 can be digested when astrocytes interact with inflamma-
tory leukocytes (Figure 7, C and D, and Supplemental Figure 5,
A-C). These products were not detected in astrocyte monocul-
tures or in cocultures with nonactivated T cells (Supplemental
Figure 5, A-C). Their presence in cocultures was blocked by pre-
treatment with a cocktail of protease inhibitors at the beginning of
the incubation period, suggesting that astrocyte-leukocyte inter-
actions lead to the production of proteases responsible for CLDN4
degradation (Supplemental Figure 5, B and C). Similar to our find-
ings from EAE samples, no degradation of JAM-A was observed
in cocultures, such that the degradative effect appeared to be
claudin-selective (data not shown).

To identify the family of proteases causing the observed
effects, we tested individual components of the inhibitor cocktail.
Interestingly, accumulation of degradation products was blocked
by pretreatment of cocultures with the serine protease inhibitor
aprotinin, and by MMP inhibitor-2, which blocks the activity of
MMP-1, -3, -7, and -9 (Figure 7, C and D). Notably, MMPs have
been implicated in EAE pathogenesis, are secreted by astrocytes,
T lymphocytes, and myeloid cells within the PVS, and facilitate
leukocyte entry past the GL into the CNS (39). In contrast, degra-
dation product accumulation was not blocked by the cysteine pro-
tease inhibitor E-64, or the aspartic protease inhibitor pepstatin.

To further identify which specific proteases are necessary for
CLDN4 degradation, we screened supernatants and cell lysates of
both reactive astrocytes and activated T cells under conditions of
degradation using profiler arrays. Of 35 different human proteases
profiled in this way, positively upregulated proteases present under
conditions of CLDN1 and CLDN4 degradation include MMP-2, -3,
-7,-8,and -9, cathepsins A and D, kallikrein 7, CD10, CD26, and uro-
kinase (Figure 7, E-G, and Supplemental Figure 5, D and E). Since
both aprotinin and MMP inhibitor-2 are sufficient to block both
CLDNI1 and CLDN4 degradation products, these studies suggest
specific combinations of kallikrein and urokinase (both substrates
of aprotinin) and MMP-3, -7, and -9 (substrates of MMP inhibitor-2)
as potentially responsible for CLDN1 and CLDN4 digestion.
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Collectively, these studies suggest that integral structural
components of reactive astrocyte TJs are susceptible to serine pro-
tease- and MMP-mediated degradation within the PVS, notably in
the presence of activated T lymphocytes. This identifies a mech-
anism by which activated leukocytes can eventually pass through
the astrocytic barrier at the GL, and thereby enter the CNS.

Discussion

Two barriers control leukocyte and soluble factor entry from the circu-
lation into the CNS parenchyma. In inflammatory CNS conditions
such as MS and NMO, identifying key mechanisms controlling
parenchymal entry of inflammatory leukocytes and humoral fac-
tors may lead to new, more effective therapies to limit relapse
severity and long-term disability, and may also delay the onset
of secondary progression. In healthy adults, the endothelial BBB
represents a gateway to the CNS, limiting access in part via com-
plex TJs. In inflammatory lesions, BBB integrity is disrupted via
downregulation of endothelial TJs, leading to accumulation of
inflammatory leukocytes within the PVS (18, 40). In this study, we
now report that under these conditions, reactive astrocytes form
TJs of their own distal to the BBB at the GL, and in doing so take
control of leukocyte and humoral factor trafficking into the paren-
chyma. These astrocytic T] bonds are induced under conditions
of astrocytic activation, such as in the presence of the inflamma-
tory cytokine IL-1B, a driver of lesion pathogenesis in MS and its
model, EAE, and an established risk factor for MS (24, 41-46).
IL-1P is expressed in acute and chronic MS and EAE lesions (47,
48) and localizes by immunohistochemistry to cells with the typi-
cal markers and morphology of macrophages and microglia (49).
Reactive astrocytic TJs are composed of the structural proteins
CLDNI1 and CLDN4 and the signaling protein JAM-A, a pattern
distinct from that of TJs in the vascular endothelium, allowing for
distinct regulatory and degradation pathways (7). Interestingly, the
pattern in reactive astrocytes resembles that seen in tightly sealed
epithelia elsewhere in the body (21-23), suggesting that similar
programs are reused to generate barriers in multiple tissues, con-
stitutively or inducibly. Conversely, in our studies TGF-B1 upreg-
ulated CLDN1 and CLDN4, but not JAM-A. The role of TGF-f in
CNS inflammatory disease is complex and has context-specific
effects (50, 51), and it also contributes to glial scar formation (52),
suggesting that CLDN1 and CLDN4 may also contribute to reac-
tive glial scar formation, but that JAM-A, which potentially exerts
signaling effects on incoming leukocytes, may not be recruited for
structural remodeling of lesions.

CLDN+4 is a key structural component of astrocytic TJs at the
GL. Our studies here have focused primarily on CLDN4 as a
structural component necessary to the integrity of astrocytic T]J
complexes. Our data show that conditional inactivation of astro-
cytic Cldn4 in cortical IL-1B-induced or spinal cord EAE lesions in
mice results in a strongly exacerbated inflammatory CNS pheno-
type. This includes strikingly enlarged inflammatory lesion size
with increased entry of leukocytes and proinflammatory serum
proteins, resulting in greater cell death and exacerbated tissue
pathology. Our in vitro assays support the relevance of these
findings to our own species, using a primary human version of
a recently described rodent astrocyte-leukocyte coculture sys-
tem (31). Disabling astrocytic CLDN4, CLDNI, or JAM-A in this
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system leads to the disruption of interconnected astrocytic pro-
cesses and an inability to corral leukocytes into clusters, findings
compatible with a primary structural role in TJ barrier formation
for CLDN1 and CLDN4, as reported previously in other organs
and tissues. Previous studies have shown that constitutive Cldnl
inactivation in mice results in perinatal death due to loss of epi-
dermal T] integrity (23), while CLDN4 is also expressed in kidney
and lung, and constitutive or conditional Cldn4 inactivation has
been linked to urothelial hyperplasia and hydronephrosis (53),
failure of chloride reabsorption (54), and susceptibility to lung
injury (33). Our results thus suggest that the BBB and GL repre-
sent a coordinated double barrier to CNS entry. The presence of
a dynamically sealed GL in response to inflammation may allow
for containment of immune cells and soluble factors within the
PVS, where regulatory signals may control subsequent steps of
the immune response prior to CNS entry.

Interestingly, our in vitro data further suggest that JAM-A
also plays an important role in regulating astrocytic T] proper-
ties. However, the mechanism of action of JAM-A is likely more
complex, as it has been shown both to play an initial structural
role in the TJ seal, and also to transition out of the T] to a sub-
sequent adhesive role, binding to leukocyte JAM-A ligands and
inducing diapedesis and translocation (55-58). Mechanisms
underlying immune cell clustering in vitro by activated astro-
cytes are not yet defined, although they appear to require both
structural and signaling components. Functional pathways
downstream of astrocyte-lymphocyte interactions within the
PVS represent an exciting area for future study. Experiments
using astrocyte-specific JAM-A knockout mice are under way in
our laboratory, to characterize its role both in modulating the
astrocytic barrier at the GL and in signaling to leukocytes with-
in the PVS in vivo.

Functional significance of a 2-barrier system regulating access to
the CNS from the vasculature. While recent studies provide exten-
sive information on establishment of the BBB and its disruption
in disease (13, 16), much less is known about the properties of
the GL. Our data now lead us to propose that in inflammatory
lesions, regulation of CNS access transitions from the endothe-
lial BBB to the astrocytic GL. The existence of the second, astro-
cytic, barrier provides an additional checkpoint for leukocyte
and soluble factor entry, raising important questions for future
investigation. For example, does the astrocytic barrier not only
control the inflammatory milieu but also actively shape the local
immune response? As leukocytes accrue in the PVS between the
BBB and this second barrier, selective docking and differential
stimulation of specific leukocyte subtypes could orchestrate
a diversity of local inflammatory pathways. Influences on this
process could include presentation of CNS antigen in the con-
text of MHC class II within the PVS (8), and dynamic expression
of astrocytic cell adhesion molecules and signaling factors (59),
as well as induction of local proteases (60-62). While previous
work has revealed a critical role for local proteases, MMP-2 and
MMP-9, in activating chemokine pathways within the PVS and
inducing immune cells to cross the GL (39, 63), our data suggest
that local proteases also facilitate immune cell entry by simply
digesting the astrocytic T] barrier. Furthermore, we found that
unique patterns of astrocytic and lymphocytic proteases are
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induced by interactions between the 2 cell types, identifying a
previously unrecognized regulatory step within the perivascular
milieu. Interestingly, since the mechanisms that regulate lym-
phocyte containment versus degradation of astrocytic T] pro-
teins most likely involve different molecular mechanisms on the
part of lymphocytes, they may potentially be mediated by differ-
ent T cell subsets, such as effector and regulatory cells. Critically,
these findings suggest that manipulating specific aspects of sig-
naling between the GL and incoming leukocytes may allow for
more directed therapies for immune regulation.

Broader relevance to CNS access, drug delivery, and inflamma-
tion in other organs. The striking coordinated patterns of junction
reorganization we have detected at the BBB and GL have broader
conceptual and translational implications. For example, it is not
yet clear to what extent similar changes may occur in inflamma-
tory lesions in other tissues throughout the body. While down-
regulation or reorganization of TJ proteins has been implicated
in permeability at the BBB and in other tissues, for example the
gut (18, 40, 64), reports of dynamic T] protein induction result-
ing in barrier formation have been rare (65, 66), nor is it known
how such changes may affect targeting of immune responses. Our
findings also have potential relevance to cancer, both in neoplasia
linked to astrocytes (glioblastoma, astrocytoma) and more gener-
ally. Dynamic barrier formation in tumors occurring as a result of
accompanying inflammation may have potential implications for
delivery of therapeutics.

Along similar lines, and importantly, it is unknown how the
changes we have detected at the GL may impact the pharmaco-
kinetics of drugs that must enter the CNS in conditions such as
MS. For successful delivery of neuroprotective and regenerative
agents to the CNS, our data suggest that it may be necessary to
consider passage not only across the BBB, but also through the
astrocytic T] barrier.

Therapeutic implications to limit disability in MS and NMO.
In summary, our data suggest that the BBB and GL represent a
coordinated double barrier to CNS entry (illustrated in Figure
2D). During inflammatory lesion pathogenesis in the CNS, astro-
cytes first contribute to loss of integrity at the endothelial BBB,
allowing entry of leukocytes into the PVS, where they encounter
CNS antigen and a proinflammatory microenvironment (16, 17,
19). Then, astrocytes use TJs of their own to control trafficking
of these cells through the GL and into the parenchyma. These
findings suggest that increasing efficiency of the GL barrier, for
example by inhibiting expression of proteases used to degrade
it, may represent a potential approach to prevent leukocyte and
humoral entry into inflammatory lesions. Moreover, manipula-
tion of the BBB and GL in combination may have greater poten-
tial than either alone to control CNS entry of leukocytes and
proinflammatory soluble factors in conditions such as MS and
NMO. Identifying key mechanisms controlling leukocyte and
humoral entry may lead to new therapies to effectively limit
relapse severity and clinical disability in patients, and potentially
also prevent the onset of secondary progression.

Methods

Cell culture: monocultures. Primary human fetal astrocyte cultures
were established from 3 different brains as previously described
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(67). We confirmed an identical in vitro phenotype of commercially
available cells (Lonza) and cross-referenced these to previous pheno-
types. To establish human CD3* T lymphocyte cultures from human
blood of healthy donors, density centrifugation using Ficoll-Paque
PLUS (GE Healthcare) was initially performed to isolate peripheral
blood mononuclear cells (PBMCs) from whole blood. Six milliliters
of whole blood containing acid citrate dextrose anticoagulant (Bio-
logical Specialty Corp.) was diluted with an equal volume of HBSS
(Mediatech Inc.) and carefully layered in 15-ml tubes prefilled with 4
ml of density gradient medium. Tubes were centrifuged 40 minutes
at 900 relative centrifugal force (RCF). PBMCs were collected by
transfer pipette and afterward washed 2-3 times in HBSS (Mediatech
Inc.) and centrifuged 15 minutes at 250 RCF. Human CD3* T lym-
phocytes were then enriched from PBMCs using a MACS human Pan
T Cell Isolation Kit (Miltenyi Biotec) according to the manufactur-
er’s instructions. After isolation, human CD3* T lymphocytes were
cultured in RPMI 1640 (Life Technologies), 10% FBS (Life Technol-
ogies), 1 ml 2-mercaptoethanol (Sigma-Aldrich), 10 ml L-glutamine
(Invitrogen), and 1 ml penicillin/streptomycin (Invitrogen). CD3* T
lymphocytes were activated by coating of dishes with human anti-
CD3 antibody (7 ug/ml in PBS) (eBioscience) for 2 hours at 37°C and
by addition of anti-CD28 antibody (2 pg/ml) (eBioscience) to the
medium. The cells were then cultured for 3 days.

Cell culture: cocultures. Astrocytes were plated to 70% confluence
and cultured in DMEM, 10% serum, for 24 hours. Astrocytes were
then serum-starved for 24 hours and treated with human recombi-
nant IL-1B (PeproTech) for 24 hours. Astrocyte-CD3* T lymphocyte
cocultures were prepared by addition of a suspension of 1 x 10° CD3* T
lymphocytes to an area of 1.9 cm? confluent activated astrocytes, and
cells were cultured for 1-3 days. Cocultures grown on glass confocal
plates (Mat-Tek) were fixed for 30 minutes in ice-cold, freshly depo-
lymerized 4% paraformaldehyde. Cocultures grown in 6-well plates
(Corning) were harvested for Western blotting.

Cytokines/growth factors. Human IL-1p, IL-6, and IL-17 were pur-
chased from PeproTech. Human IFN-y, TNF-q, and TGF-B1 were from
R&D Systems. Based on previous studies, factors were routinely used
at 10 ng/ml (67).

Drugs. Aprotinin, MMP inhibitor-2 (CAS 203915-59-7), and pep-
statin A were purchased from EMD Millipore and used at 8 nM, 25 nM,
and 1 uM respectively, per the manufacturer’s recommendations and
according to their known EC_ values. E-64 was purchased from Sigma-
Aldrich and used at 10 uM.

Antibodies. Catalog numbers of all antibodies from their respec-
tive manufacturers are shown in parentheses. Anti-CLDN1 (374900,
mouse), anti-CLDN4 (329400, mouse), anti-CLDN5 (352500,
mouse), anti-cingulin (PA31654, rabbit), anti-GFAP (130300, rat),
and anti-mouse IgG (A11029, goat) were from Invitrogen. Anti-ZO-1
(617300, rabbit) was from Life Technologies, and anti-ZO-2 (rabbit)
was from Zymed. Invitrogen, Life Technologies, and Zymed are all
divisions of Thermo Fisher Scientific. Anti-JAM-A (sc-25629, rabbit)
and anti-B-actin (sc-47778, mouse) were from Santa Cruz Biotechnol-
ogy. Anti-JAM-A (564908, rat) was from BD Biosciences. Anti-fibrin-
ogen (A0080, rabbit) was from Dako. Anti-CD3 (16-0037-85), anti-
CD4 (14-9766-82), anti-CD11b (14-0112-82), and anti-CD45 (550539,
all rat) were from eBioscience. Anti-NeuN (MAB377, mouse) and anti-
myelin basic protein (anti-MBP) (MAB386, rat) were from Millipore.
Anti-laminin (L9393) and anti-afadin (A0349, both rabbit) were from
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Sigma-Aldrich. Anti-MUPP1 (611558, mouse) was from BD Transduc-
tion. Anti-CASK (AM20099PU-N, mouse) was from Acris.

Coimmunoprecipitation and Western blotting. For coimmuno-
precipitation, CLDN4 or JAM-A proteins were immunoprecipitated
with mouse anti-CLDN4 antibody (Invitrogen) or rabbit anti-JAM-A
antibody (Santa Cruz Biotechnology) using a coimmunoprecipitation
protocol described by Cell Signaling Technology (http://www.cell
signal.com/contents/resources-protocols/immunoprecipitation-
protocol-(for-analysis-by-western-immunoblotting) /ip-western?
Ntk=Content&N=4294956305&Ntt=immunoprecipitation&from-
Page=plp). SDS-PAGE and Western blotting were performed as pre-
viously reported (29). For densitometry, nonsaturated developed
films were scanned using a Canon LiDE scanner (Canon USA), and
mean pixel density of each band was measured using Image]J software
(NIH). Data were standardized to actin, and fold change versus con-
trol was calculated.

siRNA. Human astrocyte cultures were nucleofected with siRNA
(2 uM) for CLDN1, CLDN4, or JAM-A (Thermo Scientific Dharmacon,
siGENOME SMART pool), using an Amaxa nucleofector (program
A033) with the Basic Glial Kit (Amaxa) according to the manufactur-
er’s instructions. At 24 hours, cells were serum-starved for 24 hours,
and then treated as described. Controls included nontargeting siRNA
and sham control (transfection reagent alone). The extent and speci-
ficity of gene silencing were assessed by immunoblotting.

Protease arrays. Reactive astrocyte and CD3* T lymphocyte
cocultures were prepared as outlined above. Reactive astrocyte
monocultures were prepared as a control. Supernatant from cocul-
tures and astrocyte monocultures were collected after 3 days. Reac-
tive astrocytes and CD3* T lymphocytes were then isolated from
coculture or monoculture and cell lysates harvested. Samples,
including 500 ul of supernatant from cocultures and monocultures,
100 pg of reactive astrocyte lysates from cocultures and monocul-
tures, and CD3* T lymphocyte lysates from coculture, were all pro-
cessed on human protease arrays (R&D Systems, ARY021B) per the
manufacturer’s protocol in biological triplicates. Quantification of
protease signal was performed by densitometry as described above
for Western blots.

Mice. mGfap-Cre mice were genetically engineered in the labora-
tory of Michael Sofroniew (UCLA) (34). Cre expression is astrocyte-
specific except in areas of adult neurogenesis, where it is also
observed in some neural progenitors (34). Cldn4" mice were genet-
ically engineered in the Will Rogers Institute Pulmonary Research
Center at the University of Southern California (33). Experimental
Cldn4 CKO (mGFAP-Cre Cldn4"f) and control (Cldn4"") mice were bred
crossing CKOs to controls; 50/50 proportions were born, as expected.
Both mGFAP-Creand Cldn4"lines were backcrossed on a C57BL/6 back-
ground for at least 12 generations. JAM-A" mice were obtained from
Charles Parkos (University of Michigan, Ann Arbor, Michigan, USA)
and Terence Dermody (University of Pittsburgh, Pittsburgh, Penn-
sylvania, USA) (55). For studies using AdIL-1, mGfap-Cre Cldn4"*
mice were crossed with Cldn4"" animals to generate mGfap-Cre
Cldn4™" mice and 3 control genotypes. mGfap-Cre JAM-A"/" mice
were generated using a similar strategy. For EAE, mGfap-Cre Cldn4™/
mice were crossed with Cldn4"" animals to generate mGfap-Cre
Cldn4"" mice and Cldn4"'" controls. Genotyping primers were:
mGfap-Cre forward (GfF) ACCAGCCAGCTATCAACTC, reverse
(GfR) TATACGCGTGCTAGCGAAGATCTCCATCTTCCAGCAG,
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350 bp; Cldn4” forward (C4fF) CAGTAGGAAAGTTGCTGTTGAG-
GC, reverse (C4fR) CTCCCGTGAGACAAGAGAATGAAG, band
189 bp (wt), 257 bp (flox). PCR conditions for mGfap-Cre mice were:
94°C for 4 minutes; 35 cycles of 94°C for 30 seconds, 56°C for 30
seconds, and 72°C for 30 seconds; then 72°C for 10 minutes. PCR
conditions for Cldn4" mice were: 94°C for 2 minutes, then 35 cycles
of 94°C for 20 seconds, 60°C for 30 seconds, and 72°C for 60 sec-
onds; then 72°C for 10 minutes. C57BL/6 mice were purchased from
the Jackson Laboratory.

CNS microinjection. Mice (8-12 weeks old, at least 5 per condi-
tion per time point, on the C57BL/6 background) were anesthetized
using isoflurane and placed into a stereotactic frame (Kopf). AdIL-1 or
AdDL70 control (AdCtrl) (107 PFU) was microinjected into the cere-
bral cortex at y =1 mm caudal to bregma, x = 2 mm, 2 = 1.5 mm as pre-
viously described (18). All studies were approved by IACUC.

EAE. Mice (female, 10-12 weeks old, at least 10 per group, on the
C57BL/6 background) were injected s.c. with 0.1 cc of MOG, . (Hooke
Laboratories) at cervical and lumbar sites followed by i.p. injection of 0.1
cc pertussis toxin on day O and day 1. Mice were rated by an investigator
blinded to genotype on a standard 5-point motor scale from days 7-21 after
induction: 0, no symptoms; 1, floppy tail; 2, hind limb weakness (para-
paresis); 3, hind limb paralysis (paraplegia); 4, forelimb and hind
limb paralysis; 5, death (29).

Flow cytometry. WT and KO mice were anesthetized and per-
fused with 5 ml PBS 1" at 19-21 days after EAE induction. Animals at
peak disease for longer than 6 days were excluded from analysis. Spi-
nal cords and spleens were collected in cold PBS and mechanically
dissociated. Spleen samples were passed through a 70-um filter, then
incubated in red blood cell (RBC) lysis buffer (BioLegend) for 2 min-
utes at room temperature and washed with PBS. Spinal cords were
prepared as previously described (68). Briefly, tissues were chem-
ically dissociated with papain and passed through a 100-pm filter,
and myelin was separated using a Percoll gradient. Cell suspension
was then collected, incubated in blood cell lysis buffer (RBC lysis
buffer, BioLegend) for 2 minutes at room temperature, and washed
with PBS. Cells from spleens and spinal cords were then incubated
with the PerCP-conjugated anti-CD4 antibody (BioLegend, 100434)
or PE-conjugated anti-CD45 antibody (BioLegend, 103114) in cell
staining buffer (BioLegend). Cells were washed twice and resus-
pended in cell staining buffer and DAPI. Single stainings of tissue
samples were used for both tissue types. Forward scatter and side
scatter were used to gate cells excluding debris and cell aggregates,
and CD4" and CD45" cells were gated on the DAPI* live cell popula-
tion. Samples were analyzed using a flow cytometer (LSRFortessa,
BD) at the Flow Cytometry CoRE at Mount Sinai.

Immunohistochemistry. Embedding and immunostaining were
as previously described (18) unless otherwise indicated. For CLDN1,
CLDN4, JAM-A, MBP, IgG, fibrinogen, and Olig2, before blocking,
sections were soaked in citrate (pH 7.5; 100°C). For CLDN5, before
blocking, sections were soaked in EDTA (pH 6.0; 100°C). For laminin,
CD4, CD11b, and CD45, sections were treated with 0.5 mg/ml pro-
tease XIV (Sigma-Aldrich) at 37°C for 5 minutes. Primary antibodies
were used at 1:100 except CLDN4 (1:50) and fibrinogen (1:1,000).
Samples were examined using a Leica Microsystems confocal micro-
scope, and stacks were collected with z of 1 um.

Electron microscopy. Mice were perfused transcardially with
ice-cold 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M
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phosphate buffer (PB, pH 7.2). The brain was postfixed for 6 hours
in the same fixative, washed in PB, then sectioned at 400 um thick-
ness on a vibratome (Leica) for electron microscopic embedding.
Freeze substitution and low-temperature embedding of the 400-
pm sections were performed as previously described (69). Ultrathin
sections were cut into 70-nm-thick sections with a Diatome dia-
mond knife (Electron Microscopy Sciences) and mounted on each
grid (Electron Microscopy Sciences). Postembedding immunogold
labeling was carried out as described previously with some modifi-
cations (69). Sections were treated with 1.0% sodium borohydride
and 50 mM glycine to remove excess aldehydes, then rinsed thor-
oughly with 0.3% NaCl/0.005 M Tris (TBS). To block nonspecific
binding of antisera, the sections were incubated in TBS containing
5% human serum albumin (HSA; Sigma-Aldrich RBI) and 0.005%
Tergitol type NP-10 (Sigma-Aldrich) for 30 minutes. After blocking,
sections were incubated overnight in a primary antibody solution
consisting of anti-CLDN4 (1:40) or anti-JAM-A (1:20) and 2% HSA
in TBS. Sections were washed thoroughly with TBS, then blocked in
2% HSA in TBS. To localize CLDN4 and JAM-A, sections were incu-
bated for 2 hours in a solution containing a 1:40 dilution of F(ab’),
fragment of IgG (goat anti-mouse and goat anti-rabbit, respectively),
conjugated to 10-nm gold particles (Electron Microscopy Sciences),
2% HSA, and 5 mg/ml polyethylene glycol in TBS. After the sections
were thoroughly washed and dried, they were counterstained with
1% uranyl acetate in distilled water for 45 minutes. Electron micro-
graphs were captured at 75 kV with a Hitachi H-7700 electron micro-
scope (Hitachi High Technologies America Inc.) equipped with an
AMT Advantage CCD camera.

Morphometric analysis. Morphometric analyses were carried out
using NIH Image] software. For studies in vivo, pixels positive for
CD11b and claudin proteins, MBP, fibrinogen, and IgG immunore-
activity or cells positive for CD4, CD45, Olig2, or GFAP were count-
ed by a blinded observer in projections from cortical or spinal cord
sections. The same number of images was quantified from at least 5
animals per condition per genotype per time point and 5 age- and sex-
matched normal controls unless otherwise indicated, and at least 4
random x10 to x20 fields in 5 sections per animal. Neuronal loss and
myelin loss were quantified using previously published analyses (29);
NeuN- or MBP- pixels were subtracted from the total in each field in
matched projections at x20 magnification using Image]J software, and
data were converted to absolute area.
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Statistics. For multiple comparisons, 1-way or 2-way ANOVA followed
by Bonferroni post-test was used. Student’s ¢ test was used to compare 2
groups of matched samples. In all cases, P less than 0.05 was considered
significant. Data represent mean = SEM.

Study approval. Use of human cultures was discussed by the IRB at
the Icahn School of Medicine at Mount Sinai (ISMMS), and approved as
having exempt status. Studies using mice were approved by the IACUC
at the ISMMS, and adhered to the American Veterinary Medical Associ-
ation guidelines. The ISMMS has an Animal Welfare Assurance on file
with the Office for Laboratory Animal Welfare (Assurance no. A3111-01).
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