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Disruption of the blood-brain barrier (BBB) is a defining and early
feature of multiple sclerosis (MS) that directly damages the central
nervous system (CNS), promotes immune cell infiltration, and in-
fluences clinical outcomes. There is an urgent need for new ther-
apies to protect and restore BBB function, either by strengthening
endothelial tight junctions or suppressing endothelial vesicular
transcytosis. Although wingless integrated MMTV (Wnt)/g-catenin
signaling plays an essential role in BBB formation and mainte-
nance in healthy CNS, its role in BBB repair in neurologic diseases
such as MS remains unclear. Using a Wnt/f-catenin reporter mouse
and several downstream targets, we demonstrate that the Wnt/
p-catenin pathway is up-regulated in CNS endothelial cells in both
human MS and the mouse model experimental autoimmune enceph-
alomyelitis (EAE). Increased Wnt/B-catenin activity in CNS blood ves-
sels during EAE progression correlates with up-regulation of neuronal
Wnt3 expression, as well as breakdown of endothelial cell junctions.
Genetic inhibition of the Wnt/g-catenin pathway in CNS endothelium
before disease onset exacerbates the clinical presentation of EAE,
CD4" T-cell infiltration into the CNS, and demyelination by increasing
expression of vascular cell adhesion molecule-1 and the transcytosis
protein Caveolin-1 and promoting endothelial transcytosis. However,
Whnt signaling attenuation does not affect the progressive degrada-
tion of tight junction proteins or paracellular BBB leakage. These re-
sults suggest that reactivation of Wnt/p-catenin signaling in CNS
vessels during EAE/MS partially restores functional BBB integrity
and limits immune cell infiltration into the CNS.

blood-brain barrier | endothelial cell | Wnt/g-catenin signaling | MS | EAE

n both multiple sclerosis (MS) and its animal model experi-

mental autoimmune encephalomyelitis (EAE), leukocytes in-
filtrate the central nervous system (CNS) across a damaged
blood-brain barrier (BBB) to mediate myelin destruction and
neuronal damage (1). BBB breakdown is a contributing factor to
the pathogenesis of both MS and EAE (2-4). Structural and
functional BBB degradation precedes lesion development in
both MS and EAE (5-9), and focal BBB abnormalities correlate
with clinical exacerbations in the relapsing-remitting form of MS
(10). Moreover, BBB leakage precedes the entry of T cells and
monocytes into the brain parenchyma (7, 11) and coincides with
early infiltration of neutrophils before the onset of EAE (12).
Although the severity of barrier leakage decreases over time for
most relapsing-remitting MS lesions, as assessed by gadolinium-
enhancing magnetic resonance imaging (7, 13-15), whether BBB
recovery is an active process and, if so, which pathways mediate
its repair, remain unclear.

The BBB achieves its highly selective permeability through the
presence of (i) tight junctions (TJs) that prevent paracellular
diffusion of small molecules and immune cells between endo-
thelial cells (ECs), (if) very few endocytotic vesicles that restrict
movement of large molecules through the transcellular pathway,
and (iii) transporters that shuttle select nutrients between the
blood and the brain (3). The junctional transmembrane proteins
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Claudin-3, -5, and -12 and Occludin are expressed at the BBB
and form paracellular pores via extracellular homotypic interac-
tions, with Claudin-5 being essential for barrier function (16-18).
Although sparse, endocytotic caveolae in the CNS endothelium
provide an essential route for receptor-mediated transcytosis (19,
20). This process requires Caveolin-1 (Cav-1), a transmembrane
protein expressed at low levels within CNS blood vessels (21-23).
Cav-1 levels are known to increase during BBB breakdown fol-
lowing ischemic stroke, when enhanced transcytosis initiates BBB
dysfunction (24, 25). Finally, healthy BBB vasculature has low
levels of leukocyte adhesion molecules, such as vascular cell ad-
hesion molecule (VCAM)-1 and intercellular adhesion molecules
(ICAMs)-1 and -2, which are up-regulated on CNS vessels during
EAE/MS to promote T-cell trafficking into the parenchyma (26—
29). Blockade of VCAM-1 interactions with its cognate lympho-
cyte ligand integrin a4 reduces the clinical severity of EAE (30)
and is the basis for MS-modifying therapy with natalizumab (31).

These unique properties of the BBB are formed and main-
tained by the wingless integrated MMTV (Wnt)/p-catenin
pathway. Loss of Wnt/p-catenin signaling in developing blood
vessels disrupts CNS angiogenesis and prevents BBB formation
(32-34). Although Wnt signaling is reduced in CNS blood vessels
once the barrier is fully formed, this pathway is essential to main-
tain barrier properties in the adult CNS (35). Activation of Wnt/
f-catenin signaling has been reported in some neuroinflammatory
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diseases. Disruption of endothelial adherens junctions (AJs) within
active MS lesions releases p-catenin from the plasma membrane
(36) and results in transcriptional activity (37, 38). Moreover, Wnt-
3a and -5a are expressed in the dorsal spinal cord during EAE
(39), and both T-cell factor 4 (Tcf4) and adenomatosis polyposis
coli downregulated 1 (Apcddl), a transcriptional downstream Wnt
target (40, 41), are expressed in subsets of oligodendrocytes in
active MS/EAE lesions (42-45). Despite previous studies dem-
onstrating up-regulation of Wnt signaling components in MS/EAE
lesions, a role for this pathway in the pathogenesis of neuro-
inflammatory diseases remains unclear, because its effect depends
on the specific cell type in which the pathway is active. Activation
in oligodendrocytes suppresses their differentiation and myelina-
tion, and may be detrimental for repair processes within the CNS
(44, 46); however, Wnt signaling in dendritic cells suppresses
neuroinflammation and ameliorates EAE by diminishing Th1/
Th17 immune responses (47).

Despite an essential role for Wnt/p-catenin signaling in BBB
formation and maintenance, and its reported activity in MS/EAE
lesions, whether this pathway plays any role in barrier protection
or repair during neuroinflammation is not clear. We have ex-
amined the activation of Wnt/p-catenin signaling in CNS ECs
during EAE progression, using both a TCF/LEFI1::H2B-eGFP
Wnt reporter mouse (48) and several downstream targets. We
found that Wnt/B-catenin activity is increased in CNS blood
vessels during EAE, and coincides with up-regulation of Wnt-3
and -5a expression, as well as progressive destruction of endo-
thelial junctions. Furthermore, inducible inhibition of this pathway
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in ECs results in clinically exacerbated EAE, increased CD4" T-cell
infiltration into the CNS, enhanced expression of both VCAM-1
and Cav-1, and an increased rate of endothelial transcytosis.
Thus, our findings reveal a previously unknown role for endog-
enous Wnt/p-catenin signaling in partially reversing the BBB
disruption that occurs during MS/EAE and, more importantly,
establish a crucial role for this pathway in reducing immune cell
infiltration during neuroinflammation.

Results

The Wnt/p-Catenin Pathway Is Activated in CNS ECs During EAE. To
investigate whether the Wnt/p-catenin pathway is activated dur-
ing EAE, we used TCF/LEFI::H2B-eGFP Wnt reporter trans-
genic mice that express a fusion of green fluorescent protein
(eGFP) with histone H2B protein under the control of the TCF/
LEF1 response element, a B-catenin transcriptional target (48)
(Fig. 14). These mice allow visualization of Wnt/p-catenin
pathway activation because of their nuclear eGFP expression.
We first confirmed that this strain accurately reports Wnt ac-
tivity in CNS blood vessels during embryonic development. We
quantified the percentage of eGFP* blood vessel nuclei in tho-
racic and lumbar neural tubes at three stages of embryonic de-
velopment, and found that Wnt signaling decreases in CNS
blood vessels from embryonic day (E) 11.5 (~80-90%) to E18.5
(~10-30%) (SI Appendix, Fig. S1), consistent with previous
studies (32-34).

We then immunized TCF/LEFI1::H2B-eGFP reporter mice
with myelin oligodendrocyte glycoprotein peptide (MOG)3s_s5

.. S— Fig. 1. The Wnt/g-catenin pathway is up-regulated
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immunofluorescence) is increased in white matter
thoracic spinal cord ECs (H, red square; B-D, white
arrows) during EAE progression. Wnt reporter ac-
tivity is also increased in ECs in the gray matter of

EAE Score 3
thoracic spinal cords during EAE progression (H, blue
square; E-G, white arrows). Glut-1 (red) labels blood
n Pl vessels, and DAPI indicates nuclei. (/) Quantification

of Wnt reporter activity in thoracic spinal cord ECs
A during EAE progression. Healthy, n = 3; CFA/PTX, n =
6; EAE score 1-3, n = 5. **P < 0.01, ***P < 0.001,
mixed-effects ANOVA. (J-M) In situ hybridization for
Apcdd1 during progression of EAE in thoracic spinal

EAE Score 3

> cords. Apccd1l mRNA levels are increased at EAE
F scores 1 and 3 (red arrows). (N-Q) In situ hybridiza-
® tion for Apcdd1 (red) combined with immunofluo-

rescence for Cav-1 (blood vessel marker; green) in
CFA/PTX controls and EAE score 3. Apcdd1 mRNA is
up-regulated during EAE progression and colocalizes
with Cav-1. (R-U) Immunofluorescence for Sox17
(red), eGFP (green), and Glut-1 (blue) in healthy and
EAE score 3 thoracic spinal cords. Sox17 is up-regu-
lated in the vasculature during EAE, and colocalizes
with eGFP in Wnt reporter mice (white arrows).
(Scale bars: 20 pm; 200 pm in J and K).
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plus complete Freund’s adjuvant (CFA) emulsion combined with
i.v. administration of Bordetella pertussis toxin (49), and quanti-
fied the percentage of eGFP* ECs in both gray and white matter
thoracic and lumbar spinal cords during disease progression. We
observed increased Wnt reporter activity in blood vessels located in
both demyelinated white matter lesions and in the gray matter of
the spinal cord from mice with EAE (Fig. 1 B-I and SI Appendix,
Fig. S2 A-H). The fraction of eGFP* EC nuclei in both thoracic and
lumbar spinal cords increased significantly during peak EAE clinical
scores (~65-70%; scores 2 and 3) compared with either healthy
mice (~35-40%) or CFA plus B. pertussis toxin (CFA/PTx)
control mice (~35-40%) (Fig. 11 and SI Appendix, Fig. S2H; *P <
0.05, **P < 0.01, ***P < 0.001, mixed-effects ANOVA).

We next examined the expression of two downstream Wnt/
B-catenin pathway target genes, Apcddl and sex determining
region Y-box 17 (Sox17) (40, 50), in spinal cords during EAE.
In both vascular and nonvascular cells, expression of Apcddl
mRNA was highly increased by EAE scores 1 and 3 using in situ
hybridization with an antisense DIG-labeled probe (Fig. 1 J-M
and SI Appendix, Fig. S2 I-P). We performed fluorescence in situ
hybridization for Apcddl mRNA combined with immunofluo-
rescence for Cav-1, and confirmed high expression of Apcddl in
CNS vasculature by EAE score 3 (Fig. 1 N-Q), similar to its
vascular expression during development (51). Sox17 expression
also was significantly increased in CNS venules and capillaries
during EAE progression, and colocalized with eGFP in ECs of
the Wnt reporter spinal cords (Fig. 1 R-U). Taken together,
these data demonstrate that the Wnt/p-catenin pathway is reac-
tivated in CNS blood vessels during EAE progression.

Wnt3 Is Up-Regulated in Neurons During EAE. To determine which
Whnt ligands might signal to CNS ECs to activate the pathway
during EAE, we screened several Wnt ligands and Norrin by in
situ hybridization using EAE spinal cord tissue (SI Appendix,
Table S1). Wnt-3 and Wnt-5a¢ mRNAs showed increased ex-
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pression in both the thoracic and lumbar spinal cord with disease
progression (Fig. 2 A-P and SI Appendix, Fig. S3 and Table S1).
Transcripts for Wnt-3, a canonical Wnt/B-catenin pathway acti-
vator (52), were predominantly up-regulated in the gray matter
of the spinal cord during EAE (Fig. 2 A-P), where the majority
of eGFP" ECs were found in Wnt reporter mice as well. Wnt-3
mRNA was not colocalized with the GFAP™ reactive astrocytes,
but was colocalized with the NeuN™ neurons (Fig. 2 Q-T), in-
dicating that Wnt-3 mRNA is up-regulated in neurons during
EAE progression. Wnt-5¢ mRNA, a ligand that typically acts
through noncanonical Wnt signaling but can activate the Wnt/
B-catenin pathway (53), also showed increased gray matter ex-
pression during EAE progression (SI Appendix, Fig. S3 A-D and
Table S1). In contrast, the Wnt-7a and -7b ligands, which pro-
mote CNS angiogenesis and BBB development (32-34), were
either at low levels or absent during EAE (SI Appendix, Fig. S3
E-H and Table S1). Thus, the Wnt-3 and -5a ligands are
expressed concomitantly with increased Wnt signaling activity in
CNS blood vessels during EAE, and may signal to CNS ECs to
activate the pathway.

Progressive Destruction of EC Junctions Correlates with Wnt Signaling
Activation in CNS Blood Vessels During EAE. An alternative mech-
anism of Wnt/p-catenin pathway activation relies on the release
of p-catenin, which has a structural role in AJs between cells
(54), when cell junctions are destroyed (37, 55, 56). Because the
breakdown of AJs and TJs occurs in active MS lesions (57) and
in MOGg;s_ss EAE (58), we collected whole spinal cord lysates
from C57BL/6J mice with EAE and performed Western blot
analyses for various AJ and TJ components, to correlate their
degradation with Wnt signaling activation. Several TJ components,
including Claudin-5, Occludin, and ZO-1, showed markedly de-
creased protein levels during peak EAE (SI Appendix, Fig. S4 A-D).
The AJ protein Cadherin-5 (VE-cadherin) also was significantly
decreased during peak EAE (SI Appendix, Fig. S4E); however,

EAE Score 3

‘ - Fig. 2. Whnt-3is up-regulated in neurons during EAE
;q. 2k - progression. (A-P) In situ hybridization for Wnt3 in
thoracic and lumbar spinal cords from healthy CFA/
PTX controls as well as EAE score 1 and 3 mice. Wnt3
mRNA is highly up-regulated at EAE scores 1 and 3
(G, H, O, and P, red arrows). (Q-T) Fluorescence in
situ hybridization for Wnt3 combined with immu-
nofluorescence for GFAP (astrocytic marker) and
NeuN (neuronal marker). Wnt3 is not expressed in
reactive GFAP™ astrocytes, but is highly up-regulated
in NeuN* neurons at EAE score 3 (S and T, white
arrows). (Scale bars: 200 pm in A-D and /-L; 20 pm in
E-H and M-T.)
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a- and p-catenin levels showed no significant reduction during
EAE progression (SI Appendix, Fig. S4 E-G). These findings con-
firm that the degradation of AJ and TJ structural components peaks
at EAE score 3, when Wnt signaling is most active in CNS blood
vessels, and suggest that putative p-catenin release from degraded
endothelial AJs could promote the transcription of downstream
Whnt/B-catenin pathway targets in CNS blood vessels.

Activation of the Wnt/p-Catenin Pathway Occurs in Blood Vessels of
MS Lesions. We next asked whether activation of canonical Wnt/
B-catenin signaling occurs in the vasculature of MS lesions. We
assessed SOX17 expression by immunohistochemistry in forma-
lin-fixed, paraffin-embedded brain sections from 12 MS patients
and 5 nonneurologic disease controls (SI Appendix, Table S2).
Active lesions exhibited extensive demyelination and perivascular
leukocyte infiltration (Fig. 3 A-C). The majority (93%) of venules
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1&?.; N active multiple sclerosis lesions. (A-C) Immunohisto-
< Eq‘?}é{ 1 chemistry for myelin basic protein (MBP; brown) and
& 4t hematoxylin (blue) within an active lesion. (A) The

lesion edge is indicated by a solid black line.
(B) Higher-magnification view of the boxed region in
A showing few regions with intact myelin (arrow-
heads) and some phagocytic cells with intracellular
myelin (open arrowhead). (C) Higher-magnification
X view of the boxed region in B illustrating extensive
perivascular infiltrate around an inflamed venule.
(D-F) Immunohistochemistry for SOX17 (brown) and

+ 8

e AT = hematoxylin (blue) in adjacent serial sections from
5 the same active lesion depicted in A-C. (F) ECs in the
b inflamed venule exhibit intense SOX17 immunore-

activity (black arrows). SOX17 is also expressed in
some leukocytes. (G) MBP immunohistochemistry in

Ta a chronic silent lesion (hematoxylin; blue). The lesion

G A edge is delineated by a solid black line. (H) SOX17
LN H : immunohistochemistry in the same chronic silent
Negatfve lesion (section adjacent to G). (/) Representative im-

- ages of venular ECs with high and low nuclear
SOX17 expression. (J) MBP immunohistochemistry in
normal-appearing white matter (NAWM) from the
same case as A—F. NAWM has robust MBP expression.
(K and L) SOX17 immunohistochemistry in NAWM
from the same case as in A-F. In NAWM, endothelial
SOX17 expression is either low or absent. (M) Robust
MBP expression in white matter from a non-
neurologic control. (N and O) Minimal SOX17 ex-
pression in white matter from a nonneurologic
disease control. (P) Graph of SOX17 intensity in ve-
nule ECs from human nonneurologic disease control,
MS NAWM, silent and active MS lesions. SOX17 in-
tensity is significantly increased in active lesions
(***P < 0.001) and in silent lesions (**P < 0.01);

Sox17 intensity:
9 3 (High)

= 2 (Moderate) mixed-effects ANOVA compared with nonneurologic
= 1 (Low) disease controls. (Q) Stacked bar graph of SOX17
3 0 (Negative) intensity distribution among groups (n = 6 active

lesions, n = 6 silent lesions, n = 7 NAWM regions, n =
5 nonneurological disease controls) from 12 MS pa-
tients and 5 non-MS donors. (Scale bars: 500 pm in A,
D, and G; 100 pm in E, H, J, K, M, N, and O; 66 pm in
B; 20 um in C, F, I, and L.)

in active lesions contained ECs with varying degrees of SOX17
expression (Fig. 3 D-F, P, and Q). Approximately 73% of venules
showed moderate/high SOX17 expression, and 27% showed
negative/low SOX17 expression (Fig. 3 P and Q). Furthermore,
in chronic silent lesions, defined by demyelination and minimal
perivascular inflammation (Fig. 3G), SOX17 expression was
present in the majority (88%) of venules; ~56% exhibited
moderate/high and 44% negative/low SOX17 expression (Fig. 3
H, I, P, and Q). In contrast, SOX17 expression was low or ab-
sent in normal-appearing white matter from MS patients (Fig. 3
J-L, P, and Q; 12% moderate/high expression, 87% negative/
low expression) and in white matter from five controls (Fig. 3
M-Q; 23% moderate/high expression, 77% negative/low ex-
pression). The mean SOX17 intensity was significantly higher
in active lesions (mean, 1.8; P < 0.001) and in silent lesions
(mean, 1.6; P < 0.01) compared with nonneurologic disease
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white matter (mean, 0.74) (Fig. 3P). These findings indicate that
SOX17, a downstream target of the canonical Wnt/B-catenin
pathway, is reactivated in brain ECs in human MS lesions, similar
to mouse spinal cords with EAE.

We also examined expression of APCDD1 mRNA and protein
in fresh frozen tissues from six MS patients and five non-
neurologic disease controls (SI Appendix, Table S2). APCDD1
protein was present at low levels in lysates from white matter of
control patients with nonneurologic disease, as well as from
normal-appearing white matter from MS patients; however,
APCDD1 protein levels were up-regulated in the majority of
lysates from MS lesions (SI Appendix, Fig. S5 A and B). We next
examined the expression of APCDDI1 mRNA by in situ hybrid-
ization in tissue sections and compared it with CLAUDIN5S mRNA.
White matter from healthy nonneurologic controls and normal-
appearing white matter from MS patients had either absent or low
APCDDI mRNA expression in blood vessels (SI Appendix, Fig. S5
C-F, G, H, K, and L and Table S3); however, APCDDI mRNA was
highly up-regulated in the majority of MS lesions, and two of the six
MS patients had either low or absent APCDDI1 mRNA expression
(SI Appendix, Fig. S5 I, J, M, and N and Table S3). APCDDI
mRNA was expressed predominantly in endothelial cells in a pat-
tern similar to that seen with CLAUDINS; however, there was some
nonvascular APCDD1 expression in MS lesions. Therefore, the
up-regulation of both SOX17 and APCDD1 expression in MS
lesions confirms that the canonical Wnt/pB-catenin pathway is
reactivated in brain ECs in MS lesions.

EC-Specific Inhibition of the Wnt/$-Catenin Pathway Exacerbates EAE.
To establish a role for increased Wnt/p-catenin pathway activity
in ECs during EAE, we crossed a VE-Cadherin::tTA transgenic
strain (59) with a TRE-Axix-IRES-eGFP strain (60) to generate
doubly transgenic (dTg) mice that overexpress the Wnt inhibitor
Axin and eGFP specifically in ECs, in a doxycycline-regulated
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transgenic (dTg; VE-Cadherin tTA*"~; TRE-Axin-IRES-
eGFP*'") healthy mice at 60 d after removal of
doxycycline-containing food. eGFP in blood vessels
(Laminin, red) indicates expression of Axin and eGFP
in dTg mice, but not in sTg mice (white arrows).
(D) Graph showing the fraction of eGFP* ECs in
various CNS regions from dTg healthy mice (n = 3).
(E-H) Immunofluorescence for c-Myc (Myc9E10;
green), Glut-1 (blood vessel marker; red), and DAPI
(nuclei; blue) in sTg mice (E and F) and dTg mice
(G and H). Myc colocalizes with the vascular
marker Glut-1 in dTg mice (G and H; white arrows).
(I and J) Immunofluorescence for p-catenin (green),
Z0-1 (blue), and BSL (blood vessel marker; red) in sTg
and dTg mice. dTg mice have intact junctional
B-catenin expression in ECs that colocalizes with the
TJ protein ZO-1. (Scale bars: 20 pm.)

manner (Fig. 44). We fed the dTg mice with doxycycline during
gestation to repress transgene expression in ECs, thereby
allowing normal development of the BBB. We then removed
doxycycline at birth and assessed the expression of c-myc—tagged
Axin and eGFP in blood vessels of dTg and singly transgenic
TRE-Axin-IRES-eGFP (sTg) mice around postnatal day (P) 60.
eGFP was expressed in ~20-60% of CNS blood vessels depending
on CNS region (~25% of blood vessels are eGFP* in the spinal
cord; Fig. 4 A-D). Moreover, we detected expression of myc-
tagged Axin protein in spinal cord blood vessels in dTg mice (Fig.
4 G and H). In contrast, neither VE-Cadherin::tTA nor TRE-Axin-
IRES-eGFP sTg mice showed eGFP and c-Myc expression in CNS
blood vessels (Fig. 4 B, E, and F). Despite Axin overexpression in
CNS ECs, the levels of various AJ and TJ proteins, as well as sub-
cellular localization of B-catenin and ZO-1, were normal in blood
vessels from healthy mice of both genotypes, suggesting no de-
fects in endothelial junctions (Fig. 4 I-L and SI Appendix, Fig. S6
A-E). Expression of other BBB components, including Cav-1,
Cavin-2, and Glut-1, was similar in sTg and dTg healthy mice (S/
Appendix, Fig. S6 F-H).

We induced EAE in both dTg and sTg littermate controls
between P60 and P75 and collected spinal cords for evaluation at
day 15 postinduction (Fig. 54). We noticed that high proportions
of both sTg and dTg mice did not exhibit any clinical signs of
EAE or had low clinical scores (Fig. 5 B-D). This is likely due to
some residual antibiotic accumulated in the bone that could af-
fect disease outcome, because minocycline suppresses EAE (61),
reducing the expression of LFA-1 in CD4" and CD8* T cells and
immune cell infiltration into the CNS (62). Nonetheless, the
clinical scores for all mice were significantly higher in dTg mice
compared with sTg mice from 12 to 15 d postinduction, including
those that did not exhibit any signs (score 0), were sick (variable
scores), or died during disease (assigned a score of 6.0 from the
day of death) (sTg, n = 38; dTg, n = 32; *P < 0.05, two-way
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standard. AJ and TJ protein levels are not significantly
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repeated-measures ANOVA and Sidak’s multiple-comparison
test) (Fig. 5C). However, in surviving sick mice, dTg mice
exhibited higher (albeit not significantly so) average clinical
scores than sTg mice with EAE (Fig. 5D). A higher proportion of
dTg mice than sTg mice had a clinical score >1.0 (~55%, n = 32
vs. ~30%, n = 38; *P < 0.05, Pearson y* test) (Fig. SE). In ad-
dition, dTg mice had a significantly higher death rate compared
with sTg mice during the course of EAE (~25% vs. ~5%; *P <
0.05, log-rank Mantel-Cox test) (Fig. 5 B and F).

We examined whether Wnt signaling activation was inhibited
in dTg mice compared with sTg mice with EAE. We analyzed
Apcddl mRNA expression by in situ hybridization in C57BL/6
CFA/PTX controls as well as C57BL/6 score 3 sTg and dTg EAE
score 3 spinal cords. Apcddl mRNA levels were reduced in
spinal cords of dTg EAE mice compared with either sTg EAE
mice or C57BL/6 score 3 mice, and were similar to those in wild-
type CFA/PTX mice (SI Appendix, Fig. S7 A-D). In addition, the
proportion of Sox17" ECs was lower in dTg mice compared with
sTg mice with EAE (15 vs. 35%; *P < 0.05, Student’s ¢ test) (S
Appendix, Fig. ST E-G). These results suggest that inhibiting the
endothelial Wnt/B-catenin pathway activity during EAE progression
significantly worsens the clinical outcomes of the disease.

EC-Specific Inhibition of the Wnt/p-Catenin Pathway Does Not
Influence Structural or Functional Paracellular BBB Breakdown
During EAE. To assess the effect of EC-specific inhibition of the
Whnt/B-catenin pathway on structural and functional BBB prop-
erties during EAE, we collected whole spinal cord lysates from
sTg and dTg mice at 15 d postinduction for Western blot anal-
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ysis. We first analyzed the differences between AJ and TJ
components that are essential to prevent paracellular movement
of blood components into the CNS. Several junctional proteins,
including Cadherin-5, p-catenin, Claudin-5, Occludin, and ZO-1,
showed no significant differences in the two genotypes un-
dergoing EAE (Fig. 5G and SI Appendix, Fig. S77). We then
administered the low molecular weight tracer 5-(and-6-) tetra-
methylrhodamine biocytin (biocytin-TMR; 869 Da) iv. to sTg
and dTg mice with similar EAE clinical scores and measured
tracer fluorescence intensities in the spinal cord to assess dif-
ferences in paracellular BBB permeability (24, 63). We found
comparable amounts of tracer in the spinal cords from sTg and
dTg mice with EAE, whereas the tracer was absent from the
CNS tissue of sTg CFA/PTX control mice (Fig. 5 H-J and N).

We obtained similar results for leakage of plasma fibrinogen
across the damaged BBB in sTg and dTg mice with similar EAE
scores (Fig. 5 K-M and O). Therefore, this analysis confirms our
finding that AJ and TJ protein levels did not differ between sTg
and dTg mice with EAE. Overall, these findings indicate that
inhibition of Wnt signaling in ECs during EAE has very little
effect on the pathological breakdown of paracellular endothelial
barrier regulated by EC junctions.

EC-Specific Inhibition of Wnt/g-Catenin Signaling Promotes Up-
Regulation of Immune Cell Adhesion and Transcytosis Proteins in
Blood Vessels. The clinical exacerbation of EAE in dTg mice com-
pared with sTg mice, along with their higher death rate (Fig. 5 B-F),
prompted us to examine the presence and distribution of CD4* T
cells at the peak of the disease (15 d postinduction). At that time,
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Fig. 6. EC-specific inactivation of the Wnt/p-catenin pathway increases immune cell infiltration into the CNS and demyelination by inducing expression of
immune cell adhesion molecules. (A-C) Immunofluorescence and quantitation for CD4* T cells in thoracic spinal cords from sTg and dTg mice with EAE. dTg
EAE mice have increased CD4* T-cell CNS infiltration compared with sTg EAE controls (A and B, white arrows; C, sTg, n = 11; dTg, n = 9). *P < 0.05, Student’s t
test with unequal variance. (D—F) Immunofluorescence for myelin (fluoromyelin) and quantitation of fractional myelinated area in thoracic spinal cords from
sTg and dTg mice with similar EAE scores. sTg EAE mice display significantly increased myelination compared with dTg EAE mice (D and E, white arrows; F, sTg,
n=11:dTg, n = 8). *P < 0.05, Student’s t test with unequal variance). (G-L) Immunofluorescence for VCAM-1 (red), Glut-1 (blood vessel marker; green), and
DAPI (nuclei; blue) in sTg and dTg EAE mice at thoracic spinal cord levels. VCAM-1 is highly expressed in blood vessels of dTg EAE mice (/ and J, white arrows).
(K) Fraction of VCAM-1* blood vessels in thoracic spinal cords of sTg and dTg EAE mice. VCAM-1 is significantly elevated in dTg mice during EAE. sTg, n=7;
dTg, n = 7. **P < 0.01, Student’s t test with unequal variance. Bar graphs represent mean + SEM. (Scale bars: 200 pm in A, B, D, and E; 20 pm in G-J.)

CD4" T cells were three times more abundant on average at both
the thoracic and lumbar spinal cord levels in dTg mice compared
with sTg mice with EAE (Fig. 6 A-C and SI Appendix, Fig. S8 A-C).
We also assessed the extent of demyelination in sTg and dTg EAE
mice by fluoromyelin staining. dTg mice had a lower percentage of
myelinated area within the spinal cord white matter compared with
sTg littermates undergoing active EAE, which was more pro-
nounced in lumbar regions with a more severe pathology (*P <
0.05, unpaired two-tailed # test) (Fig. 6 D-F and SI Appendix, Fig. S8
D-F). Therefore, both infiltration of CD4* T cells in the spinal cord
and demyelination are more extensive in dT'g mice compared with
sTg mice with EAE at 15 d postinduction.

Because canonical Wnt signaling suppresses VCAM-1 in bone
marrow stromal and hematopoietic cells (64, 65), we tested
whether the increased infiltration of CD4* T cells in dTg mice
with EAE could be due to derepression of VCAM-1 in ECs. We
performed immunostaining for VCAM-1 and ICAM-1 in tho-
racic and lumbar spinal cords of sTg and dTg EAE mice, and
quantified the proportions of VCAM-1" and ICAM-17 vessels.
dTg EAE mice showed a ~1.8- to 2.0-fold increase in the pro-
portion of VCAM-1* blood vessels compared with sTg EAE
mice (Fig. 6 G-K and SI Appendix, Fig. S8 G-K), whereas
ICAM-1 levels were unchanged (SI Appendix, Fig. S9).

Finally, we measured the levels of caveolar proteins, which
regulate transcellular BBB leakage and provide a route for mi-
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grating myelin-specific T cells into the CNS (66) via endothelial
caveolae (67-70). We compared Cav-1 and Cavin-2 levels be-
tween sTg and dTg EAE mice using quantitative Western blot
analysis (LI-COR), and found a ~50% increase in Cav-1 levels
(Fig. 7 A and B). We then measured the leakage of albumin-
Alexa594, a 66-kDa protein that can undergo caveolar trans-
cytosis, in sTg and dTg EAE mice at day 15 postinduction. We
used confocal microscopy to assess endothelial-associated albu-
min (representative of endocytosis) as well as parenchymal-
associated albumin, as described previously (24). We found that
endothelial-associated albumin was significantly increased in dTg
EAE mice compared with sTg EAE mice in lumbar spinal cords
(Fig. 7 C-H and SI Appendix, Fig. S10). These results are con-
sistent with a role for Wnt signaling in suppressing transcellular
BBB permeability (32-34). Overall, our findings suggest that
counteracting Wnt activation in ECs during EAE increases
VCAM-1 and Cav-1 expression to promote both adhesion of
CD4* T cells to blood vessels and their migration into the CNS.

Discussion

A Role for Endothelial Wnt/g-Catenin Pathway in EAE/MS Pathology.
It is now well established that robust but transient activation of
the Wnt/B-catenin pathway in CNS blood vessels is essential for
BBB formation (32-34). Although Wnt/p-catenin signaling ac-
tivity declines in mature CNS vessels, it is essential for maintaining

Lengfeld et al.
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EC-specific inactivation of the Wnt/-catenin pathway increases expression of Cav-1 and endothelial endocytosis. (A and B) Fluorescence Western blots

and quantitation for Cav-1 and Cavin-2 transcytosis regulators, with p-actin as a loading control. Cav-1 is significantly higher in dTg EAE mice compared with
sTg EAE mice, whereas Cavin-2 levels are similar in the two strains. sTg, n = 4; dTg, n = 3. *P < 0.05; Student'’s t test with unequal variance. (C-F) BBB leakage of
i.v.-infused albumin-Alexa594 (red) in lumbar spinal cord sections from sTg (C and D) and dTg (E and F) mice with EAE at day 15 postimmunization. The
vascular marker Glut-1 (green) labels endothelial cells, and DAPI (blue) shows nuclei. (G and H) Bar graphs of the fraction of endothelium-associated or
parenchyma-associated albumin traversing the BBB in the lumbar spinal cord. Each dot represents the mean of multiple fields from a single animal. sTg, n = 8;
dTg, n = 8. Bar graphs show mean + SEM. *P < 0.05, two-sided t test. (Scale bars: 20 pm.) (/ and J) Schematic diagram summarizing the roles for Wnt signaling
in CNS ECs during EAE/MS. In the absence of Wnt ligands, inflammatory cytokines present in the CNS promote high expression of both Cav-1, which regulates
endothelial transcytosis, and VCAM-1, which promotes interaction of immune cells with CNS blood vessels. Activation of Wnt/g-catenin signaling in ECs at the

peak of EAE inhibits expression of Cav-1 and VCAM-1, two factors that contribute to reduced infiltration by CD4* T cells into the CNS.

the adult BBB (35, 71, 72). Here we provide in vivo evidence that
the Wnt/B-catenin pathway becomes highly activated in CNS
endothelium during both EAE and human MS during the course
of disease progression. Activation of Wnt signaling in spinal cord
blood vessels during EAE correlates with the expression of two
ligands, Wnt-3 and Wnt-5a, in the gray matter of the spinal cord,
as well as with the disruption of endothelial cell junctions. Be-
cause Wnts have a restricted capacity for diffusion within the tis-
sue (73), we infer that B-catenin transcriptional activity in blood
vessels is mediated via a ligand-dependent mechanism originating
in the gray matter, as well as a putative ligand-independent
mechanism owing to the liberation of p-catenin from damaged
endothelial cell junctions in demyelinated white matter, including
active MS lesions (74).

Lengfeld et al.

Why is Wnt signaling activated in blood vessels during neu-
roinflammation? We hypothesize that pathway reactivation in
the CNS endothelium during EAE/MS either partially protects
or restores some barrier properties of blood vessels. Consistent
with this hypothesis, mice in which we specifically inhibited Wnt
signaling in ECs exhibited more severe clinical EAE with in-
creased mortality, greater infiltration of CD4™ T cells into the
CNS and more drastic myelin loss. During development, the
Whnt/B-catenin pathway stabilizes endothelial AJs and TJs, de-
creases transendothelial vesicular trafficking, and induces spe-
cific transporters for the delivery of essential nutrients to the
CNS (32-34). In contrast to its developmental functions, Wnt
activation in CNS blood vessels during EAE progression does
not prevent the degradation of endothelial junctional proteins or
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reduce the paracellular barrier permeability. However, Wnt
signaling reduces Cav-1 expression and endothelial endocytosis
(Fig. 7 I and J), consistent with its function during embryonic
development (33). Furthermore, Wnt/p-catenin activity in CNS
ECs significantly reduces the expression of VCAM-1 (Fig. 7 I
andJ), similarly to its function in hematopoietic and stromal cells
at that niche (64, 65).

Transcellular permeability via vesicles enriched in Cav-1 and
adhesion molecules (e.g., VCAM-1) has been proposed to me-
diate the trafficking of both cellular and noncellular blood
components across the damaged BBB in neuroinflammation
(75). Our findings establish that Wnt/p-catenin pathway activa-
tion in CNS ECs during EAE suppresses EC adhesion molecule
expression and caveolar transport (Fig. 7), thus recapitulating a
subset of the roles of Wnts in barrier maturation. One reason
that the activation of Wnt signaling has little effect on AJ and
TJs in blood vessels during EAE/MS could be the presence of
inflammatory and hypoxic molecules in the CNS (76, 77). In-
flammatory cytokines such as TNF-a that are abundant in the
EAE/MS environment (78), coupled with secretion of VEGF-A
or TYMP from astrocytes (79-81), may drive disintegration of
endothelial junctions and block the ability of Wnt signaling to
restore junctional proteins within the CNS endothelium.

Is activation of the Wnt/B-catenin pathway a feasible trans-
lational target for MS therapies? In human MS lesions, pathway
activity is detected not only in CNS ECs (Fig. 4 and SI Appendix,
Fig. S5), but also in oligodendrocytes (82). The Wnt/p-catenin
pathway has pleiotropic roles in oligodendrocyte maturation and
myelination (83), and transient expression of TCF4 in oligo-
dendrocytes soon after cell cycle exit promotes their maturation
and myelination (43). Likewise, APCDD1 also promotes oligo-
dendrocyte maturation (44). However, because APCDD1 is both
a target and an inhibitor of the Wnt pathway (40), it is difficult to
discern its promyelinating or antimyelinating roles within the
CNS. Wnt/p-catenin activity also regulates adaptive immune
responses. Targeted deletion of LRP5/6 in dendritic cells sup-
presses EAE by inhibiting Th1/Th17 helper T-cell differentiation
(47). Moreover, pretreatment with the f-catenin agonist SKIL.2001
reduces the severity of EAE and CD4" T-cell infiltration into the
CNS (47). This indicates that at an organismal level, the protective
effect of the Wnt/B-catenin pathway supersedes any deleterious
effect on oligodendrocyte maturation in the MOG;s.ss EAE
model. It remains to be determined whether this also holds true in
various forms of MS disease, some of which have shown greater
potential for remyelination (84).

Our findings suggest that at least part of a protective effect for
pharmacologic activation of the Wnt/B-catenin pathway in the
MOGs;s_ss EAE animal model in vivo (47) can be attributed to
its action within CNS ECs, to partially restore the function of the
damaged BBB (transcellular transport) and reduce immune cell
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infiltration in the CNS. Therefore, pharmacologic activation of
Whnt signaling could be a potential disease-modifying treatment
in MS. Because BBB breakdown is a component of many neu-
rologic disorders (3), it may be worthwhile to examine a role for
Whnt signaling at the barrier in such diseases.

Materials and Methods

Detailed descriptions of the materials and methods used in this study are
provided in S/ Appendix, Materials and Methods. All experimental proce-
dures were approved by the local Institutional Animal Care and Use Com-
mittees and Institutional Review Boards.

Wild-type C57BL/6J, TCF/LEF::H2B-eGFP reporter (48), VE-Cadherin::tTA
(59), and TRE-Axin-IRES-eGFP (60) strains were purchased from the Jackson
Laboratory. Doxycyline was administered to pregnant dams where in-
dicated. EAE was induced in female mice with MOG3s_ss. Clinical signs of
EAE were scored as follows: 0, no signs; 1, completely flaccid tail; 2, hind limb
paresis; 3, hind limb paralysis; 4, hind limb and forelimb paralysis; 5, mori-
bund (85, 86). Patient tissue specimens (S/ Appendix, Table S2) were pro-
vided by CS.R. (Albert Einstein College of Medicine; IRB #89-31) and the
Human Brain and Spinal Fluid Resource Center, VA West Los Angeles
Healthcare Center, which is sponsored by the National Institute of Neuro-
logical Disorders and Stroke /National Institute of Mental Health, the Na-
tional Multiple Sclerosis Society, and the Department of Veterans Affairs
(D.A.; IRB #AAAQ7343).

Paraffin-embedded brain tissues were used to assess SOX17 expression.
Fluorescence Western blot analysis and quantitation was performed as de-
scribed in S/ Appendix, Materials and Methods. PFA-fixed cryosections were
immunostained and imaged with an LSM700 confocal microscope as de-
scribed in S/ Appendix, Materials and Methods. In situ hybridizations were
performed using DIG-labeled riboprobes for mouse Wnt-1, -3, -3a, -4, -5a,
-7a, -7b, -9a, and -11b; Norrin; and Apcdd1 and human CLAUDIN-5 and
APCDD1 in fresh frozen samples as described in S/ Appendix, Materials and
Methods and Tables S1 and S3. EAE mice received i.v. injections of 1% bio-
cytin-TMR or albumin-Alexa594 (Life Technologies) at 30 min before para-
formaldehyde perfusion. Tissues were processed as described in S/ Appendix,
Materials and Methods. Images were uniformly thresholded in Fiji, and areas
above the threshold were defined as leaky (24). Statistical analyses are de-
scribed in SI Appendix, Materials and Methods.
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