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Molecular mechanisms that determine lesion localization or pheno-
type variation in multiple sclerosis are mostly unidentified. Although
transmigration of activated encephalitogenic T cells across the blood—
brain barrier (BBB) is a crucial step in the disease pathogenesis of CNS
autoimmunity, the consequences on brain endothelial barrier integrity
upon interaction with such T cells and subsequent lesion formation
and distribution are largely unknown. We made use of a transgenic
spontaneous mouse model of CNS autoimmunity characterized by
inflammatory demyelinating lesions confined to optic nerves and spi-
nal cord (OSE mice). Genetic ablation of a single immune-regulatory
molecule in this model [i.e., B7-homolog 1 (B7-H1, PD-L1)] not only
significantly increased incidence of spontaneous CNS autoimmunity
and aggravated disease course, especially in the later stages of dis-
ease, but also importantly resulted in encephalitogenic T-cell infiltra-
tion and lesion formation in normally unaffected brain regions, such
as the cerebrum and cerebellum. Interestingly, B7-H1 ablation on my-
elin oligodendrocyte glycoprotein-specific CD4™ T cells, but not on
antigen-presenting cells, amplified T-cell effector functions, such as
IFN-y and granzyme B production. Therefore, these T cells were ren-
dered more capable of eliciting cell contact-dependent brain endo-
thelial cell dysfunction and increased barrier permeability in an in
vitro model of the BBB. Our findings suggest that a single immune-
regulatory molecule on T cells can be ultimately responsible for
localized BBB breakdown, and thus substantial changes in lesion
topography in the context of CNS autoimmunity.
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ultiple sclerosis (MS) is the most common chronic in-

flammatory demyelinating disease of the CNS. Disease
pathogenesis is initiated by peripheral activation of autoimmune
T lymphocytes by yet unknown mechanisms, followed by T-cell
expansion and subsequent migration across the complex structure
of the blood-brain barrier (BBB). Within the CNS, entry of this
first wave of T cells elicits recruitment of other immune cells, which
together evoke a local inflammatory process ultimately resulting in
demyelination, as well as axonal and neuronal damage (1). Several
histological MS subtypes have been described with regard to lesion
distribution and cellular composition (2). The reasons underlying
distinct lesion development at different anatomical sites still remain
however largely elusive: Some authors have proposed that the na-
ture and expression pattern of the target autoantigen might play a
role (3, 4). Others have observed an influence of the HLA complex
and its role in shaping antigen presentation, thus suggesting that
T-cell antigen specificity might impact the location of inflammation
(5). Additionally, T-cell polarization into distinct T helper subtypes,
as well as their expression pattern of chemokine receptors and
adhesion molecules, has been implicated in determining the lo-
calization of inflammatory lesions within the CNS (6-8).
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With respect to the very onset of lesion development, imaging
techniques have revealed that a local dysregulation of the BBB
integrity already precedes lesion formation (9, 10). Moreover, in a
recent study, Maggi et al. observed an association between early
changes in BBB permeability and perivascular inflammatory cuffing
(11). However, the mechanisms causing local BBB dysfunction as
an initial step in MS lesion formation still remain to be resolved.

Animal models of CNS autoimmunity, especially the models
of experimental autoimmune encephalomyelitis (EAE), have
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immunoregulatory molecule on T cells, B7-homolog 1 (B7-H1),
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pathogenic T cell responses in MS.
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been of great value in elucidating crucial steps in disease patho-
genesis. Up to now, a broad range of different models with distinct
features have been available, the most commonly used of them
induced by immunization of susceptible rodents with myelin anti-
gens or adoptive transfer of highly activated myelin-reactive T cells.
However, these models are of limited value for studying the very
first steps of disease initiation and lesion development, mainly due
to their dependence on microbial adjuvants for artificial breakdown
of tolerance and promotion of BBB disruption (12-14). During the
last years, novel models of spontaneous CNS autoimmunity have
been developed by crossing myelin-specific T-cell receptor (TCR)
transgenic mice and myelin-specific Ig heavy chain knock-in mice
(3, 15). The offspring of those mice are characterized by sponta-
neous development of a severe form of EAE. Lesions here are
confined to the spinal cord and optic nerves, making this model an
interesting tool for further investigation of the determinants of le-
sion development and lesion distribution under “homeostatic”,
non-vaccine-depending immune-regulatory conditions.

We investigated the hypothesis whether and how genetic modi-
fication of single immune-regulatory molecules could influence le-
sion distribution and phenotype variation in genetically susceptible
hosts. We thus used the opticospinal EAE (OSE) model and ge-
netically modulated an immune-regulatory molecule, B7-homolog 1
(B7-H1). Absence of B7-H1 increased incidence of spontaneous
CNS autoimmunity and aggravated disease course. Importantly,
B7-H1 ablation on T cells, but not on antigen-presenting cells
(APCs), enhanced their capacity to elicit brain endothelial cell (EC)
dysfunction in a cell contact-dependent fashion in an in vitro model
of the BBB and increased BBB permeability both in vitro and in
vivo. Our findings suggest that single immune regulatory molecules
that alter the activation status of encephalitogenic T cells can in-
fluence lesion distribution, which is associated with an altered ca-
pacity of these cells to elicit transient focal EC dysfunction and
barrier dysfunction as essential steps for lesion development.

Results

Ablation of B7-H1 Increases Disease Incidence and Severity in OSE
Mice Associated with Altered Lesion Distribution. To assess the
relevance of B7-H1 in the context of spontaneous CNS autoim-
munity, we generated mice that both lack B7-H1 on all cells and
harbor myelin oligodendrocyte glycoprotein (MOG)-specific T-cell
receptor (TCR) transgenic T cells as well as MOG-specific Ig heavy-
chain transgenic B cells on a C57BL/6 background (B7-H1¥° x
TCRMOC x 1gHMOC, for simplification named OSEX®). As
described in the literature, double transgenic TCRM©Y x IgHMO¢
mice (here named OSEY" mice) develop spontaneous inflammatory
demyelinating lesions in the spinal cord and the optic nerve, with an
average disease incidence of ~50 to 70% (3). Strikingly, additional
lack of B7-H1 in these mice resulted in a highly significant increase
in disease incidence, resulting in a nearly 100% disease pene-
trance (93% in OSEX® mice compared with 69% in OSE™T mice)
(Fig. 14). Moreover, OSEX® mice exhibited an aggravated disease
course, especially in later disease stages, as reflected by a highly
significant change in the median survival from 103 d in OSE™" mice
to 72 d in OSE*® mice (Fig. 1B). These profound differences in
disease severity have been observed in two independent cohorts of
mice encompassing more than 215 mice per group (Fig. S1 and
Table S1). However, early disease course was only slightly aggra-
vated in OSEX® mice (Fig. 1C). Interestingly, quantitative histo-
logical analysis of spinal cord infiltrates from score-matched
12 OSE™T mice and 10 OSEX® mice (mean score 5.75) did not
reveal any alterations with regard to the size of the inflamed area
and leptomeningeal infiltrates, as well as T-cell numbers in spinal
cord leptomeninges and parenchyma (Fig. 1 D and E). In con-
trast to that finding, detailed histological analysis of other brain
regions classically spared in this animal model (3) revealed a
significant increase in T-cell infiltrates within the cerebellum and
brainstem regions in OSEX® mice compared with OSE™" mice
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and the presence of T-cell infiltrates in the cerebrum of 8 out of 10
OSEX® mice compared with 1 out of 12 OSEY" mice (Fig. 1E,
Bottom). Together, these data indicate that OSEX? mice exhibit
an enhanced disease severity at later stages, resulting in increased
mortality combined with inflammatory lesion development in re-
gions normally spared in this model.

A detailed analysis of these brain infiltrates in OS mice
further revealed only a few T cells within the choroid plexus and
leptomeninges and a clear predominance of T-cell infiltrates
within the perivascular areas (Fig. 1F). These T-cell infiltrates
did not contain CD8" T cells (Fig. S24). Our histological find-
ings were accompanied by significantly increased numbers of
CNS infiltrating CD4™ T cells in the cerebellum and brainstem of
OSEX® compared with OSE™™T mice. This finding was also de-
termined by quantitative flow cytometry at the very early stage of
disease (Fig. 2B) whereas CD4" T-cell numbers in spinal cord
and optic nerves—the classical predilection sites of CNS in-
flammation in this model—were again not different between
OSEX® and OSE™T mice at this time point (Fig. 2B). There was
a trend toward increased CD4* T-cell numbers in the cerebrum
of OSEX® mice compared with OSEYT mice; however, this trend
did not reach statistical significance, probably due to the overall
low number of isolated immune cells from this large brain area.
Of note, frequencies of MOG-specific transgenic CD4* T cells
were not different in OSEX® mice compared with OSE™T mice,
and these transgenic T cells accounted for more than 90% of all
CD4" T cells in both strains (Fig. 24). Further flow cytometric
analysis of cerebellum and brainstem areas, as well as spinal
cords, revealed no differences in numbers of infiltrating CD8*
T cells and FoxP3* regulatory T cells but a slight increase in B cells
and myeloid cells in the cerebellum/brainstem of OSEX® mice,
without any differences in spinal cords (Fig. 2C and Fig. S2C).
Together, these data suggest that altered lesion topography in
OSEX® mice is driven by MOG-specific CD4* T cells, with a
concomitant rise in other non-T-cell subpopulations, such as
B cells and myeloid cells.

EKO

Ablation of B7-H1 on T Cells Augments T-Cell Effector Functions.
Based on our findings so far, we next characterized MOG-specific
CD4* T-cell responses in the periphery of OSEX® compared with
OSEWT mice with established disease (score-matched mice with a
mean score of 4). Also, in these score-matched mice, the frequency
of MOG-specific transgenic T cells within the CD4" T-cell population
was not altered (Fig. 34). However, discased OSE*® mice exhibited
significantly increased lymph node cell numbers, as well as abso-
lute numbers of MOG-specific CD4™ T cells within lymph nodes,
compared with OSE™" mice (Fig. 34), suggesting a pronounced
expansion of autoreactive T cells in the peripheral immune compart-
ment of OSE mice lacking the immune-inhibitory molecule B7-H1.
Along these lines, absolute numbers of cytokine and granzyme
B-producing MOG-specific CD4" T cells were significantly in-
creased in the lymph nodes of OSEX® compared with OSE™ ' mice
(Fig. 3B), which was observed for a broad range of effector mol-
ecules (including IFN-y, granzyme B, TNF-a, GM-CSF, IL-2, and
IL-17A), indicating that there is no shift in T helper-cell polar-
ization in OSEX® mice (Fig. 3B). Percentages of effector molecule-
producing MOG-specific T cells within the CD4* T-cell population,
as well as effector molecule production on a per cell basis
assessed by mean fluorescence intensity (MFI), were not altered
in OSEX® mice (Fig. S3 B and C).

Along these lines, we also observed an increase in absolute
numbers of MOG-specific CD4* T cells in brains of score-
matched OSEX® compared with OSE™" mice (Fig. 3C) and, ac-
cordingly, an increase in absolute numbers of MOG-specific
T cells expressing IFN-y and granzyme B (Fig. 3C) whereas
percentages of transgenic T cells producing these effector mol-
ecules were again unchanged (Fig. S3 D and E). Together, these
data indicate that OSE®® mice exhibit enhanced quantitative but
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Fig. 1. B7-H1 restricts spontaneous CNS autoimmunity and prevents T-cell infiltration into the brain of sick OSE mice. (A) Percentages of OSEY" and OSE*® mice
that spontaneously developed EAE symptoms over a period of 12 wk after birth. Forty-five OSEVT and 57 OSEX® mice were analyzed. (B) Survival of 246 OSE™T
and 216 OSEX® mice was monitored over a period of 140 d after birth. Mice were recorded as dead when they reached the clinical score 5.5 or higher; mice
eliminated for reasons unrelated to disease course (all with score below 5.5) were censored (indicated by vertical ticks). (C) Clinical scores of 18 OSE™™ and 18
OSEX® mice until 70 d of age. (D-F) Immunohistochemical analysis of T-cell infiltration in different CNS regions of 12 OSEWT and 10 OSE® mice (score-matched,
mean clinical score 5.75). (D) Representative images of T-cell infiltrates in the spinal cord, corpus callosum, and cerebellum, as indicated. (E) Quantification of the
extent of inflammation and T-cell infiltration in the spinal cord parenchyma and leptomeninges, as indicated (Top and Middle); semiquantitative scores of T-cell
infiltration in the cerebellum and brainstem, and in the cerebrum (Bottom). (F) Representative images of T-cell infiltration in different brain areas of OSEVT and
OSEX° mice. (D and F) T cells are indicated by arrowheads. The asterisk in F indicates a postcapillary venule. (Scale bars: D, spinal cord, 200 pm; corpus callosum,
100 pm; cerebellum, 200 um; F, 100 um.) (E) Each data point represents one mouse. (A and B) Log-rank (Mantel-Cox) test. (C) Two-way ANOVA with Bonferroni
correction for multiple comparisons. (E) Unpaired, two-tailed Student's t test. *P < 0.05; ***P < 0.001; ns, not significant.

not qualitative MOG-specific CD4* effector T-cell responses  enhanced T-cell responses reflected by increased IFN-y production
both in the periphery and in the brain. These differences were  aswell as augmented T-cell expansion (Fig. 4 C and D and Fig. S4B).
not caused by differences in disease severity because score-matched ~ Of note, WT T cells also displayed an enhanced IFN-y production
mice were used for analysis. in the presence of a neutralizing antibody against B7-H1 (Fig. 4FE).

We next went on to evaluate how lack of B7-H1 might affect  Evaluation of other key proinflammatory cytokines revealed that
initial T-cell activation as a first putative step in disease patho-  increased cytokine production by B7-HI¥C T cells was basically
genesis. Based on the well-known role of B7-H1 on APCs in  confined to IFN-y because levels of IL-2, TNF-a, GM-CSF, and
control of T-cell activation and T-cell-mediated autoimmunity  IL-17A remained unchanged, thus indicating that also in vitro there
(16-18), we performed coculture assays using MOG-specific B cells ~ was no shift in T helper-cell polarization in the absence of B7-H1
from Th mice as APCs and MOG-specific CD4* T cells from 2D2  (Fig. 4F and Fig. S4D). Moreover, detailed analysis of a broad range
mice. Surprisingly, lack of B7-H1 on antigen-presenting B cells did ~ of T-cell activation markers, as well as costimulatory molecules, did
not result in enhanced T-cell activation as evaluated by quantifica- not reveal any differences between naive, as well as activated,
tion of IFN-y production (Fig. 44) and T-cell expansion (Fig. 4B).  B7-H1%° T cells compared with WT T cells (Fig. 4 G and H and
In sharp contrast, lack of B7-H1 on T cells resulted in significantly =~ Fig. S4D). Along these lines, the activation status of B cells upon
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Fig. 2.

B7-H1 limits T-cell infiltration in the cerebellum and brainstem of OSE mice at disease onset. (A) Frequencies of MOG-specific CD4"* T cells (percent of

CD3*CD4") in the lymph nodes, spleen, and brain, as determined by flow cytometry. (B) Absolute numbers of CD4* T cells in different CNS regions of OSE"™
and OSEX® mice at disease onset (mean age 28 d), as determined by flow cytometry and using cell-counting beads. (C) Absolute numbers of immune cells (as
indicated) in the cerebellum and brainstem of OSEY'" and OSEX® mice at disease onset (mean age 32 d), determined by flow cytometry and using cell-counting
beads. Each data point represents one mouse. Unpaired, two-tailed Student’s t test. *P < 0.05; **P < 0.01; ns, not significant.

interaction with either B7-HI™" or B7-H1¥° T cells was not
differentially affected (Fig. S4E). In contrast, activated B7-H1X°
T cells produced significantly increased numbers of cytotoxic
molecules, such as granzyme A and granzyme B, compared with
WT T cells (Fig. 41). Taken together, lack of B7-H1 on T cells
results in enhanced proinflammatory and lytic effector functions
such as IFN-y and granzyme A and B production upon T-cell
activation.

Lack of B7-H1 on T Cells Augments Their Capacity to Elicit Brain
Endothelial Barrier Dysfunction and Increased Permeability. After
having demonstrated that lack of B7-H1 doesn’t alter peripheral
T-cell polarization but increases T-cell effector functions, we asked
whether B7-H1X© T cells might exhibit an enhanced capacity to
penetrate the endothelial barrier compared with B7-H1-competent
T cells. To this end, we investigated whether B7-H1 ablation on
T cells affects mouse brain microvascular endothelial cell (MBMEC)
barrier properties upon coculture of brain endothelial cells with
T cells by assessing changes in transendothelial electrical resistance
(TEER). First, TEER was not affected upon interaction of naive
CD4* T cells with brain endothelial cells. Activated T cells, however,
exhibited a distinct capacity to affect barrier integrity, as reflected by
a significant decrease in TEER (Fig. 54). Importantly, this drop in
TEER was significantly more pronounced upon interaction with B7-
HI1%© T cells (Fig. 54), which was associated with a persistent in-
crease in capacitance (Fig. 54), as well as enhanced MBMEC
monolayer permeability to small (dextran-fluorescein) as well as
larger molecules (dextran-Texas Red) (Fig. 5B), thus illustrating a
relevant decrease in endothelial barrier integrity. Further experi-
ments revealed that T-cell-endothelial cell contact is required and
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decisive for this effect because supernatants derived from activated
CD4* T cells were not sufficient to affect TEER and capacitance in
this setup (Fig. 5C). Delivery of a strong immune-inhibitory signal to
activated CD4" T cells via use of a B7-H1-Ig fusion protein (16) was
capable of abrogating T-cell-mediated disturbance of endothelial
barrier integrity (Fig. 5D), suggesting that the strength of T-cell
activation, shaped by the balance between costimulatory and
coinhibitory signals, directly influences their capacity to impair
endothelial barrier function upon contact.

Further experiments revealed that neutralization of IFN-y was
partially effective in restoring TEER upon interaction with acti-
vated CD4" T cells. This restoration was even less pronounced
using B7-H1¥C T cells (Fig. SE), indicating that IFN-y is involved
but doesn’t act as the crucial part of T-cell-mediated endothelial
cell dysfunction. In sharp contrast, interference with granzyme
function using granzyme B inhibitor II was capable of completely
restoring TEER in the presence of both WT and B7-H1¥° T cells
(Fig. 5F and Fig. S5B), indicating that these activated T cells indeed
elicit endothelial barrier dysfunction via granzyme-mediated, cell
contact-dependent endothelial barrier damage in vitro. Following
this line, we wanted to further address the link between granzyme B
production by activated CD4" T cells and endothelial cell damage
by performing coculture assays of preactivated CD4* T cells and
MBMECs. Interestingly, granzyme B production by CD4™ T cells
was significantly enhanced upon coculture with brain endothe-
lial cells, and this increase was much more pronounced in 2D2°
T cells compared with 2D2%" T cells (Fig. 5G). What is more, 2D2%°
T cells displayed a greater capacity to elicit endothelial cell death than
2D2%C T cells, and this difference was completely abrogated in the
presence of granzyme B inhibitor II (Fig. 5H). These data indicate
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Fig. 3. B7-H1 inhibits expansion of cytokine-producing MOG-specific CD4" T
cells in lymph nodes and brains of sick OSE mice. (A) Frequencies and numbers
of MOG-specific CD4* T cells in lymph nodes of OSE"™ and OSEX® mice with
established disease (score-matched, mean clinical score 4) were analyzed. (Left)
Frequencies of MOG-specific CD4" T cells in lymph nodes, as determined by
flow cytometry. (Center) Absolute cell numbers of total lymph nodes as de-
termined by Neubauer cell-counting chamber. (Right) Absolute numbers of
MOG-specific CD4* T cells within total lymph nodes as determined by flow
cytometry. (B and C) Flow cytometric analysis of MOG-specific CD4* T cells
producing effector molecules in total lymph nodes (B) and brains (C) of sick
OSE mice (as described in A), after 4 h of ex vivo restimulation with PMA and
ionomycin. Absolute numbers of brain-derived MOG-specific CD4* T cells (C, Left),
as well as numbers of IFN-y and GzmB producing MOG-specific T cells (Center and
Right). Each data point represents one mouse. Unpaired, two-tailed Student’s
t test. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

that, indeed, activated CD4™ T cells can produce functionally relevant
amounts of granzyme B—especially in the presence of endothelial
cells—to cause EC death and that this production is modulated by
B7-H1 on T cells.

Lack of B7-H1 in OSE Mice Is Associated with Increased BBB
Permeability in Supratentorial Brain Regions in Vivo. Finally, we
aimed to address whether B7-H1¥° T cells preferentially cause
blood-brain barrier breakdown in certain topographical regions:
namely, supratentorial brain regions in the context of sponta-
neous CNS autoimmunity in vivo. We therefore evaluated blood—
brain barrier integrity in 10 score-matched mice (mean score of 6)
by assessing Evans Blue leakage from microvessels after intrave-
nous injection into living mice. Indeed, whereas all animals displayed
comparable Evans Blue leakage in the spinal cord, reflecting the
predominance of spinal cord inflammation in this animal model, 9
out of 10 OSEX® mice, but only 3 out of 10 OSE™™ mice, displayed
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Evans Blue leakage in supratentorial brain areas, especially the
periventricular region (Fig. 5I), which further supports the notion
of changes in regional encephalitogenicity of T cells lacking immune-
regulatory B7-H1, thus strongly contributing to the altered lesion
distribution and dissemination of CNS autoinflammation.

Discussion

Using a model system of spontaneous CNS autoimmunity, our
study provides evidence that genetic deficiency of a single immune-
regulatory molecule (i.e., B7-H1) in autoimmune-susceptible hosts
can determine substantial changes in lesion topography critically
influenced by regional breaching of the blood-brain barrier. In light
of its relevance for maintenance of immune tolerance, the role of
B7-H1 on APCs has been addressed in CNS autoimmunity before:
In active MOGs;;5_ss-induced EAE, B7-H1 knock-out resulted in an
enhanced disease severity, which was linked to B7-H1 expressed on
APCs (18). Moreover, enhanced expression of B7-H1 was observed
in MS lesions and attributed to macrophages/microglial cells, as
well as astrocytes (18, 19). In the periphery, B7-H1 expression has
been analyzed on B cells and monocytes from MS patients; here, an
increased percentage of B7-Hl—positive cells was found in stable
versus active MS patients (20). In contrast to these studies, how-
ever, the relevance of B7-H1 on T cells has not been studied in the
context of MS so far.

The advent of novel transgenic mouse models featuring spon-
taneous development of CNS inflammation offers the unique
opportunity to study the very first steps in immune cell activation
and lesion development (21, 22). This model is in contrast to
conventional EAE models, where exogenous application of mi-
crobial adjuvants is indispensable for disease induction, which is
known to affect the mechanisms of (auto-) immune cell activation
and BBB permeability. Several hallmarks of the double-transgenic
OSE mouse model used in our study deserve attention. First,
autoreactive T-cell activation is triggered by MOG-presenting
B cells serving as the main source of professional APCs in this
particular animal model (3). Second, T-cell responses in these
mice are predominantly of a Tyl phenotype, with a minor role
of IL-17A production (3, 15). And, third, inflammatory demyelin-
ating CNS lesions are confined to the spinal cord and optic nerves,
but not the brain, brainstem, or cerebellum (3, 15). With regard to
the first aspect, we addressed the impact of lack of B7-H1 on either
APCs or CD4* T cells by performing coculture assays of MOG-
specific B cells and MOG-specific CD4* T cells in the presence of
recombinant MOG protein and observed that B7-H1 was com-
pletely dispensable on antigen-presenting B cells but augmented
CD4" T-cell expansion and effector functions when lacking on the
T-cell side. The B7-H1-PD-1 pathway has received major attention
over the last years as a key component of the B7-homologs involved
in the regulation of immune tolerance, tumor surveillance, and
autoimmunity (18, 23-25). Despite its well-known role in immune
regulation by APCs via interaction with its canonical receptor PD-1
on T cells, only a few studies so far have investigated the relevance
of B7-H1 on T cells: Talay et al. observed that expression of B7-H1
was required for T-cell-mediated conditioning of dendritic cell
maturation in the context of infections (26). However, when eval-
uating classical maturation markers of APCs, such as expression of
costimulatory molecules, we did not observe any difference in ex-
pression levels, at least in vitro. Another publication described in
trans control of Ty17 differentiation via B7-H1 expression on ad-
jacent CD4™ T cells (27). In contrast to these findings, we did not
observe a particular increase in T17 responses due to lack of B7-H1
on T cells, either in vitro or in vivo. Instead, we here provide evi-
dence that lack of B7-H1 on T cells boosts their expansion in vitro
and promotes particular effector functions, such as production of
IFN-y and granzyme A and B. The interaction partner of B7-H1
expressed on T cells, however, remains unclear because both PD-1
and CD80 do not seem to be critically involved (Figs. S4C and S54),
which is in line with a previous publication by our group (16) and
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Fig. 4. B7-H1 on MOG-specific T cells, but not on MOG-specific B cells, limits
antigen-specific T-cell activation. (A and B) Coculture of MOG-specific 2D2
T cells and MOG-specific antigen-presenting Th B cells in the presence or ab-
sence of recombinant MOG;_q,5 protein for 4 d; antigen-presenting B cells
either express B7-H1 (Th"T) or lack B7-H1 (Th¥®). (4) IFN-y production as de-
termined by ELISA. (B) T-cell expansion at the end of coculture as determined
by flow cytometry using cell-counting beads. (C and D) Coculture of MOG-
specific 2D2 T cells and MOG-specific antigen-presenting Th B cells in the
presence or absence of recombinant MOG;_1,s5 protein for 4 d; antigen-specific
T cells either express B7-H1 (2D2V") or lack B7-H1 (2D2%°) (analysis as described
above). (E) IFN-y production (ELISA) by MOG-specific 2D2"T or 2D2X° CcD4* T
cells after stimulation with precoated a-CD3 and soluble a-CD28 (both at 1 pg/mL)
for 3 d in the presence of a blocking a-mouse B7-H1 antibody (added at 40 pg/mL
each day) or the corresponding isotype control. (F-H) Cytokine production and
expression of various T-cell markers on 2D2"" and 2D2"° T cells after coculture
with Th'T B cells in the presence of MOGss_ss (20 pg/mL). (F) Cytokine production
was analyzed after 5 d. (G) Expression levels of cell adhesion molecules and (H)
T-cell activation markers, costimulatory and coinhibitory molecules, and apoptosis-
inducing molecules on CD4* T cells were analyzed by flow cytometry after 3 d
(except for CD69—after 1 d). (/) Flow cytometric analysis of granzyme A- and
granzyme B-producing CD4"T and CD4*C T cells. T cells were polyclonally
stimulated with precoated a-CD3 and soluble a-CD28 (both at 1 ug/mL) for 2 d.
(A-D) Results show technical triplicates and are representative of five inde-
pendent experiments for each set-up. (E) Data show one representative
experiment (five mice per genotype) out of three independent experi-
ments. (F) Supernatants from at least nine coculture experiments were
used (except for GM-CSF—from five coculture experiments). (G and H)
Pooled results from at least two independent experiments. (/) Five mice per
genotype were used. Unpaired, two-tailed Student’s t test. *P < 0.05; **P < 0.01;
ns, not significant.

which argues in favor of a novel yet unknown receptor for B7-H1, as
has also been proposed by other groups (28, 29).

Ultimately, we cannot rule out that, in our in vivo model during
spontaneous CNS autoimmunity, lack of B7-H1 on non-T cells
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might additionally contribute to the overall phenotype of these
mice. There are nonetheless several arguments that argue against
a strong relevance of such a contribution in our model. Despite
accumulation of MOG-specific CD4" T cells in the periphery, we
did not observe an increase in the percentages of cytokine-producing
CD4"' T cells, both in lymph nodes and within the CNS of sick
OSEX® vs. OSEVT mice, indicating that cytokine production on a
per cell basis is not affected in these animals (Fig. S3). Moreover,
absolute numbers of cytokine-producing CD4" T cells were un-
affected within the classical predilection sites of inflammatory
CNS lesions in this animal model: i.e., spinal cord and optic
nerves. Instead, we observed T-cell infiltrates in brain areas of
OSEX® mice that are classically spared in this model, such as
brainstem, cerebellum, and cerebrum, especially in the corpus
callosum and periventricular regions, which at least suggests that
these T cells acquired functions that are distinct from the func-
tions of T cells derived from OSE™T mice. Further analysis of
these brain infiltrates by histology and flow cytometry, re-
spectively, revealed that these lesions predominantly consisted of
MOG-specific effector CD4* T cells, and we did not find sig-
nificant numbers of CD8" T cells or altered frequencies of
FoxP3* regulatory T cells within these infiltrates.

Several factors have been discussed to determine lesion distri-
bution in CNS inflammation and might favor nonspinal mani-
festation of disease. First, the density of antigen expression in
different target (CNS) areas, in conjunction with the antigen
specificity of CNS-autoreactive T cells, has been suggested to in-
fluence lesion topography (3-5). However, in light of the particular
animal model used in our study, we can exclude variations of an-
tigen density or T-cell antigen specificity contributing to the ob-
served changes in lesion topography. Second, T helper-cell
polarization, especially the ratio between autoreactive Tyl and
Tyl7 cells, has been shown to determine lesion topography in
different animal models (6, 7, 30), with Ty1 cells favoring typical
spinal disease manifestation and Ty17 cells rather favoring cere-
bellar and supratentorial lesion development. However, as also
described before, we observed a strong predominance of Tyl re-
sponses in the OSE animal model, and, more importantly, this
predominance was preserved upon additional lack of B7-H1, thus
ruling out that atypical lesion topography in these mice might be
associated with a preponderance of Ty17 responses. Along these
lines, it has been proposed that Ti17 cells can serve as gatekeepers
of other T cells by entering the CNS via the choroid plexus in a
CCRo6-dependent fashion; however, the authors of that study did
not make use of a spontaneous model of CNS autoimmunity (8).
We therefore investigated the potential entry route of these brain-
infiltrating T cells in sick OSE*® mice and observed that most
T-cell infiltrates were located around perivascular areas whereas
leptomeningeal T cells and T cells in the choroid plexus were
scarcely present. These histological findings nicely correlated with
focal breakdown of the BBB in these areas, confined to OSEXC
mice but not OSE™" mice, as demonstrated by our Evans Blue
leakage experiments in score-matched mice. Of note, also in these
leakage experiments, the difference in blood-brain barrier break-
down was confined to the brain, especially in the periventricular
areas, whereas leakage in the spinal cord was not altered in
OSE"® mice. Following this line, our in vitro experiments
using MOG-specific B7-H1¥C T cells vs. B7-HIW" T cells clearly
demonstrate that B7-H1 expression on T cells determines their
capacity to affect BBB integrity as reflected by the extent of TEER
drop upon direct contact of T cells with primary brain endothelial
cells. These data thus indicate that expression of B7-H1 on T cells
is decisive for the extent of certain T-cell effector functions, es-
pecially IFN-y and granzyme production, which in turn might affect
their capacity to inflict local BBB dysfunction.

From a more general point of view, our data reveal that the
activation status of encephalitogenic CD4" T cells directly influ-
ences their capacity to evoke BBB dysfunction. This hypothesis is
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Fig. 5. B7-H1 on CD4* T cells restricts T-cell-mediated brain endothelial cell dysfunction, at least partly via inhibition of granzyme B function, and limits
cerebral BBB permeability in vivo. (A and C-F) TEER measurements were performed by coculturing MBMECs (2 x 10% per well) with T cells (0.2 x 10° per well),
their supernatants, or o—IFN-y antibody, as indicated; TEER and Ccl were measured every hour for 1 d. (A) TEER measurement with 2D2T or 2D2%° T cells,
naive or preactivated by Th"WT B cells and MOG35_s5 (20 ug/mL) for 5 d. (B) Permeability of MBMECs to dextran-fluorescein and dextran-Texas Red using
samples from A after TEER measurement. (C) TEER measurement with stimulated 2D2"" T cells or their supernatants. T cells were preactivated as in A.
(D) TEER measurement with 2D2"T T cells, preactivated with precoated a-CD3 and soluble a-CD28 (both 1 pg/mL), in the presence of B7-H1-Ig fusion protein
(10 pg/mL) or the corresponding isotype control, for 2 d. (E) TEER measurement with MOG-activated 2D2VT or 2D2"° T cells, in the presence of neutralizing
a-IFN-y antibody (20 pg/mL) or the corresponding isotype control, during the coculture of T cells and MBMECs. (F) TEER measurement with CD4° T cells,
preactivated as in D in the presence of granzyme B inhibitor Il (10 pM) or its diluent DMSO. (G) Flow cytometric analysis of GzmB production by 2D2"VT or
2D2%C T cells (%), alone or cocultured with MBMECs. T cells were stimulated with precoated «-CD3 and soluble a-CD28 (both at 1 ug/mL) for 3 d. Next, T cells
were harvested and cultured either alone or with MBMECs for another 24 h. (H) Flow cytometric analysis of 7-AAD* CD31* MBMECs after 24 h of coculture
with 2D2WT or 2D2X° T cells (stimulated as in G). T cells were cultured in the presence of GzmB inhibitor Il (10 pM) or DMSO, added at the beginning of T-cell
stimulation. (/) BBB leakage in brains and spinal cords of score-matched OSEY" and OSEX® mice (n = 10; mean clinical score 6), as visualized by Evans Blue dye.
(I, Right) Incidence of mice (%) with Evans Blue leakage in the supratentorial brain regions. (A-E) Results show technical triplicates and are representative of
three independent experiments each. (F) Results show three biological replicates and are representative of two independent experiments. (G and H) Five mice
per genotype were used for each setup. (A-F) Two-way ANOVA with Bonferroni correction for multiple comparisons. (G and H) Unpaired, two-tailed Student's t
test. (/) Fisher’s exact test. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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supported by several datasets here: (i) Naive CD4™ T cells did not
affect BBB function at all in comparison with activated CD4* T
cells; (i) B7-H1¥° T-cell-induced BBB dysfunction was much
more pronounced than B7-H1WT T-cell-induced dysfunction, as
reflected by TEER measurement as well as our permeability assays;
and (i) inhibition of T-cell activation via delivery of a soluble B7-
H1-Ig molecule profoundly restricted their capacity to elicit BBB
dysfunction (16). Although an impact of immune cells on BBB
integrity in the context of CNS autoimmunity is conceivable, very
few publications so far have addressed direct T-cell-mediated in-
fluence on BBB integrity: Kebir et al. demonstrated that human
Ty17 cells preferentially promote BBB disruption compared with
human Tyl cells (31), and Huppert et al. provided additional evi-
dence that IL-17A s critically involved in such immune cell-mediated
endothelial barrier dysfunction (32). Our system didn’t study specif-
ically Ty17 cells, and IL-17A seems not to be a critical player for
endothelial dysfunction: we did not observe that activated MOG-
reactive CD4" T cells produced substantial amounts of IL-17A, at
least in vitro, and, moreover, lack of B7-H1 did enhance T-cell-
mediated BBB dysfunction despite similar IL-17A production by
these cells. Additionally, at least in our hands, soluble factors, such as
proinflammatory cytokines, seem to play only a minor role because
supernatants from highly activated T cells were not sufficient to in-
duce relevant BBB dysfunction, in stark contrast to direct interaction
of activated T cells and brain endothelial cells. However, it should be
pointed out that Kebir et al. (31) described pronounced granzyme B
expression by these human Ty17 cells. Although they did not in-
vestigate whether granzyme B was involved in Tyl7-mediated en-
dothelial dysfunction, they described pronounced Tyl7-mediated
killing of primary neurons.

We now extend these findings as we provide clear evidence of
CD4* T-cell-mediated BBB dysfunction, independent from IL-
17A, that is cell contact-dependent and at least partly depends on
granzyme B expression by these T cells because the granzyme B
inhibitor II profound(l;f ameliorated T-cell-mediated BBB dysfunc-
tion by both B7-H1¥° T cells and B7-HIW" T cells. Following this
line, we could show that, at least in vitro, brain endothelial cells
enhance granzyme B production by activated CD4* T cells and that
activated B7-H1¥© T cells elicit brain endothelial cell death
upon coculture in a granzyme B-dependent fashion. Interestingly,
granzyme release has already been implicated in the context of
immune cell transmigration across endothelial cells—including
CD4* T cells—albeit not in the context of multiple sclerosis (33).
Mechanistically, such granzyme release by T cells has been linked
to endothelial cell apoptosis in vivo in mouse models of athero-
sclerosis and transplant vascular disease (34, 35). The functional
relevance of granzyme B production in T-cell-mediated myocar-
ditis was also suggested by demonstration of a link between reduced
granzyme expression and reduced myocardial injury upon antiin-
flammatory intervention (36). In human cases of T-cell-mediated
skin eruptions, there was a strong correlation between granzyme
expression and endothelial cell apoptosis (37). Together, these
findings imply a link between granzyme released by effector T cells,
endothelial cell apoptosis, and immune cell transmigration in vivo.

What is the relevance of our findings with regard to the un-
derstanding of human CNS autoimmunity? We here provide a
proof-of-concept that subtle alterations in T-cell function caused
by dysregulation of single immune-regulatory molecules might
explain interindividual, as well as intraindividual, changes in lesion
topography and phenotypes of MS. One plausible cause for such
interindividual variations could be the presence of single nu-
cleotide polymorphisms in immune-relevant genes in individ-
uals (38). On the other hand, especially, intraindividual changes
might be caused as bystander effects due to altered expression
of costimulatory or coinhibitory molecules in the context of
bacterial or viral infections (39, 40). Following this line, such
changes in expression levels of immune-regulatory molecules or
adhesion molecules with their consequences with regard to T-cell
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invasion into the CNS might also account for so far unexplained
decreases in the individual treatment response during the course
of therapy, as observed in the context of natalizumab treatment. In
this context, it is important to note that the B7-H1/PD-1 pathway
is obviously key to susceptibility and disease type/course of several
autoimmune disorders, including MS (41-43), which puts our
findings into the overriding context of what functional conse-
quences certain risk genes can have. This study demonstrates that
single immune regulatory molecules affecting the activation status
of (encephalitogenic) T cells can influence lesion distribution,
which is associated with an altered capacity of these cells to elicit
transient focal EC dysfunction and barrier dysfunction as essential
steps for lesion development.

Finally, these findings imply that therapeutic options specifi-
cally targeting the expression level and/or function of single
immune-regulatory molecules on CD4* T cells might selectively
affect their capacity to compromise BBB integrity without
impairing their capacity for immune surveillance under homeo-
static conditions, as observed in the context of drugs interfering
with immune cell trafficking (44). The feasibility of such an ap-
proach could be illustrated by our experiment, using a soluble
B7-H1-Ig molecule interfering with activation of CD4™ T cells,
that profoundly diminished their capacity to impair BBB integrity.

Materials and Methods
Detailed methods are provided in S/ Materials and Methods.

Animals. C57BL/6 mice were purchased from Harlan Laboratories. Transgenic
lines were on a C57BL/6 background and were purchased from The Jackson
Laboratory. B7-H1X® mice (45) were provided by L. Chen, Johns Hopkins
University School of Medicine, Baltimore. Th (IgHMOG) mice (46) were crossed
to 2D2 (TCRMOC) mice (47) to create OSE™™ mice (opticospinal EAE, also re-
ferred to as Devic), as previously described (3). Th B7-H1%° mice were crossed
to 2D2 B7-H1%° mice to create OSEX® mice. For all experiments, mice were
bred and maintained under specific pathogen-free conditions in the central
animal facility at the University of Munster, according to German guidelines
for animal care. All experiments were performed according to guidelines of
the animal experimental ethics committee and approved by the local au-
thorities of North Rhine-Westphalia, Germany.

Spontaneous EAE Incidence, Disease Severity, and Survival of OSE Mice. OSE""™
and OSEX® mice were monitored daily for the presence and severity of EAE
symptoms. Disease severity was determined on a scale from 0 to 8: 0, healthy;
1, limp tail; 2, ataxia or unilateral hindlimb paralysis; 3, moderate unilateral or
mild bilateral hindlimb paralysis; 4, moderate bilateral hindlimb paralysis; 5,
complete hindlimb paralysis; 6, complete hindlimb and partial forelimb pa-
ralysis; 7, complete quadriplegia; 8, moribund. Mice with a score of 6 or higher
were immediately taken out of the experiment and euthanized. Accordingly,
for analysis of survival of OSEYT and OSEX® mice, a death event was recorded
when a clinical score of at least 5.5 was reached. Mice eliminated for reasons
unrelated to disease severity were recorded as censored (all with a score of less
than 5.5) and were also included in the survival analysis.
Immunohistochemistry. Score-matched OSEY™ and OSEX® mice (mean clinical
score 5.75) were killed under deep anesthesia and transcardially perfused
with PBS and 4% (wt/vol) paraformaldehyde (PFA) in PBS. Spleen, spinal cords,
and brains were dissected and fixed in 4% (wt/vol) PFA overnight. Two days
later, 4% (wt/vol) PFA was removed, and the CNS tissue was kept in PBS at 4 °C
until further processing. The brain was cut into three coronar sections whereas
the cervical, thoracic, and higher lumbar spinal cord was cut into 811 3-mm-
thick transverse segments before embedding. To perform semiquantitative
analysis of infiltrates in cerebrum and brainstem, the brain was sagitally cut in
the midline. Five-micrometer-thick sections were stained for hematoxylin/eosin
and Luxol-fast blue (LFB)/periodic acid-Schiff (PAS). To detect macrophages/
microglia, immunohistochemistry was performed using a biotin-streptavidin
peroxidase technique (K5001; Dako) and an automated immunostainer
(AutostainerLink 48; Dako). Sections were pretreated in a steamer (treatment
solutions pH 6.0 or 9.0; Dako) before incubation with the primary antibodies
anti-Mac3, (clone M3/84, 553322, 1:100; BD Pharmingen), a-CD3 (MCA 1477,
1:50; Serotec), or a-CD8 (clone C8/144B, 1:100; Dako). DAB was used as a
chromogen, and sections were counterstained using hematoxylin.
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Preparation of CNS Mononuclear Cells. For flow cytometric analysis of immune
cell infiltration in the CNS, mononuclear cells were isolated as previously de-
scribed (48). Briefly, anesthetized mice were transcardially perfused with 20 mL
of PBS, and CNS tissue was removed, homogenized with scissors, and digested
with Collagenase Type IA (0.4 mg/mL; Sigma Aldrich) for 30 min in a water
bath at 37 °C. Digested tissue was passed through a cell strainer and exten-
sively washed before Percoll density centrifugation. Mononuclear cells were
collected from the interphase of the discontinuous Percoll gradient, washed
twice with PBS containing 1% FCS, and resuspended in FACS buffer for
flow cytometry.

B- and T-cell Isolation and Culture. For ex vivo analysis of lymph node-derived T
cells from OSE mice, the following lymph nodes were used: inguinal, brachial,
axillary, and cervical (referred to as total lymph nodes). For in vitro studies of
cytokine production and proliferation of T cells activated by B cells, cocultures
of Band T cells were set up as follows: B cells from spleens of Th or Th B7-H1%°
mice were isolated using CD19 MACS MicroBeads (Miltenyi). Cells were
resuspended in B-cell medium, containing X-VIVO 15 medium (Lonza), 10%
(volivol) FCS, 1% penicillin/streptavidin (Sigma Aldrich), 1% L-glutamine,
and 50 pM B-mercaptoethanol (Gibco). Recombinant mouse MOG;_,5 protein
(AnaSpec) was incubated with B cells (5 x 10° in 500 pL total volume) for 30 min
on ice; cells were then washed with PBS (Sigma Aldrich) and incubated in 1 mL of
B-cell medium at 37 °C for 2 h. CD4* T cells from spleens and lymph nodes of 2D2
or 2D2 B7-H1*° mice were isolated using CD4 MACS MicroBeads (Miltenyi). For
isolation of MOG-specific CD4™ T cells (Figs. 4E and 5 G and H and Figs. S4 A-C and
S5A), biotinylated a-mouse TCR-V11 antibody (clone RR3-15; BD Biosciences) was
used (at 10 pg/mL), which was followed by MACS separation with o-biotin
MicroBeads (Miltenyi). B and T cells were seeded onto a round-bottom 96-well
plate at a 1:1 ratio (0.1 x 10° each). For TEER measurements, MOGss ss (Biotrend)
at 20 pg/mL was used instead of rMOG _,s5 protein. B and T cells were cocultured
for 4to 5 d at a 1:2 ratio (0.05 x 10° B and 0.1 x 10° T cells per well).

Flow Cytometry. For the detection of cell surface markers, single-cell sus-
pensions were stained with fluorochrome-conjugated anti-mouse mono-
clonal antibodies (mAbs) or the appropriate isotype controls in FACS buffer
(PBS, 1% FCS, 2 mM EDTA, 0.1% NaNs) for 30 min at 4 °C, protected from
light. For intracellular cytokine staining, cells were first stimulated for 4 h at
37 °C with phorbol 12-myristate 13-acetate (PMA) (0.25 ng/uL) and ionomycin
(0.4 ng/mL) (both from Sigma Aldrich), in the presence of GolgiPlug (1 pL/mL;
BD Pharmingen). Next, cells were stained for cell surface markers, fixed, and
permeabilized using Cytofix/Cytoperm and Perm/Wash buffer (BD Biosciences)
according to the manufacturer’s instructions and stained for intracellular cell
markers. CountBright absolute counting beads (Life Technologies) were used
to determine absolute numbers of proliferated T cells, according to the
manufacturer’s instructions. Measurements were performed on a Gallios flow
cytometer (Beckman Coulter), and analysis was done using FlowJo7.6.5 soft-
ware (Tree Star).

ELISA. Cytokine production by CD4* T cells activated by B cells in the presence of
MOG (as described above) was determined by mouse ELISA Ready-Set-Go! kit
(eBioscience) according to the manufacturer’s instructions. The kits were used for
the following cytokines: IL-2, IFN-y, IL-17A, TNF-a, and GM-CSF. OD values of
supernatants were measured with a microplate reader (Thermo) at 450 nm, and
wells with only B-cell medium were used as blank. Supernatants from cocultures
with naive CD4* T cells (cocultures without MOG) were used as negative controls.

MBMEC Isolation and Culture. MBMECs were isolated as previously described
(49-51). After isolation, cells were cultured at 37 °C, 5% CO,, and fresh MBMEC
medium without Puromycin was added after 4 d. The next day, when the cells
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reached confluence, they were trypsinized, washed, and counted for sub-
sequent TEER experiments.

For flow cytometric analysis of cocultures of MBMECs and T cells, MBMECs
were cultured on a precoated flat-bottom 96-well plate. When confluence
was reached, MOG-specific CD4™ T cells from 2D2"VT or 2D2X° mice (prestimulated
for 2 d with a-CD3/CD28, both at 1 pg/mL) were added to MBMECs (0.1 x 108
T cells per well); 24 h later, MBMEGCs and T cells were harvested by trypsinization,
washed, and analyzed by flow cytometry.

TEER Measurement. Five days after isolation, MBMECs were trypsinized,
resuspended in MBMEC medium, and seeded onto precoated Transwell in-
serts (pore size 0.4 ym; Corning) at 2 x 10 cells per insert, and placed in
cellZscope. TEER measurements were performed using the cellZscope 24-cell
module and cellZscope v2.2.2 Software (nanoAnalytics GmbH) essentially as
described before (52). Automated TEER and Ccl measurements were made
every hour for 4 to 5 d until the cell monolayer reached full confluence, as
determined by stable Ccl at 0.7 pF/cm? and TEER at its maximum level for at
least a few hours. Next, MBMECs were treated with preactivated MOG-
specific CD4* T cells or their supernatants. Then, 0.2 x 10° T cells per insert
were added directly on top of MBMECs, and the measurement was resumed
for another 24 h. Acquired data were exported and analyzed using GraphPad
Prism 5 software.

Permeability Assay. Permeability assays were performed as previously de-
scribed (52, 53), with certain modifications. Fluorescently labeled dextran
conjugates fluorescein (3 kDa) and Texas Red (70 kDa) (both from Molecular
Probes) were added at 0.1% in Hepes buffer on top of each insert and let to
diffuse through the MBMEC monolayer. After indicated time points, flow-
through was collected from the lower compartment and transferred to a
black 96-well plate. An Infinite M200 PRO Tecan plate reader was used to
measure fluorescence intensity (fluorescein, excitation 494 nm, emission 521 nm;
Texas Red, excitation 595 nm, emission 625 nm). Wells with only Hepes buffer
served as blank.

In Vivo BBB Permeability Assay. For visualization of the BBB leakage in sick
OSE™T and OSEX® mice, Evans Blue dye was used as described (52), with
certain modifications. One-hundred microliters of 2% (wt/vol) Evans Blue
(Sigma Aldrich) in PBS was injected intravenously into the tail vein of score-
matched (mean score 6) OSEVT and OSEX® mice. One hour later, mice were
killed and transcardially perfused with 20 mL of PBS. The spinal cord and
brain were dissected, and 2-mm-thick brain sections were made using acrylic
brain matrix (World Precision Instruments), photographed, and assessed for
the presence of the dye in the supratentorial brain areas.

Statistical Analysis. All statistical tests were performed using GraphPad Prism
5 software. Values are presented as mean + SEM. For the analysis of survival
of OSEWT and OSEX® mice and EAE incidence, a log-rank (Mantel-Cox) test
was used. Two-way ANOVA with Bonferroni correction for multiple com-
parisons was used for analysis of clinical scores of OSE mice, TEER mea-
surements, and permeability assays. Fisher’s exact test was used for the
analysis of contingency tables, as indicated. An unpaired, two-tailed Student’s
t test was used for comparisons of means between two groups (*P < 0.05; **P <
0.01; ***P < 0.001; ns, not significant).
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