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IFN-γ promotes transendothelial migration of CD4+
T cells across the blood–brain barrier
Sandip Ashok Sonar, Shagufta Shaikh, Nupura Joshi, Ashwini N Atre and Girdhari Lal
Transendothelial migration (TEM) of Th1 and Th17 cells across the blood–brain barrier (BBB) has a critical role in the
development of experimental autoimmune encephalomyelitis (EAE). How cytokines produced by inﬂammatory Th1 and Th17
cells damage the endothelial BBB and promote transendothelial migration of immune cells into the central nervous system
(CNS) during autoimmunity is not understood. We therefore investigated the effect of various cytokines on brain endothelial
cells. Among the various cytokines tested, such as Th1 (IFN-γ, IL-1α, IL-1β, TNF-α, IL-12), Th2 (IL-3, IL-4, IL-6 and IL-13),
Th17 (IL-17A, IL-17F, IL-21, IL-22, IL-23, GM-CSF) and Treg-speciﬁc cytokines (IL-10 and TGF-β), IFN-γ predominantly
showed increased expression of ICAM-1, VCAM-1, MAdCAM-1, H2-Kb and I-Ab molecules on brain endothelial cells.
Furthermore, IFN-γ induced transendothelial migration of CD4+ T cells from the apical (luminal side) to the basal side
(abluminal side) of the endothelial monolayer to chemokine CCL21 in a STAT-1-dependent manner. IFN-γ also favored the
transcellular route of TEM of CD4+ T cells. Multicolor immunoﬂuorescence and confocal microscopic analysis showed that IFN-γ
induced relocalization of ICAM-1, PECAM-1, ZO-1 and VE-cadherin in the endothelial cells, which affected the migration of
CD4+ T cells. These ﬁndings reveal that the IFN-γ produced during inﬂammation could contribute towards disrupting the BBB
and promoting TEM of CD4+ T cells. Our ﬁndings also indicate that strategies that interfere with the activation of CNS
endothelial cells may help in controlling neuroinﬂammation and autoimmunity.
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Experimental autoimmune encephalomyelitis (EAE) is a T-cellmediated inﬂammatory autoimmune disease of the central nervous
system (CNS). EAE is characterized by demyelination and axonal
damage in the brain and spinal cord.1 IFN-γ-producing Th1 cells enter
the CNS and perpetrate the establishment of an inﬂammatory
microenvironment, further facilitating the recruitment of other
effector cells, including Th17 cells.2 IFN-γ shows inﬂammatory and
regulatory role in a stage-speciﬁc manner in multiple sclerosis (MS)
and EAE.3 Increased IFN-γ levels have been observed in demyelinating
lesions of the CNS during EAE and MS, indicating that it has a
pathological role in neuronal autoimmunity.3 In contrast, it has been
also reported that IFN-γ− / −, IFN-γ receptor− / − or STAT-1− / − mice
show increased susceptibility to EAE, suggesting a protective function
of IFN-γ in neuronal autoimmunity.4–6 A clinical study reported that
treatment with recombinant IFN-γ in relapsing-remitting MS patients
exacerbated the disease.7 Similarly, T-bet− / − (Tbx21− / −) and STAT4− / −
mice showed defective development of Th1 cells and showed
resistance to myelin oligodendrocyte glycoprotein peptide 35–55
(MOG)-induced EAE, suggesting that Th1 cells are required for
neuroinﬂammation.8,9 IFN-γ is also known to be produced by Th17
cells, and Th17 cells lacking IFN-γ2 or transcription factor T-bet do
not cause EAE.10 Interestingly, injection of IFN-γ in EAE mice during
the induction phase of EAE promoted earlier onset of the disease,
whereas its application during the chronic phase ameliorated the

disease.11 Collectively, these studies suggest that IFN-γ exerts its effect
in a stage-speciﬁc manner and may perform different roles in the
secondary lymphoid tissues, at the blood–brain barrier (BBB) and in
the CNS parenchyma. The BBB consists of microvascular endothelial
cells surrounded by pericytes, astrocytic end feet, and endothelial and
parenchymal basement membrane. It represents a strong physiological
barrier that restricts the frequent entry of immune cells into the CNS
parenchyma.12,13 Endothelial cells are the central component of the
BBB and possess characteristic intercellular adherence- and tight
junctions. The vascular endothelial cadherin (VE-cadherin) at adherence junctions, and occludin, claudins 5, junctional adhesion molecules (JAMs) and zonula occludens 1 (ZO-1) at tight junctions play a
decisive role in maintaining the vascular integrity.13 Additionally,
under a steady-state, BBB endothelial cells are maintained in an
immune quiescent state, which prevents them from interacting with
circulating CD4+ T cells. The control of pathogenesis of EAE by IFN-γ
at the BBB, speciﬁcally its effect on the transendothelial migration
across the BBB, is not very clear. Transendothelial migration (TEM) of
CD4+ T cells across the BBB is a critical step required for their
inﬁltration into neuronal tissues during neuroinﬂammation and
autoimmunity.14 The role of various cytokines on the differentiation
of Th1 and Th17 cells and their importance in EAE is well
characterized. However, how cytokines produced by these cells affect
the BBB endothelium and promote the TEM of CD4+ T cells
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from the luminal to the abluminal side in the CNS during EAE is still
elusive.
In the present work, we treated brain endothelial cells with puriﬁed
recombinant IFN-γ, and showed that IFN-γ induced surface expression of MAdCAM-1, ICAM-1, VCAM-1, H-2Kb, I-Ab and PD-L1.
Th2, Th17 or Treg-speciﬁc cytokines did not show similar results. We
observed that IFN-γ disrupted the brain endothelial barrier in a
STAT-1-dependent manner, and induced TEM of CD4+ T cells from
the luminal to the abluminal side of the endothelial monolayer. Thus,
we show that IFN-γ acts on the endothelial BBB and disrupts its
barrier properties, and controls the TEM of CD4+ T cells in the CNS
parenchyma.
RESULTS
IFN-γ activates the brain endothelial cells and disrupts the BBB
Th1 and Th17 cells have a signiﬁcant role in the development of EAE.
We investigated how IFN-γ and IL-17A, the signature cytokine of Th1
and Th17 cells, respectively, affect the endothelial barrier. The mouse
brain endothelial cell line, bEnd3.115 was treated for 48 h with various
puriﬁed recombinant cytokines. Among the several cytokines tested
(IFN-γ, IL-1α, IL-1β, IL-3, IL-4, IL-6, IL-12, IL-13, IL-10, IL-17A,
IL-17F, IL-21, IL-22, IL-23, GM-CSF, TGF-β1 or TNF-α), the Th1speciﬁc cytokine, IFN-γ, induced the up-regulation of expression of
MHC class I and II molecules, VCAM-1, MAdCAM-1 and PD-L1 on
endothelial cells (Figure 1a; Supplementary Figure S1). IFN-γ showed
increased ICAM-1 expression mostly in combination with TNF-α in
the brain endothelial cells (Figure 1b). Th2, Treg, and Th17-associated
cytokines did not affect the brain endothelial cells (Supplementary
Figure S1). IFN-γ also induced mRNA expression of the chemokines
CCL2, CCL5, CCL19, CXCL9 and CXCL10 (Figure 1c), and vascular
endothelial growth factor receptors, VEGFR-1, -2 and -3, in brain
endothelial cells (Figure 1c). These results suggest that IFN-γ induces
the expression of cell adhesion molecules, chemokines, and growth
factor receptors, which may facilitate not only the TEM of immune
cells, but also the establishment of inﬂammation in the CNS during
autoimmunity.
IFN-γ promotes transmigration of CD4+ T cells across the
endothelial barrier from the apical to the basal direction
The polarity of endothelial cells has a signiﬁcant role in the
transmigration of immune cells from the apical (luminal) to the basal
(abluminal) direction of the endothelium, or vice versa. In our
experiments, CD4+ T cells showed signiﬁcant TEM from the basal
to the apical side towards chemokine CCL21 (Figure 2a), but failed to
transmigrate from the apical to basal side through the brain
endothelial monolayer (Figure 2b). CCL19, a chemokine that uses
the same chemokine receptor as CCL21, i.e. CCR7, showed similar
results (data not shown). These results suggest that under homeostatic
conditions, the endothelial barrier is permissive to chemokine-driven
transmigration only from the abluminal to the luminal direction, but
not in the reverse direction. However, following IFN-γ treatment, the
endothelial monolayer showed signiﬁcantly increased TEM from the
apical to basal side (Figure 2b), while IFN-γ did not affect the TEM in
the reverse direction (Figure 2a). IFN-γ treatment caused a reduction
in the total mean distance traveled (183 ± 133 vs 63 ± 21 μm,
P = 0.0022), the mean distance from the origin (63 vs 6.7 ± 4 μm,
P = 0.0017), the mean horizontal velocity (6.3 ± 4.6 vs 2.2 ± 0.7 μm
per min, P = 0.0011) of CD4+ T cells on the endothelial monolayer, as
compared with the untreated monolayer. Other Th1 cytokines like
IL-1α or TNF-α, caused only a very slight increase in the TEM from
the apical to the basal direction (Figures 2b and c). However, TNF-α
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together with IFN-γ further enhanced the TEM (Figure 2c), while
IL-1α did not show a similar effect with IFN-γ (Figure 2b). IFN-γ also
induced the TEM of in vitro-activated CD4+ T cells (Th0), Th1 and
Th17 cells (Figure 2d), and peripheral natural regulatory CD4+ T cells
(Figure 2e), but had no signiﬁcant effect on the TEM of memory
CD4+ T cells (Figure 2e). CD4+ T cells are known to transmigrate
through the inter-endothelial junctions (paracellular) or the endothelial cell body (transcellular).16 To investigate whether IFN-γ affected
the route of the TEM, CFSE-labeled naive CD4+CD25− T cells or
in vitro-activated CD4+CD25+ T cells were allowed to transmigrate
across the endothelial monolayer from the apical to the basal side
towards CCL21. The transmigration routes were analyzed using a
confocal microscope. Serial Z-stack image analysis showed that the
naive as well as activated CD4+ T cells preferentially transmigrate
through paracellular route under homeostatic conditions (Figure 2f;
Supplementary Figure S2A), and that IFN-γ shifted the transmigration
from the paracellular to the transcellular route (Figure 2f;
Supplementary Figure S2A). The orthogonal projection of images in
the XZ- and YZ-planes further conﬁrmed that CFSE-labeled CD4+
T cells were actually in the transmigration state on the basolateral side
and not just adhered to the apical surface of endothelial cells
(Supplementary Figure S2). Transendothelial electrical resistance
(TEER) is a simple and indirect measure of the integrity of endothelial
BBB. IFN-γ treatment signiﬁcantly reduced the TEER of endothelial
monolayers during in vitro transmigration assays (Figure 2g) and also
caused signiﬁcantly increased dextran (10 kDa) permeability in the
monolayer, as compared to the untreated monolayer (Figure 2h).
These results suggest that IFN-γ increases the permeability of brain
endothelial cells, and promotes the TEM (apical to basal side) of CD4+
T cells.
Endothelial monoculture systems are simple model systems widely
used to mimic BBB functions, including the TEM of various
leukocytes. However, such models lack contributions from the other
cell types, such as astrocytes and pericytes, which are present in the
neurovascular unit that regulates the brain endothelial functions.
Astrocytes are pivotal for the development and maintenance of the
BBB throughout life, and astrocyte end feet contact with brain
microvascular endothelial cells essentially controls the BBB functions.
To investigate whether IFN-γ-mediated TEM of CD4+ T cells also
occurs in the presence of astrocytic signals to brain endothelial cells,
we employed contact-dependent co-culture of brain endothelial cells
with murine primary astrocytes, where the monolayer of endothelial
cells and astrocytes were separated by a transwell membrane, as shown
in Supplementary Figure S3A. Similar to what we observed with
monoculture systems, IFN-γ effected the TEM of naive CD4+ T cells
from the apical to the basal side, towards CCL21 (Supplementary
Figure S3B). Interestingly, antibody-mediated blocking of both
ICAM-1 and VCAM-1 on the endothelial surface inhibited the TEM
from the apical to the basal side (Supplementary Figure S3B). The
Z-stack analysis showed CFSE+ naive CD4+ T cells in various stages of
TEM (Supplementary Figure S3C). Interestingly, consistent with
reduced migration with ICAM-1 and VCAM-1 blocking, the majority
of T cells were found to be stuck on the endothelial layer treated with
anti-ICAM-1 and anti-VCAM-1, as compared to controls with
isotype antibody (Supplementary Figure S3C). Furthermore, IFN-γ
treatment shifted the preference of TEM towards the transcellular
route, as observed by the locations of CFSE+ T cells in the VEcadherin stained endothelial cells (Supplementary Figures S3D and E).
However, blocking of ICAM-1 and VCAM-1 on endothelial cells
reversed the IFN-γ-induced transcellular TEM (Supplementary
Figures S3D and E). Together, these observations suggest that IFN-γ
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Figure 1 IFN-γ activates the endothelial cells and damages the BBB. (a) Mouse brain endothelial cell lines (bEnd3.1) were treated with the indicated
cytokines (20 ng ml − 1) for 48 h at 37 °C. Cells were stained for indicating cell surface molecules and plotted as an overlay of untreated (light gray line) and
treated (black line) cells in the histogram. The numbers in the histogram represent mean ﬂuorescence intensity (MFI). Data are representative of one of the
three independent experiments. (b) The bEnd3.1 cells were treated with IFN-γ (20 ng ml − 1) either individually or in combination with puriﬁed recombinant
TNF-α (20 ng ml − 1) for 48 h. Surface expression of ICAM-1 was analyzed and plotted as a histogram. Numbers in the legend represent MFI. Data are
representative of three independent experiments. (c) bEnd3.1 cells were treated with puriﬁed recombinant mouse IFN-γ for 48 h at 37 °C. Expression of
indicated chemokine and VEGF receptors mRNA was monitored by qRT-PCR. Data are normalized to cyclophilin-A mRNA. Data are representative of one of
the three independent experiments performed in duplicates. Error bar represents ± s.e.m.

induces transcellular TEM of CD4+ T cells across the brain
endothelial-astrocyte contact-dependent co-culture system in an
ICAM-1 and VCAM-1-dependent manner.
IFN-γ-induced TEM requires phosphorylation of STAT-1 molecules
IFN-γ is known to signal through phosphorylation of STAT-1
molecules.17 We tested the STAT-1 signaling in IFN-γ-induced
re-distribution of cell adhesion molecules on endothelial cells

(ECs). For this, we transfected the endothelial cells with
STAT-1-speciﬁc siRNA (Figure 3a) and the distribution of
VE-cadherin, ZO-1, claudin-5 and CD31 were analyzed.
Knockdown of STAT-1 prevented IFN-γ-induced redistribution
of VE-cadherin, ZO-1 and claudin-5 molecules at the endothelial
junctions (Supplementary Figure S4), and also inhibited
IFN-γ-induced TEM of CD4+ T cells from the apical to the basal
side (Figure 3b). Similarly, knockdown of ZO-1 in the
Immunology and Cell Biology
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Figure 2 IFN-γ induces apical to basal TEM of CD4+ T cells. (a) Brain endothelial cells were grown on inverted transwell inserts. Puriﬁed CD4+CD25 − T
lymphocytes (5 × 105 cells per transwell) were allowed to transmigrate towards CCL21 (400 ng ml− 1). In this setting, the basal surface of ECs ﬁrst comes in
contact with CD4+ T cells as shown (upper). Wherever indicated, the endothelial monolayer was treated with IFN-γ (20 ng ml − 1) or IL-1α (20 ng ml − 1) at
37 °C for 24 h before the migration assay. After 4 h of transendothelial migration (TEM), cells in the bottom well were counted. The mean percent migration
was calculated and plotted (lower). (b) ECs were grown on the upright transwell insert for 3 days, and the TEM assay was performed as shown (upper). In
this setting, the apical surface of ECs ﬁrst comes in contact with CD4+ T cells. Transmigrated cells in the bottom well were counted and plotted (lower). (c)
ECs were cultured as in b, and the monolayer was treated with IFN-γ (20 ng ml − 1) and TNF-α (20 ng ml − 1) individually or together for 24 h before the TEM
assay, and TEM of puriﬁed CD4+CD25 − T lymphocytes was performed as in b and plotted. (d) ECs were cultured on the transwell insert as in b, and the
monolayer was treated with IFN-γ (20 ng ml − 1) for 24 h, and TEM of in vitro differentiated Th0, Th1 and Th17 (4 × 105 cells per transwell) was performed.
Mean percent migration of indicated cell populations was calculated and plotted. (e) TEM of CD4+CD25+, CD4+CD25−CD44− and CD4+CD25−CD44+ T cells
was performed as in b. Data shown are the mean percent migration of indicated cell populations. (f) Puriﬁed naive CD4+CD25− T cells or CD4+CD25+
activated T cells were stained with CFSE (1 μM), and the TEM assay was performed as in b. After 4 h, the transwell membrane was removed, ﬁxed with 1%
PFA, stained for the ﬁlamentous actin marker using phalloidin-TRITC and nuclear staining DAPI, and observed under a ﬂuorescence microscope. Positions of
transmigrating CFSE+CD4+CD25− and CFSE+CD4+CD25+ T cells (relative to the endothelial monolayer) were measured and plotted. (g) ECs were cultured on
transwell inserts with 5 μm pores, and treated with IFN-γ as described in b, and the TEER values were recorded at 2 h intervals for 32 h. The data shown are
the TEER values at 24 h post-IFN-γ treatment. The data are normalized with the TEER values of the untreated monolayer. (h) ECs were cultured and treated
with IFN-γ as in the b. Alexa Fluor 647-dextran (100 μl; 100 μg ml− 1) in DMEM was added to the upper well, and after 2 h of incubation at 37 °C, the
ﬂuorescence in the upper and lower wells was recorded. The permeability coefﬁcient of dextran was calculated and plotted. Data are normalized with the
untreated monolayer. Error bar represents ± s.e.m. (a–h). n = 3 experiments with duplicates (a–f) and n = 2 experiments with triplicate (g) and duplicate (h)
measurements. Mann–Whitney test (a–e), Student t-test (f–h).

endothelial cells also prevented IFN-γ-induced TEM of CD4+
T cells (Figure 3c). These results suggest that IFN-γ changes
the localization of tight junction molecules and cell
adhesion molecules through STAT-1, and controls the TEM of
CD4+ T cells.
Immunology and Cell Biology

IFN-γ induces relocalization of ICAM-1 in the brain endothelial
cells
Since IFN-γ only induced surface expression of ICAM-1 and VCAM-1
in the brain endothelial cells and changed the TEM of CD4+ T cells
from the apical to the basal surface without affecting the basal to apical
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Figure 3 IFN-γ induces the apical to basal TEM of CD4+ T cells through
activation of STAT-1. (a) Brain endothelial cells were transfected with the
indicated amounts of STAT-1-speciﬁc siRNA or control siRNA. After 48 h,
STAT-1 mRNA levels were quantiﬁed using qRT-PCR. Data shown are
normalized to Cyclophilin-A mRNA. (b) ECs were cultured on transwell
inserts with 5 μm pores and transfected with STAT-1-speciﬁc or control
siRNA. After 48 h, TEM of naive CD4+CD25 − T cells were performed as in
Figure 2b. (c) ZO-1 was knocked down in ECs by transfection with the ZO-1shRNA construct. TEM of naive CD4+CD25− T cells across ZO-1 knockdown
EC monolayer was performed as in Figure 2b. Data represent three (b) and
two (c) independent experiments with duplicates. Mann–Whitney test (b, c).
Error bar represents ± s.d. (a) and ± s.e.m. (b, c).

migration, we monitored the change in the subcellular localization of
ICAM-1 in brain endothelial cells. We transfected the brain endothelial cells with ICAM-1-eGFP plasmid, and monitored changes in the
ICAM-1-eGFP localization using time-lapse confocal microscopy.
ICAM-1-eGFP showed relocalization from the basal to the apical side
in brain endothelial cells treated with IFN-γ, while the untreated cells
did not (Figures 4a and b). The three-dimensional tangential views
further showed that the distribution of ICAM-1-eGFP molecules
remained largely unchanged in untreated cells, but signiﬁcantly shifted
towards the apical surface after IFN-γ treatment (Figure 4c;
Supplementary Videos 1 and 2). The total mean intensity of
ICAM-1-eGFP molecules in endothelial cells did not change between
untreated, and IFN-γ treated cells (Figure 4c). Blocking of ICAM-1
with anti-ICAM-1 mAb signiﬁcantly inhibited IFN-γ-induced TEM of
naive CD4+ T cells from the apical to the basal direction in a dosedependent manner (Figures 4d and e). While a similar concentration
of anti-VCAM-1 mAb did not change the TEM (Figure 4d), very high
concentrations resulted in inhibition of transmigration (Figure 4f).
Together, these results suggest that IFN-γ enhances the TEM of CD4+
T cells from the luminal to the abluminal side of the endothelial
monolayer by ﬁne-tuning the localization of ICAM-1 molecules in the
brain endothelial cells.
DISCUSSION
The adherence- and tight-junction molecules on endothelial cells of
the BBB are required for maintaining stable adhesion and polarity, and
are instrumental in the maintenance of vascular integrity and barrier
in the CNS. In tissues of patients suffereing from both primary
progressive and secondary progressive MS, increased BBB vascular

permeability and abnormal distribution of the tight-junction and
ZO-1 molecules have been reported.18–20
IFN-γ signaling has also been shown to have a protective role
during neuroinﬂammation.4,21,22 IFN-γ− / − or IFN-γR− / − mice show
increased susceptibility to MOG-induced EAE, which could be due to
several reasons: (i) IFN-γ is a master regulator and several cell types
are known to express the IFN-γ receptor. IFN-γ is known to promote
activation-induced cell death,23 and deﬁciency of IFN-γ failed to
control the proliferation of autoreactive CD4+ T cells in EAE.6 (ii)
IFN-γ is known to exert a protective function by acting on CNSresident cells, such as microglial cells.24 (iii) IFN-γ− / − mice are more
prone to neuronal degeneration due to reduced expression of class I
MHC molecules.25,26 Class I molecules in neurons have a signiﬁcant
role in activity-dependent remodeling and plasticity of neuronal
connections in the developing and mature CNS.25,26 (iv) IFN-γ is
involved in the remyelination process through the production of
neurotrophic factors like neurotropin-3.27 (v) IFN-γ not only promotes the proliferation, but also protects mature oligodendrocyte from
TNF-α-induced cell death.28 (vi) IFN-γ exerts a regulatory function via
its action on the choroid plexus epithelium (blood-CSF barrier) by
promoting the recruitment of monocytes-derived macrophages and
thymic-derived Foxp3+ Tregs, across the blood-CSF barrier at the
inﬂamed spinal cord,29 which help in the repair of the injured spinal
cord.30 Induced Tregs (iTregs), but not natural Tregs (nTregs), from
IFN-γ− / − mice are not suppressive,31 suggesting that IFN-γ also helps
in establishing tolerance. (vii) The expression of IFN-γ also affects the
suppressive function of CD4+ and CD8+ regulatory T cells in EAE.32
The lack of suppressive function in these Tregs might contribute to the
increased severity of EAE in mice lacking IFN-γ or IFN-γR. (viii) IFNγ is known to upregulate PD-1 on effector CD4+ T cells, and PD-L1
on antigen-presenting cells during EAE.33 The internalization and
presentation of myelin antigens by the brain endothelial cells through
MHC class II guide the migration of antigen-speciﬁc T cells into the
CNS.34 The ﬁndings of this study suggest that IFN-γ-induced MHC
molecules, PD-L1, ICAM-1 and VCAM-1, on endothelial cells may
also help in the selective transmigration of neuronal antigen-speciﬁc
effector T cells during inﬂammation and autoimmunity (Figure 5).
Collectively, all these mechanisms may have a cumulative effect and
consequently play a decisive role in increased severity of EAE in IFN-γ− / −
or IFN-γR− / − mice.
STAT-1 signaling during an inﬂammatory response, such as during
viral infection, is known to reduce claudin-5, ZO-1 and ZO-2
expression in the human brain microvascular endothelial cells and
promote the transmigration of leukocytes across the BBB.35 Our data
revealed that through STAT-1 signaling IFN-γ deregulates cell
adherence and tight junction molecules in brain endothelial cells,
decreases the transendothelial electrical resistance (TEER), and induces
CNS vascular permeability. Interestingly, CD4+ T cells did not migrate
from the apical to the basal side of the brain endothelial monolayer
under homeostatic conditions, suggesting that our in vitro transmigration assay system mimics the impermeable vascular barrier. However,
treatment of the monolayer with IFN-γ disturbed its barrier properties
in an STAT-1-dependent manner and facilitated the migration of
CD4+ T cells from the apical to the basal side. Furthermore, the IFN-γ
induced migration of CD4+ T cells from the apical to the basal side is
dependent on ICAM-1 and VCAM-1. Live confocal imaging showed
that IFN-γ-induced the relocalization of ICAM-1 from the basal to the
apical side of the brain endothelial monolayer, which could have
helped in facilitating the migration of the CD4+ T cells. We have
shown that IFN-γ increases the expression of ICAM-1, VCAM-1 and
MAdCAM-1 on the surface of endothelial cells, which provide docking
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Figure 4 IFN-γ induces relocalization of ICAM-1 and controls TEM. The bEnd3.1 cells were transiently transfected with the ICAM-1-eGFP plasmid, and cultured
on cover glass-chambered slides at 37 °C overnight. Cells were treated with or without IFN-γ (20 ng ml − 1). ICAM-1-eGFP signals from the basal to the apical
surface were monitored using a laser-scanning confocal microscope. The Z-axis was scanned at an interval of 1 μm per frame for 30 min.
(a) Representative static images of ICAM-1-eGFP+ cells focused on the basal or the apical surface at the indicated time points are shown. Original magniﬁcation
630x. (b) The mean intensity of ICAM-1-eGFP at the basal and the apical surface of untreated and IFN-γ-treated the ECs at indicated time points were
calculated using the Leica MMAF software and plotted. ICAM-1-eGFP intensity was normalized to the ICAM-1-eGFP signal at 0 min. n = 31 cells (untreated) and
33 cells (IFN-γ treated) from 4 different ﬁelds. Data are representative of three independent experiments. (c) Tangential views of the images on a particular
region of interest (ROI) as shown on the left were acquired at different time points and plotted (middle). The mean intensity of ICAM-1-eGFP calculated from all
the serial z-stacks covering basal to the apical surface of endothelial cells was calculated and plotted (right). (d) ECs were grown as in Figure 2b, the monolayer
was treated with anti-ICAM-1 mAb (20 μg ml − 1), anti-VCAM-1 mAb (20 μg ml − 1) or isotype control IgG (20 μg ml − 1) for 60 min at 37 °C, and TEM of naive
CD4+ T cells was performed. The mean percentage of migrated cells in the bottom wells was counted and plotted. (e) Anti-ICAM-1 mAb dose-dependent
inhibitions of ICAM-1 and the TEM assay were performed. (f) Anti-VCAM-1 mAb dose-dependent inhibition of VCAM-1 was performed. n = 3 experiments (a–d),
n = 2 experiments (e, f); Error bar represents ± s.e.m. (d–f) and ± s.d. (b). *Po0.0001 by unpaired Student t-test, followed by Holm-Sidak’s multiple
comparison corrections (b, c), Mann–Whitney test (d). A full colour version of this ﬁgure is available at the Immunology and Cell Biology journal online.
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Figure 5 IFN-γ perturbs adherence and tight junction molecules of the BBB endothelial cells and promotes the transmigration of effector CD4+ T cells.
(a) Under homeostatic conditions, the endothelial tight junction molecules, Claudin-5 and ZO-1, and the adherence junction molecule, VE-cadherin, are
localized at the lateral intercellular junctions, forming a tight BBB, and ICAM-1 molecules are present at the basolateral surface of the brain endothelial
cells. Under these conditions, CD4+ T cells do not transmigrate from the apical to the basal direction. (b) The IFN-γ produced by CD4+ T cells binds to IFNγR1 on the endothelial BBB and induces clustering of IFN-γR1 and IFN-γR2, which leads to the activation of downstream signaling. Upon receptor
activation, the Janus tyrosine kinase (JAK2) associated with IFN-γR2, undergoes autophosphorylation and further phosphorylates JAK1 associated with IFNγΡ1. Activated JAK1 phosphorylates Tyr440 on IFN-γR1, providing two docking sites for the signal transducer and activator of transcription 1 (STAT-1), and
causing STAT-1 to get phosphorylated at Tyr701. The phosphorylated STAT-1 homodimer further dissociates from the IFN-γR complex and enters the
nucleus, where it binds to promoter sequences and controls the transcription of IFN-γ-regulated genes. The net effect of this transcriptional signature leads
to junctional delocalization of adherence junctions, VE-cadherin, and tight junctions molecules, ZO-1 and Claudin-5. Furthermore, IFN-γ also induces the
localization of ICAM-1 molecules from the basolateral to the apical surface, and MHC class II expression on the surface, which helps in the capture and
arrest of circulating antigen-speciﬁc CD4+ T cells. These events promote vascular permeability and the TEM of CD4+ T cells into the CNS parenchyma. A full
colour version of this ﬁgure is available at the Immunology and Cell Biology journal online.

sites for circulating effector CD4+ T cells, and help them to roll on
endothelial cells and adhere to the inﬂamed vascular bed of the CNS
microvessels. LFA-1 and VLA-4-expressing pathogenic autoreactive
cells use ICAM-1 and VCAM-1 respectively, to get arrested on the
BBB.36 Our data also showed that in the absence of inﬂammatory
signals, naïve CD4+ T cells and activated CD4+ T cells prefer the
paracellular route of TEM, while IFN-γ treatment changed the
preference towards the transcellular pathway. Collectively, this suggests

that IFN-γ-induced disassembly of endothelial junctions is not solely
responsible for TEM, but could have a combined effect on the
paracellular and transcellular route during inﬂammation.
Lymphocyte function-associated antigen-1 (LFA-1, also known as
αLβ2) and very late antigen-4 (VLA-4, also known as α4β1) integrins
which are expressed on pathogenic autoreactive CD4+ T cells, interact
with ICAM-1 and VCAM-1, respectively, and get arrested at the
endothelial BBB.36 Our results also showed that blocking of ICAM-1
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and VCAM-1 on endothelial cells prevents the TEM of CD4+ T cells
from the apical to the basal side of the endothelial monolayer. ICAM-1
and VCAM-1 also have a crucial role in the transmigration of CD4+
T cells across the lymphatic and blood vascular endothelial barrier in
the peripheral tissues, and blocking of these receptors with speciﬁc
antibody prevents the migration of immune cells at the endothelial
barrier.37 The retention of effector CD4 T cells in the peripheral
lymph nodes using FTY720, an agonist for sphingosine 1-phosphate
receptor 1 (S1P1), controls MS. The role of FTY720 involves its effect
mainly at the basal surface of lymphatic, but not blood vessel
endothelium.37 Natalizumab, an FDA-approved anti-α4 integrin antibody, has been reported to give a good response with relapsingremitting MS patients.38 Th17 migration is α4-integrin-independent
and requires LFA-1–ICAM-1 interaction to cross the BBB.39,40 Moreover, anti-VCAM-1 blocking delayed the onset of, but did not protect
mice from EAE.41 The endothelial barriers present in lymphatic
vessels, blood vessels and CNS may use different strategies to control
the TEM of immune cells, suggesting that any strategy to block TEM
across these barriers need to be carefully examined, since they may
have a strong inﬂuence on homeostatic and inﬂammatory immune
responses. The apical cell surface expression of ICAM-1 dictates the
transcellular migration of CD4+ T cells through the inﬂamed brain
endothelial monolayer.42 Together, these results suggest that IFN-γinduced preferential migration using the transcellular route may be the
result of higher ICAM-1 enrichment at the apical surface of brain
endothelial cells.
Though VEGF is known for its role in angiogenesis of vascular
endothelial cells, it can also disrupt the BBB in the CNS during an
inﬂammatory response.43 Our data showed that IFN-γ induces VEGF
receptor expression in brain endothelial cells. Collectively, these
ﬁndings may have relevance to various other CNS abnormalities like
neurodegenerative diseases, where the BBB is affected. Currently, there
is no therapy available to resolve BBB deﬁcits, and it was hitherto also
not known how the loss of cell adhesion and tight junction molecules
at the BBB affect CNS disease progression and repair. The present
study helps ﬁll this gap. Further, it also supports that pathogeninduced peripheral or CNS immune response at the cerebrovascular
endothelial surface may participate in the initiation of loss of integrity
of the BBB through tight junction rearrangement.44–46 The presence of
chronic or co-occurrence of inﬂammation and infection in the
peripheral tissue may also sustain or amplify the vascular permeability,
leading to CNS disease. Future studies on relapse and remitting
models of EAE would provide better insights into how the BBB
responds to different extracellular signals and selectively recruits
effector and regulatory cells. Such studies would also help in understanding the cellular and molecular mechanisms of neuroinﬂammation and autoimmunity better.
METHODS
Mice and cell lines
C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). The mice were bred and maintained in the Experimental Animal Facility
of the National Centre for Cell Science (NCCS), Pune. We used 6–8 weeks old
sex-matched mice for all the experiments. All animal experiments were
performed following protocols approved by the Institutional Animal Ethics
Committee (Reference No. EAF/2010/B-158 and EAF/2016/B-259). The mouse
brain endothelial cell line (bEnd.3.1) was purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA), and maintained in complete
DMEM (supplemented with 1.5 g l− 1 sodium bicarbonate, 1 mM sodium
pyruvate, 10% heat-inactivated FBS (GIBCO, Grand Island, NY), 100 U ml − 1
penicillin and 100 μg ml − 1 streptomycin) at a 37 °C in a humidiﬁed 5% CO2
incubator.
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Antibodies and reagents
APC anti-CD4 (GK1.5), Alexa Fluor 488 anti-CD4 (GK1.5), APC/Cy7 antiCD4 (GK1.5), PE/Cy5 anti-CD4 (GK1.5), Biotin anti-CD4 (GK1.5), FITC antiCD44 (IM7) and Brilliant Violet 421 anti-IL-17A (TC11-18H10.1) were
purchased from Biolegend (San Diego, CA, USA). FITC anti-MAdCAM-1
(MECA367), eFluor450 anti-mouse I-Ab (AF6-1201), puriﬁed anti-mouse
ICAM-1 (Y91/1.7.4), puriﬁed anti-mouse VCAM-1 (429), Alexa Fluor 488
anti-VE-cadherin (eBioBV13), and APC/Cy7 anti-mouse CD44 (IM7) were
obtained from eBioscience (San Diego, CA, USA). Puriﬁed anti-mouse CD3ε
(145-2C11), puriﬁed anti-mouse IFN-γ (XMG1.2), anti-mouse IL-4 (11B11),
rat IgG2b,k isotype control (LTF-2) were purchased from BioXcell (West
Lebanon, NH, USA). ZO-1 (ZO-1-1A12) was from Invitrogen. Biotin antimouse CD31 (MEC 13.3) antibody was from BD Biosciences (San Diego, CA,
USA). Rabbit polyclonal anti-claudin-5 antibody was purchased from Abcam
(Cambridge, MA, USA).
Recombinant puriﬁed mouse cytokines IL-1α, IL-1β, IL-3, IL-4, IL-6, IL-10,
IL-12, IL-13, IL-17A, IL-17F, IL-21, IL-22, IFN-γ, GM-CSF and TNF-α, and
human TGF-β were purchased from Peprotech (Rehovot, Israel). Recombinant
puriﬁed mouse IL-2, IFN-γ, TNF-α and CCL21 were from BioLegend.
Recombinant puriﬁed mouse IL-23 and GM-CSF were procured from
eBioscience. Recombinant mouse CCL19 and CCL21 were from Peprotech.
Pertussis toxin was purchased from List Biologicals Laboratories (Campbell,
CA, USA).
ZO-1-shRNA was obtained from Addgene (Cambridge, MA, USA). STAT-1
p84/p91 and control siRNA were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). The ICAM-1-EGFP plasmid was a kind gift from Dr
Francisco Sanchez Madrid, Fundación Centro Nacional de Investigaciones
Cardiovasculares, Madrid, Spain.

Immunoﬂuorescence staining of brain and spinal cord
The mice were sacriﬁced, transcardially perfused with ice-cold PBS, the brain
and spinal cord were harvested and immediately snap frozen in OCT
compound (Sakura Finetek, Torrance, CA, USA). Eight-micrometer thick
cryosections were ﬁxed in chilled acetone for 5 min, air dried, washed with PBS,
and blocked with 10% horse serum (Jackson ImmunoResearch, West Grove,
PA, USA) at room temperature (RT) for 30 min. Sections were washed three
times with ice-cold PBS, and incubated with primary antibodies (1:200
dilutions) as indicated in the ﬁgure legends, at RT in the dark for 60 min.
Then cells were washed 4 times with ice-cold PBS, and incubated with
ﬂuorochrome-conjugated secondary reagents (1:1000 dilution) at RT in the
dark for 60 min, and again washed 4 times with PBS and ﬁxed with 1%
paraformaldehyde (PFA) at RT for 5 min. The sections were mounted with
DAPI-containing mounting medium (Electron Microscopy Sciences, Hatﬁeld,
PA), and visualized with a Leica DMI6000 inverted ﬂuorescent microscope
(Leica Microsystems, Germany) or Zeiss LSM510 META confocal microscope
(Carl Zeiss, Germany) at 10x, 40x and 63x magniﬁcations. Images were
analyzed using the Leica MMAF software (Leica) or the ImageJ software
(NIH, USA).

In vitro CD4 T-cell cultures

Naive CD4+CD25 −CD44lo T cells were puriﬁed from C57BL/6 and T-bet− / −
mice spleen using ﬂow cytometry sorting. Naive CD4+ T cells (5 × 104 cells per
well) were cultured with irradiated (800 rad) T-cell-depleted syngenic splenocytes (5 × 104 cells per well) in the presence of puriﬁed anti-mouse CD3ε
(5 μg ml− 1) and recombinant mouse IL-2 (20 ng ml − 1) for 5 days at 37 °C in
RPMI-1640 supplemented with 10% FBS, Sodium Pyruvate (1 mM),
L-Glutamine (2 mM), 1X non-essential amino acids (Life Technologies),
2-Mercaptoethanol (2 × 10 − 5 M), 100 U ml − 1 Penicillin and 100 μg ml − 1
Streptomycin in U-bottomed 96 well plates. For Th1 differentiation, IL-12
(10 ng ml − 1), IFN-γ (10 ng ml − 1) and anti-mouse IL-4 mAb (10 μg ml − 1);
and for Th17 differentiation, TGF-β (10 ng ml − 1), IL-6 (20 ng ml − 1), IL-23
(10 ng ml − 1), anti-mouse IFN-γ (10 μg ml − 1) and anti-mouse IL-4 mAb
(10 μg ml − 1) were added in the culture.
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The endothelial monolayer was prepared by culturing bEnd3.1 cells (7.5 × 104
cells per transwell) on transwell inserts of 5 μ pore size (Corning, NY, USA) at
37 °C in a humidiﬁed 5% CO2 incubator for 3 days. TEM was performed from
the apical to the basal direction of the endothelial monolayer, for which
endothelial cells were cultured in the transwell insert. When TEM was
performed in the basal-to-apical direction, the endothelial cells were grown
on top of the inverted transwell insert. Wherever indicated, the endothelial
monolayer was treated with IFN-γ (20 ng ml − 1), TNF-α (10 ng ml − 1) or IL-1α
(20 ng ml − 1) over the last 24 h of culture. CD4+CD25 − T cells were puriﬁed
from naïve C57BL/6 mice spleen using ﬂow cytometry sorting. During TEM,
CD4+CD25− T cells (5 × 105 cells per well) were loaded in the upper chamber
of transwell insert in a ﬁnal volume of 100 μl RPMI-1640 medium. In the
bottom chamber, 600 μl of RPMI-1640 containing recombinant puriﬁed
CCL21 (400 ng ml− 1) was added. TEM was performed at 37 °C in a humidiﬁed
5% CO2 incubator for 4 h. The transmigrated cells in the bottom well were
counted. In the blocking experiments, endothelial monolayer was treated with
either anti-ICAM-1 (Y91/1.7.4), anti-VCAM-1 (429) or isotype rat IgG mAb
(LTF-2) (20 μg ml − 1 each) before TEM at 37 °C for 60 min.

20 ng ml − 1 in 6-well plates at 37 °C in a humidiﬁed 5% CO2 incubator for
48 h. Cells were harvested, washed with PBS, and surface stained with FITC
anti-mouse MAdCAM-1 (1:200 dilution), PE anti-mouse ICAM-1 (1:200
dilution), biotin anti-mouse VCAM-1 (1:200 dilution), Alexa Fluor 647 antimouse H-2Kb (1:200 dilution), eFluor450 anti-mouse I-Ab (1:200 dilution) or
APC/eFluor780 anti-mouse PD-L1 (1:200 dilution) at 4 °C for 30 min. Cells
were washed with PBS and stained with APC/Cy7 Streptavidin (0.2 μg in 100 μl
PBS). Cells were washed with PBS and acquired using BD FACS Canto II, and
data were analyzed using the FlowJo software (Tree Star Inc., Ashland,
OR, USA).
Spleen and lymph nodes were harvested, single cell suspensions were
prepared, and RBCs were removed using ACK lysis buffer. Cells were ﬁrst
surface stained with speciﬁc antibodies as indicated, at 4 °C for 30 min, and
then washed with PBS. For intracellular staining, cells were ﬁxed and
permeabilized using the Foxp3 Fixation/Permeabilization buffer kit (eBiosciences, San Diago, CA, USA) as per the manufacturer’s guidelines. The cells
were washed and acquired using BD FACS Canto II or BD FACS Aria III (BD
Bioscience, Mountain View, CA, USA), and data were analyzed using the
FlowJo software.

Isolation and culture of astrocytes

Localization of endothelial tight junction molecules

An in vitro model of the BBB was prepared by co-culture of murine brain
endothelial cells with astrocytes. The primary astrocytes were isolated from
neonatal mice pups brain as described previously.47,48 Brieﬂy, the brain was
dissected out, and kept in cold Dulbecco’s Modiﬁed Eagle’s Medium (DMEM).
By carefully rolling the brain over the ﬁlter paper, we separated the meninges
and larger blood vessels, removed the cerebral cortex and washed it three times
with cold DMEM. The cerebral cortex was cut into 1–2 mm3 pieces, and
digested with 0.25% trypsin at 37 °C for 15 min. Digested tissue was passed
through a cell strainer with pores of 100 micrometer. The cell suspensions were
washes 3 times with DMEM supplemented with 10% FBS. The cells were
seeded onto a collagen type-I (10 μg cm −2)-coated T-25 tissue culture ﬂask in
DMEM supplemented with 10% FBS at 37 °C in a humidiﬁed 5% CO2
incubator. The medium was changed after every three days. The loosely
adhered microglial cells were removed by shaking the ﬂask at 37 °C for 6 h. The
remaining attached cells that mostly constituted astrocytes were washed with
DMEM supplemented with 10% FBS, and maintained at 37 °C in a humidiﬁed
5% CO2 incubator.

The bEnd3.1 cells were cultured on sterile glass coverslip at 37 °C in a
humidiﬁed 5% CO2 incubator for 3 days. The endothelial monolayer grown on
the coverslip was treated with IFN-γ (20 ng ml − 1) for 24 h and then ﬁxed with
4% PFA for 10 min, and permeabilized with 0.5% Triton X-100 at RT for
5 min. The monolayer was blocked with PBS containing 5% BSA at RT for
30 min, washed with ice-cold PBS and then stained with biotin anti-mouse
CD31 (1:200 dilution), puriﬁed anti-mouse ZO-1 (1:200 dilution) and Alexa
Fluor 647 anti-mouse VE-cadherin (1:200 dilution) at RT for 60 min. It was
then washed with ice-cold PBS and incubated with secondary antibodies,
(Dylight 488 donkey anti-mouse IgG (1:1000 dilution) and Dylight 549
streptavidin (1:1000 dilution) at RT for 60 min. Finally, it was washed three
times with PBS and mounted with DAPI containing a mounting medium. The
monolayer was observed under an inverted ﬂuorescent microscope or Leica
confocal microscope SP5 II. Images were acquired using the Leica AF6000
software and analyzed using the Leica MMAF software or the ImageJ software.

Transendothelial migration assays

Brain endothelial cell-astrocyte co-culture for TEM assay
For the construction of the in vitro BBB model, primary astrocytes (5 × 104 cells
per cm2) from the ﬁrst passage were grown onto the basal surface of inverted
transwell inserts that were pre-coated with collagen type-I (10 μg cm−2)
(Corning). On day 7, when the astrocytes showed 60–70% conﬂuent growth,
we cultured the brain endothelial cells (bEnd3.1; 7.5 × 104 cells per well) on the
upper surface of the same transwell insert having astrocytes, at 37 °C for
another three days. The endothelial-astrocyte layer was treated with IFN-γ
(20 ng ml− 1) for the last 24 h. For blocking experiments, the endothelialastrocyte layer was treated with anti-ICAM-1 (Y91/1.7.4, 20 μg ml − 1), antiVCAM-1 (429, 20 μg ml − 1) or isotype control IgG (LTF-2) at 37 °C for
60 min. FACS sorted wild-type CD4+CD25 − naive T cells were labeled with
CFSE (1 μM), and CFSE-labeled naïve CD4 T cells (5 × 105 cells) was seeded in
the upper chamber of transwell having astrocytes-endothelial cells, and TEM
towards CCL21 (400 ng ml− 1) was performed at 37 °C for 4 h. Transwell
membranes having endothelial-astrocyte layers were separated from the
transwell and immediately ﬁxed with 4% PFA, permeabilized with 0.1% Triton
X-100, and blocked with 10% normal horse serum. The membranes were
stained with Alexa Fluor 647 anti-mouse VE-cadherin (1:200 dilution), puriﬁed
anti-GFAP (mouse IgG1; 1:200 dilution)/Cy3-donkey anti-mouse IgG (1:1000
dilution) and nuclear stain DAPI. Images were acquired using the Leica
DMI6000 inverted ﬂuorescence microscope and images were analyzed using the
LAS-X software (Leica Microsystems, Germany).

Flow cytometry
The bEnd3.1 cells (0.5 × 106 cells per well) were treated with indicated puriﬁed
recombinant pro- and anti-inﬂammatory cytokines at a concentration of

Quantitative real-time PCR

The bEnd3.1 cells were treated with IFN-γ (20 ng ml − 1) at 37 °C for 48 h. The
cells were lysed in Trizol reagent (Invitrogen, Carlsbad, CA, USA), and the total
RNA was extracted. Total RNA was also puriﬁed from the CD31+CD45 −
endothelial cells isolated from brain tissues using ﬂow cytometry sorting. The
RNA extract was treated with the DNase I kit (Invitrogen) to remove genomic
DNA, and then cDNA was prepared with the RT-PCR kit (Invitrogen) using
oligo d(T)12-16 primers as per the manufacturer’s guidelines. Expressions of
speciﬁc genes were quantiﬁed using the SYBR Green PCR kit (Life Technologies) in a CFX96 thermal cycler (Biorad, Hercules, CA, USA). PCR conditions
consisted of 2 min at 50 °C, 10 min at 95 °C, 30 s at 95 °C, 30 s at 56 °C, and
45 s at 72 °C. Relative mRNA expression of speciﬁc genes were calculated as: 2
(Ct of cyclophilin-A – Ct of a speciﬁc gene). The sequences of the primers used in the
present study are given in Supplementary Table 1.

Time-lapse microscopy

CD4+CD25− T cells from naive C57BL/6 mice were puriﬁed by ﬂow cytometry
sorting. Cells were washed twice with PBS, resuspended in PBS and labeled with
1 μM CFSE (Invitrogen) at 37 °C for 5 min, followed by washing in RPMI-1640
containing 10% FBS. TEM of CFSE+CD4+CD25− cells (5 × 103 cells per
transwell) was performed across the apical to the basal surface of the
endothelial monolayer. Migration of CFSE-labeled cells on the endothelial
monolayer at the XY-axis was recorded every minute for 30 min at 37 °C in a
5% CO2 incubator chamber by Time-lapse microscopy (Leica Microsystems).
The positions of individual cells (XY coordinates) in a given ﬁeld over time was
determined using the Cell Tracking module in the Leica MMAF software (Leica
Microsystems). We calculated the mean velocity, total distance traveled, and the
distance from the origin of individual cell using the Leica MMAF software. A
total of 48–50 cells per group were analyzed.
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bEnd3.1 cells were transiently transfected with the ICAM-1-eGFP plasmid.49
ICAM-1-eGFP cells were periodically sorted by FACS ARIA III to enrich the
eGFP+ cells and maintained in DMEM containing 10% FBS and 400 μg ml− 1
G418 at 37 °C in a humidiﬁed 5% CO2 incubator. ICAM-1-eGFP+ cells (5 × 103
cells) were cultured on 8-chambered cover glass slides in 200 μl
complete DMEM without phenol red and treated with IFN-γ (20 ng ml − 1),
and the localization of ICAM-1-eGFP at the apical and the basal layers
of the endothelial cells was monitored using a live cell imaging platform
attached to a Leica SP5 II confocal microscope. Brieﬂy, a 488-nm laser
beam was focused through the 100x objective lens on the basal surface
of the cells, and images were acquired at XYZT parameters covering the
basal to the apical surface of cells. Images at the Z-axis was recorded at every
1 μm interval. Images were analyzed by the Leica AF6000 software, and the
intensity of ICAM-1-EGFP from the apical, basolateral, and basal surfaces was
calculated.

Statistical analyses of data were performed using the GraphPad Prism software
(GraphPad, San Diego, CA, USA). The unpaired two-tailed Student t-test was
used, assuming that the data were normally distributed and having an equal
variance between the groups in comparison. Other statistical methods used are
described in the ﬁgure legends. A Po0.05 was considered statistically
signiﬁcant.

siRNA-mediated knockdown of STAT-1
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(Madison, USA). The permeability coefﬁcient (Pdextran) was determined using
the formula; Pdextran = (RFUlower/RFUupper) (V) (1/t) (1/A), where RFU is the
relative ﬂuorescence units in the upper and lower wells, ‘V’ is the volume of
medium in the lower wells, ‘t’ is the time given for diffusion and ‘A’ is the
surface area (cm2) of the monolayer. The Pdextran values obtained were
normalized with the untreated monolayer.

Statistical analyses
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Knockdown of ZO-1 in the bEnd3.1 cell line
bEnd3.1 cells (2 × 106 cells per well) were cultured in 6-well plates. Transfection
with the ZO-1-shRNA plasmid (400 ng; Addgene) was carried out using the
Effectene Transfection kit (Qiagen) as per manufacturer’s guidelines. Cultures
were maintained in DMEM containing 10% FBS at 37 °C in a 5% CO2
incubator. The transfection efﬁciency of the ZO-1 shRNA plasmid was
conﬁrmed by monitoring GFP expression in the cells using ﬂow cytometry
and ﬂuorescent microscopy. GFP+ cells were puriﬁed using ﬂow cytometry
sorting, and puriﬁed GFP+ cells were used for the experiment.

Measurement of transendothelial electrical resistance
The bEnd3.1 cells (7.5 × 104 cells per transwell) were cultured in transwell
inserts containing 5 μ pores, for 48 h at 37 °C in a humidiﬁed 5% CO2
incubator. The endothelial monolayer was treated with IFN-γ (20 ng ml − 1) or
left untreated in complete DMEM medium. TEER of the monolayer was
measured using the Millicell ERS (electrical resistance system) voltohmmeter
(Merck Millipore, Darmstadt, Germany). Brieﬂy, after IFN-γ treatment, the
resistance of the current ﬂowing between the two electrodes placed in the upper
and lower chambers of the transwell was recorded at the indicated time points.
The resistance values from the transwells without a monolayer at each time
point were subtracted, and the resistance (Ω cm2) value was obtained by
multiplying the area of the transwell insert.

In vitro measurement of endothelial monolayer permeability
The bEnd3.1 cells (7.5 × 104 cells per transwell) were cultured on transwell
inserts containing 0.4 μ pores, for 48 h at 37 °C in a humidiﬁed 5% CO2
incubator. The endothelial monolayer was treated with IFN-γ (20 ng ml − 1) in
complete DMEM. After 24 h, the monolayer was washed with PBS and 100 μl
of Alexa Fluor 647-dextran (Molecular weight 10 kDA; 100 μg ml − 1) in phenol
red-free DMEM was added into the upper well of transwell inserts. The bottom
well of the transwell insert received 600 μl of phenol red-free DMEM, and
plates were incubated for 2 h at 37 °C in a 5% CO2 incubator. The ﬂuorescence
values (excitation 650 nm, and emission 668 nm) were recorded in the
respective upper and lower wells using Glomax microplate reader, Promega
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