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The endothelial basement membrane acts as a
checkpoint for entry of pathogenic T cells into
the brain
Xueli Zhang1,2*, Ying Wang1*, Jian Song1,2*, Hanna Gerwien1,2, Omar Chuquisana1,2, Anna Chashchina1,2, Cornelia Denz2,3, and Lydia Sorokin1,2

The endothelial cell basement membrane (BM) is a barrier to migrating leukocytes and a rich source of signaling molecules
that can influence extravasating cells. Using mice lacking the major endothelial BM components, laminin 411 or 511, in murine
experimental autoimmune encephalomyelitis (EAE), we show here that loss of endothelial laminin 511 results in enhanced
disease severity due to increased T cell infiltration and altered polarization and pathogenicity of infiltrating T cells. In vitro
adhesion and migration assays reveal higher binding to laminin 511 than laminin 411 but faster migration across laminin 411. In
vivo and in vitro analyses suggest that integrin α6β1- and αvβ1-mediated binding to laminin 511–high sites not only holds
T cells at such sites but also limits their differentiation to pathogenic Th17 cells. This highlights the importance of the
interface between the endothelial monolayer and the underlying BM for modulation of immune cell phenotype.

Introduction
The basement membrane (BM) of the endothelium is critical for
its barrier function but is frequently overlooked in studies of
leukocyte extravasation and vascular permeability. Yet genetic
diseases and gene elimination studies provide ample evidence
for an instructive role of, in particular, the laminin constituents
of BMs in the integrity of barriers (Funk et al., 2018; Nyström
and Bruckner-Tuderman, 2019).

Laminins are heterotrimers, composed of α, β, and γ chains
that are integral constituents of the BM network (Hohenester
and Yurchenco, 2013); 5α, 3β, and 3γ chains combine to form ≤16
different isoforms (Durbeej, 2010). Laminins signal through
mainly β1- but also β3- and β4-integrins (Lee et al., 1992; Niessen
et al., 1994; Nishiuchi et al., 2006; Tözeren et al., 1994); however,
there are comparatively little data on laminin signaling in im-
mune cells (Garćıa-Nieto et al., 2010; Milner and Campbell,
2002; Schöttelndreier et al., 2001; Shaw et al., 1990). Laminin
α4 and α5 chains predominate in endothelial BMs, where they
combine with β1 and γ1 chains to form laminins 411 and 511
(Frieser et al., 1997; Sorokin et al., 1997), the expression of which
varies along the vascular tree. Sites of laminin 411 and 511 co-
localization alternate with sites of little or no laminin 511 at
postcapillary venules, where leukocyte extravasation predominantly

occurs (Sixt et al., 2001a; Song et al., 2017; Wang et al., 2006;
Wu et al., 2009). In vitro assays have shown that laminin 511
and 411 support the adhesion and 2D migration of different
leukocyte types; however, differences have been reported for
T cells and neutrophils (Song et al., 2017; Sixt et al., 2001a; Wu
et al., 2009), and precisely how laminins affect leukocyte in-
filtration into inflamed tissues is unclear. Recent intravital
studies revealed that extravasating leukocytes take 3–4 min to
penetrate the endothelial monolayer and migrate beneath the
endothelial monolayer for ≤30 min before they finally pene-
trate the endothelial BM (Song et al., 2017; Woodfin et al.,
2011). This highlights the barrier function of the BM and
raises the question of whether signals from the subendothelial
site affect other processes required for finalBM penetration.

We use here a T cell–induced neuroinflammatory model,
experimental autoimmune encephalomyelitis (EAE), and mice
lacking endothelial laminin 511 (Tek-cre::Lama5−/−; Di Russo
et al., 2017) or laminin 411 (Lama4−/−; Thyboll et al., 2002) to
address how the endothelial laminins affected T cell behavior
and disease induction. In the brain, the barrier function of
vessels is particularly important to protect sensitive neurons
from blood-borne pathogens and toxins, and specialized
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mechanisms exist to enhance endothelial barrier properties.
These include complex tight junctions between endothelial cells
and, in addition to the endothelial BM, an astroglial layer and
associated BM (Sorokin, 2010). This unique double-BM structure
of cerebral vessels (Sixt et al., 2001a) permits precise localization
of sites of leukocyte extravasation. In addition, the EAE model
permits isolation of the disease-inducing primary CD4+ T lym-
phocytes for in vitro and in vivo competitive migration assays
and pathogenicity analyses. We demonstrate that differential
expression of integrins α6β1 and αvβ1 on circulating encephali-
togenic T cells defines their ability to interact with endothelial
laminins 511 and 411, which in turn modulates T cell motility but
also polarization toward a pathogenic T helper 17 (Th17) popu-
lation, which we hypothesize affects the extent of central ner-
vous system (CNS) infiltration and EAE severity. Our data
identify a new niche beneath the endothelial monolayer at the
endothelial BM as an important site for modulation of the phe-
notype of immune cells on route into inflamed tissues.

Results and discussion
To investigate T cell binding and migration on the endothelial
laminins, in vitro assays were performed with primary en-
cephalitogenic CD4+ T cells obtained fromWTmice at peak EAE.
In vitro adhesion assays revealed high-level and time-dependent
adhesion of encephalitogenic T cells to laminin 511 and to the
control substrate, VCAM-1, and low binding to laminin 411 and
laminin 111, a control nonendothelial laminin (Fig. 1 A). Optical
tweezers experiments, performed at 70 pN to detach cells,
permitted measurement of the strength of T cell adhesion to low
(0.1 µg/ml) or high (1 µg/ml) concentrations of laminin 411 or
511. The distance the cells could be stretched before detach-
ment was inversely correlated to the strength of adhesion,
revealing no detachment from either low or high concen-
trations of laminin 511 (Fig. 1 B), indicating exceptionally
strong adhesion strength. This correlated with a significantly
reduced extent and speed of 2D chemotaxis of encephalito-
genic CD4+ T cells on laminin 511 compared with laminin 411
(Fig. 1, C and D), consistent with the reduced transmigration
across laminin 511 compared with laminin 411 that we have
previously reported (Wu et al., 2009). The same pattern of
results was obtained with Th1 and Th17 cells, Th populations
critical in EAE, which did not differ in their ability to bind to
laminin 511 and 411 (Fig. 1 E).

To identify the receptors mediating adhesion and migration
of T cells on laminins 511 and 411, adhesion assays were per-
formed in the presence of function blocking antibodies to the
main laminin-binding integrins expressed on T cells, integrins
α6, β1, and β3 (Wu et al., 2009), or in the presence of arginyl-
glycylaspartic acid (RGD) peptides that block αv-integrins
(Pallarola et al., 2014). Adhesion to laminin 411 was reduced to
50–60% in the presence of antibodies to integrin α6 or β1,
whereas anti-integrin β3 had no effect (Fig. 2 A), excluding αvβ3
and suggesting the involvement of α6β1 plus a nonintegrin re-
ceptor, as implied by the lack of complete inhibition of binding
by any of the anti-integrin antibodies. Binding to laminin 511
was reduced to 45% by anti-integrin β1 and 55% by anti-integrin

α6, suggesting involvement of integrin α6β1 and an additional
β1 integrin (Fig. 2 B); anti-integrin β3 antibody had no effect
(Fig. 2 B). Because of limitations in the availability of function-
blocking antibodies to murine integrin α chains, we used linear
RGD to characterize the integrins binding to laminin 511. At
10 µM, linear RGD inhibits only αvβ1, and at 100 µM, αvβ1 and
α5β1 are inhibited (Sasaki and Timpl, 2001; Sixt et al., 2001b).
10 µM and 100 µM RGD showed the same 40–45% inhibition of
T cell adhesion to laminin 511 (Fig. 2 B), suggesting the in-
volvement of αvβ1 and not α5β1. Hence, integrin α6β1 plus a
nonintegrin receptor, probably MCAM-1, supports binding to
laminin 411 (Flanagan et al., 2012), and α6β1 and αvβ1 are re-
quired for strong T cell adhesion to laminin 511. Although in-
tegrin αvβ3 has been shown to be expressed by encephalitogenic
T cells (Du et al., 2016) and to be involved in T cell migration on
interstitial matrixmolecules, such as vitronectin and fibronectin
(Overstreet et al., 2013), it is not required for binding to
laminin 511.

We have previously shown reduced EAE severity in bone
marrow chimeric mice carrying Itga6−/− bone marrow (Wu
et al., 2009). We here used Itga6−/− T cells from such chimeric
mice and Itgav−/− T cells from CD4-cre::Itgav−/− mice at peak EAE
for in vitro adhesion and migration assays. Flow cytometry of
Itga6−/− and Itgav−/− T cells revealed no difference from WT
controls in the expression of other integrins (Fig. S1, A and B),
nor did EAE affect expression levels of integrins α6, αv, and
β1 on T cells (Fig. S1 C). The binding of Itga6−/− cells to laminin
411 and of Itgav−/− and Itga6−/− T cells to laminin 511 were sig-
nificantly reduced compared with WT cells (Fig. 2 C). Function
blocking antibody to integrin α6 ablated the binding of Itgav−/−

T cells to laminin 511 (Fig. 2 C). This suggests that integrins α6β1
and αvβ1 are required for binding to laminin 511 and do not
compensate for each other, and therefore probably signal dif-
ferent information.

To distinguish between integrin α6β1– and αvβ1–induced
effects, we used recombinant laminin 511 domain IVa (Sasaki
and Timpl, 2001) and mini-laminin 511 (Künneken et al.,
2004), which carry only αvβ1 or α6β1 binding sites, respec-
tively. Both domain IVa and mini-laminin 511 supported
concentration-dependent, saturable binding of WT encephali-
togenic T cells, indicative of receptor-mediated binding (Fig. S2
A). As expected, Itgav−/− T cells showed no binding to laminin 511
domain IVa, whereas binding of Itga6−/− T cells was comparable
to that of WT cells (Fig. 2 D). Conversely, Itga6−/− T cells did not
bind to mini-laminin 511, and binding of Itgav−/− T cells was not
affected unless they were preincubated with anti-integrin α6β1
(Fig. 2 D).

In chemotaxis assays, both mini-laminin 511 and domain IVa
showed reduced capacity to support transmigration of T cells
compared with laminin 411 (Fig. S2 B). Surprisingly, Itgav−/−

T cells showed enhanced chemotaxis across domain IVa,
whereas Itga6−/− T cells showed no difference from WT cells in
migration across mini-laminin 511 or domain IVa (Fig. 2 E). This
suggests that αvβ1-mediated binding to the domain IVa of lam-
inin α5 inhibits T cell migration, and that integrin α6β1 binding
to C-terminal domains of laminin 511, while permissive, does
not promote migration. By contrast, Itga6−/− T cells showed
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significantly reduced migration across laminin 411 (Fig. 2 E),
suggesting that integrin α6β1 promotes migration across
laminin 411.

CD4-cre::Itgav−/− mice have previously been used in EAE
(Acharya et al., 2010), revealing mild effects that include a
slightly faster induction and higher peak severity, consistent
with faster leukocyte infiltration into the brain. However, as
high doses of 35–55 peptide of myelin oligodendrocyte glyco-
protein (MOG35–55) promote strong myeloid infiltration that
contributes to disease severity and can mask the effects of the
early infiltrating disease-inducing T cells (Croxford et al., 2015;
Tran et al., 1998), we directly compared the migration capacity
of integrin αv–positive and –negative encephalitogenic T cells
in in vivo competitive migration assays. A 1:1 ratio of 6-
carboxytetramethylrhodamine (TAMRA)+ Itgav−/−:CFSE+ WT
CD4+ encephalitogenic T cells was transferred into WT EAE re-
cipients, and the number of donor cells in brains was quantified
by flow cytometry. A significantly higher proportion of Itgav−/−

compared with WT CD4+ T cells was measured in brains of host
EAE mice 24 h after transfer (Fig. 2, F and G), indicating faster
in vivo migration of T cells lacking integrin αvβ1 and consistent

with faster penetration of the endothelial BM. Corresponding
immunofluorescence staining of the brains confirmed a larger
proportion of the red TAMRA+ Itgav−/− cells associated with
perivascular cuffs compared with the green CSFE+ WT cells,
whereas both cells were present in equal proportions in lymph
nodes (Fig. 2, H and I).

To investigate whether the levels of integrins α6β1 and αvβ1
on CD4 T cells in the periphery (lymph node and spleen) differed
from those infiltrating the brain, flow cytometry was performed
on WT mice at peak EAE. In general, α6β1 and αvβ1 levels in
T cells were not altered in EAE compared with naive conditions
in the periphery (Fig. S1 C). Equal proportions of integrin
α6β1–high and –low cells occurred in the periphery, a small
proportion of which also expressed integrin αvβ1 (Fig. 3, A and
B). In the brain, however, >90% cells were α6high, and of these
cells, ∼65% were integrin αvhigh (Fig. 3, A and B). As integrin αv
has been identified as a negative regulator of pathogenicity in
single-cell RNA analyses of Th17 cells in EAE (Gaublomme et al.,
2015), we used real-time quantitative PCR (qPCR) to analyze
markers of pathogenic encephalitogenic Th17 cells in these two
populations. qPCR revealed 2–20-fold higher expression of Plzp,

Figure 1. Primary encephalitogenic CD4+ T cells show
high affinity binding but low migration on laminin 511.
(A) Binding of encephalitogenic CD4+ T cells to laminins 411
and 511, nonendothelial laminin 111, and the positive control
VCAM-1. Data are means ± SD of six experiments, n = 3
mice/experiment and three to four replicates/group. Sta-
tistical analysis used a Mann–Whitney U test; *, P < 0.05; **,
P < 0.01; ***, P < 0.001. (B) Optical tweezer experiments
showing displacement distance of CD4+ T cells plated on
high and low concentrations of laminin 411 or 511 under 70
pN laser strength. Data are means of three experiments ±
SD, n = 3 mice/experiment and 10 cells/group. Statistical
analysis used a Mann–Whitney U test; *, P < 0.05; **, P <
0.01. (C and D) Representative migration trajectories of
CD4+ T cells on laminin 411 or 511 in response to CCL21 (C)
and corresponding mean velocities of all cells measured (D);
two independent experiments were performed, n = 3 mice/
experiment and 20 cells/group. Statistical analysis used a
Mann–Whitney U test; ***, P < 0.001. (E) Binding of en-
cephalitogenic Th1 and Th17 cells to 10 µg/ml laminins 411,
511, and 111 and VCAM-1. Data are means of six experiments
± SD, n = 3 mice/experiment and three to four replicates/
group. Statistical analysis used a Mann–Whitney U test; **,
P < 0.01; ***, P < 0.001.
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Il17a, Ifng, and Gpr65, and reduced expression of Cd5l in integrin
α6highαvlow cells comparedwith integrin α6highαvhigh cells (Fig. 3 C),
suggesting that they represent a T cell population with higher
pathogenicity (Gaublomme et al., 2015;Wang et al., 2015) and raising
the questionwhether laminins in the endothelial BMof postcapillary
venules modulate the phenotype of the infiltrating cells.

EAE-derived CD4+ T cells were, therefore, cultured on lami-
nin 411, laminin 511, or no coating and differentiated to Th1 or
Th17 cells (Seder et al., 1993; Veldhoen et al., 2006). This re-
vealed reduced Th1 and Th17 differentiation of cells on laminin
511 compared with laminin 411 or no laminin (Fig. 3, D and E).
qPCR for pathogenic markers also revealed reduced expression
of Ifng and Il17a as well as several other pathogenic markers
including Plzp, Il23r, and Gpr65, but not Il10 in the Th17 cells on

laminin 511 (Fig. 3 F). This is suggestive of a mixed Th1/Th17
phenotype of low pathogenicity identified in the CNS of EAE
mice by single-cell RNA analyses (Gaublomme et al., 2015).
Taken together, the data suggest that high-affinity integrin
α6β1- and αvβ1-mediated binding of T cells to laminin 511 in the
endothelial BM limits transmigration and differentiation to
pathogenic Th17 cells, thereby limiting the entry of disease-
inducing cells and EAE severity.

Hence, mice lacking laminin α5 in endothelial BMs should
exhibit higher EAE severity. Indeed, Tek-cre::Lama5−/− mice,
which lack laminin α5 in endothelial BMs only (Di Russo et al.,
2017), exhibited significantly higher disease severity and mor-
tality than WT littermates, when EAE was induced with both
(normal) high- or low-dose MOG35–55 (to minimize lethality;

Figure 2. Integrins α6β1 and αvβ1 mediate
encephalitogenic CD4+ T cell adhesion and
migration across endothelial laminins. (A and
B)WTCD4+ T cell adhesion to laminins 411 (A) or
511 (B) in the presence or absence of function
blocking antibodies to integrins α6 (GoH3),
β1 (Ha/5), or β3 (2C9.G2) or high and low con-
centrations of linear RGD. Data are percentage of
total cells added; means ± SD of six experiments
are shown, n = 3 mice/experiment and five
replicates/group. Statistical analysis used a
Mann–Whitney U test; *, P < 0.05; **, P < 0.01;
***, P < 0.001. (C and D) Binding of WT, Itga6−/−,
or Itgav−/− CD4+ T cells to laminin 411 or 511 (C)
and mini-laminin 511 or laminin 511 domain IVa
(D). Data are percentage binding relative to
binding in the absence of blocking agents or to
WT cells; means ± SD of six experiments are
shown, n = 3 mice/experiment and three to four
replicates/group. Statistical analysis used a
Mann–Whitney U test; **, P < 0.01; ***, P <
0.001. (E) Chemotaxis of WT, Itga6−/−, or Itgav−/−

CD4+ T cells across mini-laminin 511, laminin 511
domain IVa, or laminin 411. Data are percentage
of total cells added; means ± SD of six experi-
ments are shown, n = 3 mice/experiment and
three to four replicates/group. Statistical analy-
sis used a Mann–Whitney U test; *, P < 0.05; **,
P < 0.01; ***, P < 0.001. (F and G) Representa-
tive flow cytometry of TAMRA+ Itgav−/− and
CFSE+ WT CD4+ T cells in WT hosts 24 h after
transfer (F) and corresponding quantification of
Itgav−/− relative to WT cells (G). Data are values
from three independent experiments with n =
3–4 mice/group/experiment; mean values ± SD
are shown. Statistical analysis used a Mann–
Whitney U test; ***, P < 0.001. (H and I) Rep-
resentative immunofluorescence staining of
TAMRA+ Itgav−/− and CFSE+ WT CD4+ T cells in
WT lymph nodes and brains (scale bar = 50 µm;
H) and quantification of the data from at least
five sections/organ/host and four to five hosts
(I). Data are means ± SD; statistical analysis was
done by a Mann–Whitney U test; **, P < 0.01.
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Fig. 4, A–E). This was associated with elevated numbers of CD4+

T lymphocytes, CD11b+ macrophages, and Th1 and Th17 cells in
the brains and spinal cords of Tek-cre::Lama5−/− mice at peak
disease compared with WT littermates (Fig. 4, F and G; and Fig.
S3 A). However, numbers of CD4+ and CD8+ T cells, B220+

B cells, CD11b+ macrophages, and Th1 and Th17 cells in lymph
nodes and in the circulation were not altered in Tek-cre::
Lama5−/− compared withWTmice (Fig. 4 F). As reliable markers
for in vivo staining of Th17 and Th1 cells do not exist, it was not
possible to investigate Th1 and Th17 cells in the inflammatory cuffs.

In vivo proliferation assays were performed to check for
enhanced proliferation of T cells in the brains of Tek-cre::
Lama5−/−, which could account for the observed high EAE se-
verity and elevated numbers of the disease-inducing CD4+ T cells
in these mice. Although more CD4+ T cells were present in the
brains of Tek-cre::Lama5−/− mice, the proportion of proliferating
cells was the same as in WT littermates in brains, lymph nodes,
spleen, and blood (Fig. S3 B). However, adoptive transfer of
CD45.1+ WT encephalitogenic T cells to CD45.2+ Tek-cre::
Lama5−/− or WT recipients and measurement of infiltrated

CD45.1+ CD4+ T cells at day 3 after transfer, before proliferation
of cells is detectable (Bai et al., 2004), revealed faster migration
of T cells into the CNS of Tek-cre::Lama5−/− mice only (Fig. S3 C)
and, long-term, higher disease scores and more extensive CNS
T cell infiltration in Tek-cre::Lama5−/− mice (Fig. S3, D–F).

Flow cytometry at peak EAE revealed 53–63% integrin
α6highαvhigh T cells in the brains of WT and Tek-cre::Lama5−/−

mice and 35–45% of the pathogenic α6highαvlow population
(Fig. 5, A and B). However, this pattern was reversed in
Lama4−/− brains, in which 60% of T cells exhibited the patho-
genic α6highαvlow phenotype (Fig. 5, A and B), despite overall
lower numbers of infiltrating leukocytes (Fig. 5 C). There were
no differences between the three strains in peripheral CD4 T cell
populations (Fig. 5 A). Lama4−/−mice have an even expression of
laminin 511 in all endothelial BMs and exhibit less-severe EAE
owing to reduced total CD4 T cell infiltration into the brain (Wu
et al., 2009). Taken together, these data suggest that laminin
511–positive endothelial BMs in Lama4−/−mice can be penetrated
by the pathogenic α6highαvlow T cells, explaining why they show
EAE symptoms (Wu et al., 2009), and substantiating our in vitro

Figure 3. Integrin α6highαvlow marks patho-
genic Th17 cells, the differentiation of which
is altered by endothelial laminins. (A and B)
Representative flow cytometry of integrins α6
and αv on CD4+ T cells in the blood, lymph no-
des, spleens, and brains of WT mice at peak EAE
(A), and corresponding quantification of integrin
α6–high and –low populations (B). Data are
means ± SD of three experiments, n = 3 mice/
group/experiment. Statistical analysis used a
Mann–Whitney U test. (C) qPCR for the regula-
tory T cell marker, Foxp3, and Th17 pathogenicity
markers in integrin α6highαvhigh and α6highαvlow

CD4+ T cells isolated from brains of WT mice at
peak EAE. Data are means ± SD of four experi-
ments, n = 3–6 mice/experiment and triplicates/
group. Statistical analysis used a Mann–Whitney
U test; **, P < 0.01; ***, P < 0.001. (D and E)
Representative flow cytometry for CD4 and IFN-
γ or IL-17 to identify Th1 and Th17 cells derived
from in vitro differentiated MOG-specific CD4+

T cells cultured on laminin 411, laminin 511, or no
coating (D), and corresponding quantification of
the data expressed as percentage change from
cells plated on uncoated plastic (E). Data are
means ± SD of four experiments, n = 3–6 mice/
experiment and triplicates/group. Statistical
analysis used a Mann–Whitney U test; **, P <
0.01; ***, P < 0.001. (F) Corresponding qPCR for
pathogenicity markers in Th17 cells performed in
two experiments. Data are means ± SD, n = 4
mice/experiment with triplicates/group. Statis-
tical analysis used a Mann–Whitney U test; *, P <
0.05; **, P < 0.01.
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data that integrin αv expression normally inhibits migration
across laminin 511. Due to antibody availability, it is impossible
to stain for integrin α6–high or –low and integrin αv–high or
–low T cells in EAE brain sections in relation to laminin 511
expression levels (Sixt et al., 2001a).

Our data and those of others (Acharya et al., 2010;
Gaublomme et al., 2015) suggest that expression of integrin αvβ1
on T cells does not drive EAE, but that its expression level is
inversely correlated with pathogenicity, which may act together
with other factors, potentially integrin α6β1, to influence T cell
differentiation. All T cells entering the CNS showed high in-
tegrin α6β1 expression compared with circulating T cells (Fig. S1
C), as reported in other inflammatory situations (Dangerfield
et al., 2002), and genetic elimination in immune cells or anti-
body blocking of integrin α6β1 delays EAE onset and reduces
severity (Wu et al., 2009). While α6β1 and αvβ1 act as adhesion
receptors for laminin 411 and/or 511 and the strength of adhesion
can affect migration across BMs, data from the in vitro Th1 and
Th17 differentiation experiments suggest that they can also

transduce signals that are independent of migration (Fig. 3, D–F).
Laminins affect differentiation of various cells, and there are
many examples of genetic diseases caused by laminin mutations
and severe phenotypes when specific laminin chains are
knocked out in mice (Miner and Yurchenco, 2004; Yurchenco
et al., 2018). However, they have not been previously implicated
in modulating immune cell phenotypes in inflammation, which
we propose occurs at the endothelial BM. This may explain why
immune cells migrating into inflamed tissues spend dispropor-
tionately long periods at this site before finally penetrating into
the tissue (Song et al., 2017; Woodfin et al., 2011), and highlights
the subendothelial/BM niche as a critical site for modulating the
phenotype of infiltrating cells (Fig. 5 D).

Materials and methods
Mice
Mice used included laminin α5 endothelial cell–specific knock-
out mice (Tek-cre::Lama5−/−; Di Russo et al., 2017; Song et al.,

Figure 4. Increased EAE severity in Tek-cre::
Lama5−/− mice. (A) EAE scores versus days after
low-dose MOG35–55 immunization of Tek-cre::
Lama5−/− and WT littermates. Data are mean
scores ± SD from three experiments, n = 14 mice/
group. Statistical analysis used aMann–Whitney U
test; P value is shown. (B–E) Corresponding
Kaplan–Meier curves showing EAE incidence (B)
and survival (C) and bar graphs showing mean day
of disease onset (D) and mean clinical scores (E) in
mice immunizedwith high- or low-doseMOG35–55.
Statistical tests were log-rank tests; P values in B
and C are shown; *, P < 0.05; **, P < 0.01; ns, not
significant. (F) Flow cytometry quantification of
CD4+ and CD8+ T cells, B220+ B cells, CD11b+

macrophages, and Th1 and Th17 CD4+ T cells in
brains, lymph nodes, and blood of Tek-cre::
Lama5−/− and WT littermates at peak disease (day
17). Data are means ± SD of three experiments, n =
15 mice/group. Statistical analysis used a Mann–
Whitney U test; **, P < 0.01. (G) Corresponding
CD4, CD8, and CD11b immunofluorescence stain-
ings; scale bars are 100 µm.
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2013), laminin α4 knockout mice (Lama4−/−; Thyboll et al.,
2002), T cell–specific integrin αvβ1-null (CD4-cre::Itgav−/−)
mice generated by crossing the Itgavfloxed/floxed mouse (McCarty
et al., 2005) with the CD4-cre strain (Lee et al., 2001), and
Itga6−/− mice (Georges-Labouesse et al., 1996); all strains were
backcrossed ≥16 times onto a C57BL/6 background. WT litter-
mate controls and WT C57BL/6 mice (Charles River) were used
as controls for Lama4−/−mice, Lama5floxed/floxedmice were used as
WT controls for Tek-cre::Lama5−/− mice, and Itgavfloxed/floxed cells
were designated WT controls for CD4-cre::Itgav−/− mice. As
Itga6floxed/floxed mice are not freely available, and as complete
knockouts die perinatally (Georges-Labouesse et al., 1996), it was
necessary to generate chimeric mice carrying Itga6−/− bone
marrow as described previously (Song et al., 2015). WT controls
were generated in the same manner, except that C57BL/6 hosts
were reconstituted with WT bone marrow (Charles River). WT
recipient mice were lethally irradiated with a single dose of 11 Gy
and reconstituted by i.v. injection of 107 Itga6−/− donor fetal liver
cells. Animals were analyzed after 6–8 wk by flow cytometry for
reconstitution of the hematopoietic system and used in EAE
experiments thereafter. CD45.1 versus CD45.2 allelic markers

were used to trace donor versus host cells in passive transfer and
bone marrow chimera experiments. Animal breeding and all
experiments were conducted according to the Landesamt für
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen,
permit numbers 84-02.04.2011.A087 and 84-02.04.2014.A075.

Antibodies, proteins, and inhibitors
The antibodies used in immunofluorescence staining and flow
cytometry were laminin α4 (377; Ringelmann et al., 1999), lam-
inin α5 (4G6; Sorokin et al., 1997), laminin γ1 (3E10; Sixt et al.,
2001a), pan-laminin (455; Sorokin et al., 1997), CD45 (30G.12),
CD45.2 (104, eBioscience), CD45.1 (A20, BD PharMingen),
CD11b/MAC-1 (M1/70, BD PharMingen), CD11c (N418, eBio-
science), CD4 (H129.19, BD PharMingen), CD8 (53-6.7, eBio-
science), B220 (RA3-6B2, BD PharMingen), IL-17 (TC11-18H10.1,
BD PharMingen), IFN-γ (XMG1.2, BD PharMingen), integrin
β1 (eBioHMb1-1 [HMb1-1], eBioscience), integrin β2 (C71/16, BD
PharMingen), integrin β3 (2C9.G2, BD PharMingen), integrin α6
(GoH3, PharMingen), integrin α5 (5H10-27 [MFR5], BD Phar-
Mingen), integrin αv (RMV-7, BD PharMingen), MCAM (ME-
9F1, Miltenyi Biotec), and integrin α4 (PS/2, BD PharMingen).

Figure 5. Integrin α6highαvlow CD4+ T cells predominate
in brains of Lama4−/− mice at peak EAE. (A and B) Rep-
resentative flow cytometry of integrins α6 and αv on CD4+

T cells in the periphery (lymph node) and brain (without
meninges) of Lama4−/−, Tek-cre::Lama5−/−, and WT mice at
peak EAE (A) and corresponding quantification of pro-
portions of integrin α6highαvhigh and α6highαvlow T cells (B).
(C) Total CD4+ T cell infiltrates in Lama4−/− and Tek-cre::
Lama5−/− and WT mice at peak EAE showing ratios of in-
tegrin α6highαvhigh to α6highαvlow T cells. Data are means ±
SD of four experiments, n = 6 mice/group. Statistical
analysis used a Mann–Whitney U test; *, P < 0.05; **, P <
0.01; ***, P < 0.001. (D) Scheme showing that laminin
511high sites in the endothelial BM bind extravasating in-
tegrin α6high/αvhigh T cells, restricting their differentiation to
the highly motile, pathogenic integrin α6high/αvlow Th17
population and, thereby, acting as a checkpoint in
neuroinflammation.
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Laminin 411 and 511 were purified as previously described
(Sixt et al., 2001b). Recombinant laminin α5 domain IVa was
produced in HEK293 cells as described previously (Sasaki and
Timpl, 2001); mini-laminin 511 composed of the C-terminal se-
quences of laminin α5, β1, and γ1 chains was from Takara Bio
(Künneken et al., 2004; Miyazaki et al., 2008).

Active EAE
EAE was induced using MOG35–55 as previously described (Sixt
et al., 2001a; Wu et al., 2009). EAE onset was defined as day 10
after immunization and peak EAE as day 14–17 after immunization.
EAE was induced in WT, Tek-cre::Lama5−/−, CD4-cre::Itgav−/−, and
chimericmice carrying Itga6−/− bonemarrow. In some experiments
performed with Tek-cre::Lama5−/− and CD4-cre::Itgav−/− mice, it was
necessary to use 75 µg MOG35–55 (low dose) instead of the standard
112 µg dose (high dose) to reduce EAE severity and mortality.

Passive EAE
Passive transfer of encephalitogenic T cells was as previously
described (Wu et al., 2009). Polymorphic lineage determinants
(CD45.1 or CD45.2) were used for tracking donor versus host
immune cells. For in vivo transmigration assays, the donor cells
that transmigrated into the host CNS by day 3 after passive
transfer were measured. In some cases, encephalitogenic T cells
(5 × 106 cells) were isolated from the lymph nodes of peak EAE
mice and labeled with TAMRA for Itgv−/− or CFSE for WT cells
and transferred i.v. into EAE mice on day 15 after MOG35–55

immunization; lymph nodes, spleens, and brains were isolated
24 h after transfer, and TAMRA+/CFSE+ CD4+ T cells were quan-
tified with a FACSCelesta flow cytometer (Becton Dickinson).

Flow cytometry
Mice were perfused with PBS before spleens, lymph nodes, and
CNS were harvested; the meninges were removed from brains,
and cells were isolated from all tissues by cell straining (70 µm
for spleens and lymph nodes, 100 µm for CNS). For spleen cells,
erythrocytes were lysed by incubating the cells on ice for 3 min
with lysing buffer (BD Pharm Lyse); leukocytes from blood were
isolated by using a Ficoll gradient (Cedarlane); CNS homoge-
nates were separated into neuronal and leukocyte populations
by discontinuous density gradient centrifugation using isotonic
Percoll (Amersham). For surface marker stainings, cells were
incubated with fluorochrome-conjugated antibodies at the rec-
ommended dilution or with isotype control antibodies listed
above for 20 min at 4°C. For intracellular cytokine staining,
isolated leukocytes were stimulated with PMA (10 ng/ml)/ion-
omycin (1 µg/ml; Sigma-Aldrich) in the presence of Brefeldin A
(10 µg/ml; Sigma-Aldrich) at 37°C for 6 h. The intracellular
staining kit (eBioscience) was used to permeabilize and fix the
cells before staining for Foxp3 and intracellular cytokines.
Stained cells were analyzed by flow cytometry (FACSCelesta,
Becton Dickinson).

Morphological analyses
Immunofluorescence stainings of thin sections (6 µm) were
performed as described previously (Agrawal et al., 2006). Sec-
tions were examined using a Zeiss AxioImager equipped with

epifluorescent optics or a Zeiss LSM 700 confocal microscope
and documented using a Hamamatsu ORCA ER camera.

In vivo proliferation assays
Active EAEwas induced inWT and Tek-cre::Lama5−/−mice. BrdU
was injected i.p. twice at the peak of EAE (days 14 and 16 after
immunization). Lymph nodes, spleen, blood, and CNS were re-
moved 12 h after the last injection, and isolated CD45.2+CD4+

T cells were analyzed for BrdU incorporation by flow cytometry.

In vitro cell adhesion assay
In vitro cell adhesion assays were performed as previously de-
scribed (Frieser et al., 1996) using colorimetric analysis of ly-
sosomal hexosaminidase (OD405; Landegren, 1984) to quantitate
the number of adherent cells. 96-well plates (Nunc, MaxiSorp)
were coated overnight at 4°C with BSA and laminin 111, 411, or
511 (1–10 µg/ml diluted in PBS), washed twice with PBS, and
blockedwith 1% BSA in PBS at 37°C for 1 h. CD4+ T cells from EAE
mice (day 10–12 after active immunization) were isolated from
spleens and lymph nodes using anti-CD4–coated MACS beads
(Miltenyi Biotec) and adjusted to 1.5 × 106 cells/ml in cell at-
tachment buffer (DMEM, 0.5% cell-grade BSA, and 10 mM
Hepes). 1.5 × 105 CD4+ T cells were added per well and incubated
at 37°C/5% CO2 for indicated times, and absolute numbers of
adherent cells were measured using the lysosomal hexosamin-
idase assay (Landegren, 1984). Absolute binding to BSA denoted
nonspecific binding and was subtracted from values measured
on laminin substrates, and percentages of adherent cells were
determined (total bound number/total cell number applied).
Binding in the absence of inhibitory antibody was set to 100%,
and percentage inhibition was calculated.

Inhibition studies to investigate the receptors responsible for
the adhesion to different substrates involved preincubation of
cells on ice for 20 min with 20 µg/ml function blocking anti-
bodies or peptides (10–100 µM for RGD peptides) before addition
to protein-coated 96-well plates. Inhibition experiments were
performed using a single concentration of extracellular matrix
protein (20 µg/ml) in the presence of the inhibitors.

Optical tweezer experiments
Tomeasure strengths of adhesion, CD4+ T cells were seeded onto
0.1 or 1 µg/ml laminin 411 or 511 or BSA and incubated at 37°C for
60 min. Cells were visualized using an inverse fluorescence
microscope (Eclipse Ti, Nikon) under a 100× oil-immersion
objective (numerical aperture = 1.49). The microscope was
equipped with a 2.5-W neodymium-doped yttrium orthovana-
date laser operating at a wavelength of 1,064 nm, allowing ma-
nipulation of cells with low photodamage and a phase-only
spatial light modulator (SLM; Holoeye, Pluto) with a resolution
of 1,920 × 1,080 pixels. The SLM, working in reflection geome-
try, is imaged onto the back aperture of the microscope’s ob-
jective via a telescope, formed by lenses L2 and L3. A dichroic
mirror is used to couple the laser beam into the microscope and,
together with a filter (stopband at 1,064 nm), it separates the
laser beam path from the observation path. The SLM displays a
sequence of holograms whose Fourier transform represents the
desired trapping geometry. For hologram calculation, a LabView
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program was used. This system allows independent control of
multiple traps interactively. Cells were optically trapped and
were actively pulled from the substrate using a constant force of
70 pN. Measurement of cell displacement is inversely correlated
to the strength of adhesion to the substrate. Images were acquired
by a Photonfocus high-speed camera (MV2-D1280-640-CL).

Transmigration assays
Transwell filters (5 µm, Costar) were coated overnight at 4°C
with 20 µg/ml purified laminin 411, laminin 511, recombinant
laminin 511 domain IVa, recombinant mini-laminin 511, or
laminin 111 as a control substrate. Filters were blocked with 1%
BSA in PBS for 1 h at 37°C, and 5 × 105 CD4+ T cells isolated from
EAE mice in attachment buffer were added to the upper cham-
ber. Transmigration was induced by adding 500 ng/ml CCL21
(Promokine) to the bottom chamber. After 6 h at 37°C, the
transmigrated cells were counted and expressed as a percentage
of total cells added to the upper chamber. In some cases, CD4+

T cells were pretreated with function blocking anti-integrin
antibodies or peptides, as described above, before adding to
the upper chamber.

2D chemotaxis assays
CD4+ T cells isolated from EAE mice were suspended in cell at-
tachment buffer and 2.5 × 103 cells were seeded per 70 µm
channel of μ-slide Chemotaxis Chamber (Ibidi); channels were
precoated with 20 µg/ml laminin 411 or 511 or BSA. The narrow
channel (observation area) separates two ∼40 µl reservoirs. A
final concentration of 500 ng/ml CCL21 was added to one of the
reservoirs together with 0.003% Patentblau V (Chroma Gesell-
schaft), and the cells were imaged by phase-contrast microscopy
(Zeiss Axiovert 200M). The Patentblau V was used as a visual
indicator of gradient formation and did not affect cell migration
or cell survival. Images were captured every 2 min for 2 h, and
cell migration tracks between 45 and 90 min were analyzed in
ImageJ (National Institutes of Health) using a manual tracking
plugin and the chemotaxis and migration tool from Ibidi. Be-
tween 20 and 25 randomly selected cells were manually tracked
in each chemotaxis experiment and expressed as a spider
diagram.

In vitro Th1/Th17 cell polarization
96-well plates were coated overnight at 4°Cwith 100 µl of 20 µg/
ml laminin 411 or 511 or PBS as control. CD4+ T cells were isolated
from draining lymph nodes of WT mice on day 12 after EAE
induction using magnetic beads (Miltenyi Biotec), and 0.5 × 106

cells were added to the laminin-coated or uncoated plates to-
gether with WT CD11c+ dendritic cells (0.25 × 106) and 20 µg/ml
MOG35–55. Cells were cultured in the presence of 20 µg/ml IL-12
(Miltenyi Biotec) to induce Th1 cell differentiation, or in the
presence of 10 µg/ml anti-IFN-γ (BioLegend, clone R4-6A2),
20 ng/ml IL-6 (Miltenyi Biotec), and 10 ng/ml TGF-β (R&D
Systems) to induce Th17 differentiation. After 4 d, for the last 4 h
of culture, cells were stimulated with PMA (10 ng/ml) and
ionomycin (1 µg/ml), and Brefeldin A (10 µg/ml) was added
to permit intracellular cytokine staining with anti-IL-17A
(eBioscience, clone eBio17B7) and anti-INF-γ (BioLegend, clone

XMG1). Th1 and Th17 cells as percentages of total cells were
determined by using a FACSCelesta flow cytometer (Becton
Dickinson).

qPCR for expression of T cell pathogenic markers
Integrin α6highαvlow and integrin α6highαvhigh CD4+ T cells were
sorted from CNS extracts by flow cytometry (FACS-ARIA, Bectin
Dickensen) and analyzed by qPCR for the following markers of
different Th17 populations: Il10, Il17a, Ifng, Gpr65, Plzp, Toso, and
Cd5l (Gaublomme et al., 2015). Total RNA from 1 × 105 sorted
cells was prepared using the RNeasy kit (Qiagen), and cDNAs
were generated (Omniscript RT Kit, Qiagen). qPCR was per-
formed using Brilliant SYBR Green QPCR Master Mix (Agilent
Technologies). qPCRwas performed with an Applied Biosystems
PRISM 7300 Sequence Detection System. Relative quantification
was performed using the comparative threshold (CT) method, in
which the amount of the target is normalized to the GAPDH
reference and relative to a calibrator, given by 2−�CT. Three to
five biological replicates were used for each point investigated.

Statistical analyses
The data were analyzed by GraphPad Prism 7.0 software and are
presented asmeans ± SEM or SD as indicated. Significance of cell
numbers was analyzed with a Mann–Whitney U test. Kaplan-
Meier survival analysis and log-rank test were used to analyze
mice survival and incidence. Values of P < 0.05 were considered
significant.

Online supplemental material
Fig. S1 shows integrin profiles and MCAM on Itga6−/− and
Itgav−/− CD4+ T cells and WT controls, and integrin α6, αv, and
β1 levels on CD4+ T cells in brain, spinal cord, spleen, and
lymph node under naive and EAE conditions. Fig. S2 shows
concentration-dependent, saturable binding of WT encephali-
togenic CD4+ T cells to mini-laminin 511 and laminin 511 domain
IVa, and transmigration of WT encephalitogenic CD4+ T cells
across mini-laminin 511, laminin 511 domain IVa, and laminin
411. Fig. S3 shows quantification of immune cells, including Th1
and Th17 CD4+ T cells, in spinal cords of WT and Tek-cre::
Lama5−/− mice at peak EAE, as well as in vivo proliferation and
migration of adoptively transferred encephalitogenic CD4+

T cells in WT and Tek-cre::Lama5−/− mice, the corresponding
clinical scores over a 40-d period, and quantification of trans-
ferred cells in the CNS and periphery.
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Supplemental material

Figure S1. Flow cytometry for integrins and MCAM expression levels on CD4+ T cells in naive and EAE conditions. (A and B) Representative flow
cytometry of integrin profiles and MCAM on Itga6−/− (A) and Itgav−/− (B) CD4+ T cells compared with correspondingWT and isotype controls (Iso-ctrl). Data are
representative of three independent experiments, n = 3–4 mice/group/experiment. (C) Representative flow cytometry of integrin α6, αv, and β1 levels on CD4
T cells in brain, spinal cord, spleen, and lymph node under naive and EAE conditions. Data are representative of three independent experiments; n = 3–4 mice/
group/experiment. Very few cells are present in the brain and spinal cord under naive conditions, resulting in the low maximum counts.
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Figure S2. Characterization of mini laminin 511 and laminin 511 domain IVa for use in adhesion and transmigration assays. (A) Concentration-
dependent, saturable binding of WT encephalitogenic CD4+ T cells to mini-laminin 511 and laminin 511 domain IVa. (B) Transmigration of WT encephalitogenic
CD4+ T cells across mini-laminin 511, laminin 511 domain IVa, and laminin 411. Data in A and B are expressed as a percentage of total cells added and are means
± SD of five experiments, n = 3 replicates/group/experiment. Statistical analysis used a Mann–Whitney U test; **, P < 0.01; ***, P < 0.001.
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Figure S3. Quantification of immune cells in spinal cords of WT and Tek-cre::Lama5−/− mice at peak EAE and in vivo proliferation and migration of
adoptively transferred encephalitogenic CD4+ T cells in WT and Tek-cre::Lama5−/− mice with corresponding clinical scores over a 40 d period and
quantification of transferred cells in the CNS and periphery. (A) Quantification of flow cytometry analyses of CD8+ and CD4+ T cells, B220+ B cells, CD11b+

macrophages, and Th1 and Th17 CD4+ T cells in spinal cords of WT and Tek-cre::Lama5−/− mice at peak EAE. Data are means ± SD of three experiments, n = 5
mice/group/experiment. Statistical analysis used a Mann–Whitney U test; *, P < 0.05. (B) Representative flow cytometry of three experiments of BrdU+ CD4+

T cells in the brain, spleen, lymph node, and blood of WT and Tek-cre::Lama5−/− mice at peak EAE. (C)WT CD45.1+ CD4+ T cells were adoptively transferred to
CD45.2+ Tek-cre::Lama5−/− and WT recipients and analyzed at day 3 by flow cytometry for infiltrating CD45.1+ CD4 T cells; representative flow cytometry of
three experiments is shown. (D) The same adoptive transfer experiments were performed over a 40-d period, and mean clinical scores were measured. Data
shown are means ± SD of two experiments, n = 7 mice/group. Statistical analysis used a Mann–Whitney U test; P value is shown. (E and F) Corresponding
representative flow cytometry of adoptively transferredWT CD45.1+ CD4+ T cells in the brain, lymph node, spleen, and blood at peak EAE (E) and quantification
of the data (F). Data are means ± SD of three experiments, n = 9 mice/group. Statistical analysis used a Mann–Whitney U test; *, P < 0.05.
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