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Astrocytic DLL4-NOTCH1 signaling pathway 2
promotes neuroinflammation via the IL-6-
STAT3 axis

Pierre Mora', Margaux Laisné', Célia Bourguignon', Paul Rouault', Béatrice Jaspard-Vinassa', Marléne Maitre?,
Alain-Pierre Gadeau', Marie-Ange Renault', Sam Horng?, Thierry Couffinhal’ and Candice Chapouly'”

Abstract

Under neuroinflammatory conditions, astrocytes acquire a reactive phenotype that drives acute inflammatory
injury as well as chronic neurodegeneration. We hypothesized that astrocytic Delta-like 4 (DLL4) may interact
with its receptor NOTCH1 on neighboring astrocytes to regulate astrocyte reactivity via downstream juxtacrine
signaling pathways. Here we investigated the role of astrocytic DLL4 on neurovascular unit homeostasis under
neuroinflammatory conditions. We probed for downstream effectors of the DLL4-NOTCH1 axis and targeted these
for therapy in two models of CNS inflammatory disease. We first demonstrated that astrocytic DLL4 is upregulated
during neuroinflammation, both in mice and humans, driving astrocyte reactivity and subsequent blood-brain
barrier permeability and inflammatory infiltration. We then showed that the DLL4-mediated NOTCH1 signaling

in astrocytes directly drives IL-6 levels, induces STAT3 phosphorylation promoting upregulation of astrocyte
reactivity markers, pro-permeability factor secretion and consequent blood-brain barrier destabilization. Finally we
revealed that blocking DLL4 with antibodies improves experimental autoimmune encephalomyelitis symptoms

in mice, identifying a potential novel therapeutic strategy for CNS autoimmune demyelinating disease. As a
general conclusion, this study demonstrates that DLL4-NOTCH1 signaling is not only a key pathway in vascular
development and angiogenesis, but also in the control of astrocyte reactivity during neuroinflammation.

Keywords Neuroinflammation, DLL4-NOTCH1 signaling pathway, Reactive astrocytes, IL-6-STAT3 axis

Background

Proper function of the healthy central nervous system
(CNS) requires the selective regulation of soluble fac-
tors and immune cells through the blood—brain bar-
rier [1]. Blood-brain barrier structure and integrity
involves a complex network of crosstalk among various
components of the neurovascular unit, including vas-
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endothelial cells and astrocytes in the neurovascular
unit [4]. How these signals contribute to cerebrovas-
cular impairment, blood-brain barrier dysfunction
and neuroinflammation remains unclear and carries
translational implications for autoimmune demyelin-
ating diseases, stroke and other CNS inflammatory
conditions.

Under neuroinflammatory conditions, astrocytes
acquire a reactive phenotype. Astrocyte reactivity is a
spectrum of potential changes, ranging from reversible
alterations in gene expression and protein levels, to
altered morphology, cell proliferation, and tissue rear-
rangement. Common features exist across different
forms and intensities of astrocyte reactivity, but even
these occur along a gradient that can vary immensely.
Thus, astrocyte reactivity is complex, context-depen-
dent, and a multivariate phenomenon that depends
on various factors such as the type, severity, and time
frame of insult, the CNS location, and the types and
combinations of molecular triggers driving the het-
erogeneity of individual reactive astrocytes [5]. For
instance, during infections (HIV, Herpes virus), and
in Alzheimer’s disease, multiple sclerosis and Parkin-
son’s disease, reactive astrocytes produce both pro-
inflammatory factors such as ET-1, glutamate, IL-1p,
TNF and NO and neuroprotective factors such as NGF
and glial cell line-derived neurotrophic factors [6]. We
previously identified that reactive astrocytes induce
blood-brain barrier opening in inflammatory condi-
tions via production of VEGFA and TYMP [7] which
downregulate the endothelial tight junction proteins
that protect the blood-brain barrier in the healthy
brain [8].

NOTCH]1 receptor is a central effector of astrocyte
reactivity in a wide range of neuropathological con-
texts. After intra-cerebral hemorrhage [9], in stroke
[10] and in several neuroinflammatory conditions such
as amyotrophic lateral sclerosis [11], multiple sclero-
sis and experimental auto-immune encephalomyelitis
(EAE) [12, 13], NOTCH1 signal transduction is acti-
vated in reactive astrocyte populations.

Notch signaling, which is highly conserved in verte-
brates, is stimulated by the interaction of Notch recep-
tor with its ligands, Delta and Jagged, trans-membrane
proteins with large extracellular domains. Ligand bind-
ing promotes two proteolytic cleavages in the Notch
receptor: the first catalysed by ADAM-family metal-
loproteases and the second mediated by y-secretase
[14-16]. The second cleavage releases the Notch intra-
cellular domain (NICD), which translocates to the
nucleus and cooperates with the DNA-binding protein
CSL (named after CBF1, Su(H) and LAG-1) to pro-
mote transcription. The precise numbers of NOTCH
receptors differ between species [17]: in vertebrates, 4
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different NOTCH receptors have been identified and
in the neurovascular unit, NOTCHI is expressed by
astrocytes and endothelial cells, NOTCH4 by endothe-
lial cells [18—20] and NOTCH3 by mural cells, or peri-
cytes [21, 22].

Interestingly, activation of the NOTCH1-STAT3 axis
in EAE has been shown to control the production of
inflammatory cytokines by reactive astrocytes via the
long non-coding (Inc) RNA Gm13568, which has also
been implicated in MS pathogenesis. Precisely, knock-
down of the endogenous IncRNA Gm13568 remark-
ably inhibits the NOTCH1 expression, astrocytosis,
and the phosphorylation of STAT3 as well as the pro-
duction of inflammatory cytokines and chemokines
(IL-6, TNF-qa, IP-10) in IL-9-reactive astrocytes. More
importantly, inhibiting Gm13568 with lentiviral vector
in astrocytes ameliorates significantly inflammation
and demyelination in EAE mice, therefore delaying
the EAE process [13]. Moreover, the NOTCHI1-STAT3
pathway has similarly been identified as an effector of
inflammation-induced differentiation of neurotoxic Al
astrocytes in a model of spinal cord injury (SCI) and
glial scar formation [23, 24].

As opposed to the abundant literature on the role of
NOTCH1 receptor, DLL4 ligand expression has only
been reported once, anecdotally, in reactive astrocytes,
following brain injury [25]. The important role of
DLL4-NOTCHI1 signaling in the cardiovascular system
is already widely appreciated [26], but little is known
about this specific pathway in reactive astrocyte reac-
tivity during neuroinflammation.

We hypothesized that astrocytic DLL4 may interact
with the receptor NOTCH1 on neighboring astrocytes
to regulate astrocyte reactivity and neuroinflammation
via downstream juxtacrine signaling pathways.

We first tested the role of astrocytic DLL4 on neu-
rovascular unit homeostasis under neuroinflammatory
conditions. We then probed for downstream effec-
tors of the DLL4-NOTCH]1 axis and targeted these for
therapy in two models of CNS inflammatory disease.
Here, we demonstrate that astrocytic DLL4 is upreg-
ulated during neuroinflammation, both in mice and
humans, driving astrocyte reactivity and subsequent
blood-brain barrier permeability and inflammatory
soluble factor and immune cell infiltration. We then
show that the DLL4-mediated NOTCHI signaling in
astrocytes directly drives IL-6 levels, induces STAT3
phosphorylation promoting upregulation of astrocyte
reactivity markers, pro-permeability factor secretion
and consequent blood-brain barrier destabilization.
Finally we reveal that blocking DLL4 with antibodies
improves EAE symptoms in mice, identifying a poten-
tial novel therapeutic strategy for CNS autoimmune
demyelinating disease.
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 DLL4 is expressed by CNS astrocytes and upregulated during chronic neuroinflammation. (A-D) Human astrocytes (NA) were cultured until conflu-
ence, starved for 24 h and treated for 24 h with PBS 1X (control) versus 10 ng/mL of recombinant IL-18. (A) DLL4 and (B) VIM expression were quantified by
gRT-PCR. B-ACTIN was used as a reference (n=6). (C) Representative western blot (WB) for DLL4 and 3-ACTIN (ACTB) protein expression level are shown.
(D) DLL4 protein expression level was quantified by western blot. ACTB was used as a reference. (n=6). (E-G) C57Bl/6 females (4 animals/group) were
induced with EAE versus Freund adjuvant alone (Ctrl). At day 13 post induction, mice were sacrificed and spinal cord neurovascular units were isolated. (E)
Dll4, (F) Hey1,and (G) Jag! expression were measured via gRT-PCR in both groups (MOG;s_ss versus Ctrl) (n=4). (H) Spinal cord sections were harvested
from MOG;s _ 55 EAE-induced versus Ctrl C57B1/6 females and immuno-stained with anti-DLL4 (in red) and anti-GFAP (in green) antibodies. Representative
DLL4/GFAP staining is shown. (I) DLL4 positive areas were quantified (Ctrl mice n=6 and MOGs; _ss EAE-induced mice n=6). (J) Human cortical sections
from non-pathological donors and patients with MS lesions were immunostained with anti-DLL4 (in green) and anti-GFAP (in red) antibodies. Nuclei were
stained with DAPI (in blue). Representative DLL4/GFAP staining is shown. DLL4 quantification in the human cortical sections cannot be provided as the
number of samples available (3 /group) limits us. (K) 12-week-old C57BI/6 females were induced with EAE. At day 5, 11, 18 and 24 post induction, mice
were sacrificed (4-5 animals per group) and spinal cord cervical, thoracic and lumbar sections were harvested and immuno-stained with anti-DLL4 and
anti-GFAP antibodies. DLL4 positive areas in the 3 sections were quantified at each time point. Statistical significance was determined by using a Mann-

Whitney U test or 2 ways Anova followed by Holm-Sidak's multiple comparisons test

In summary, we report here for the first time that the
DLL4-NOTCHI axis acts as a key driver of astrocyte
reactivity during neuroinflammation via upregulation
of the IL-6-STAT3-TYMP/VEGFA signaling path-
way, leading to disruption of the neurovascular unit,
increased immune infiltration into the CNS paren-
chyma and worsened neuropathology. More generally,
this study demonstrates that DLL4-NOTCHLI1 signaling
is not only a key pathway in vascular development and
angiogenesis [27], but also in the control of astrocytic
reactivity during neuroinflammation.

Results

DLL4 is expressed by CNS astrocytes and upregulated
during chronic neuroinflammation

First, we showed that DLL4 is strongly upregulated in
reactive astrocytes under inflammatory conditions in
vitro using CNS normal human astrocytes (NA) from
ScienCell treated with IL-1p (interleukin-1f), a central
pro-inflammatory cytokine driving multiple sclerosis
pathophysiology (Fig. 1, A, C-D) and in vivo (Fig. 1, E),
in the neurovascular unit, using experimental autoim-
mune encephalomyelitis (EAE), a pre-clinical model of
multiple sclerosis using MOGg5_s5 to induce chronic
neuroinflammation in C57BL/6 mice. For this experi-
ment, isolated spinal cord micro-vessels underwent a
digestion step followed by a CD45" T cell depletion
step to eliminate inflammatory cell infiltrates induced
by EAE. DLL4 upregulation in human reactive astro-
cytes in vitro is associated with upregulation of the
astrocyte reactivity marker VIM (Vimentin) (Fig. 1, B).
DIl4 upregulation in the neurovascular unit is associ-
ated with upregulation of Notch signaling activation
markers Heyl (hairy/enhancer-of-split related with
YRPW motif protein 1) and Jagl (jagged 1) (Fig. 1,
F-G). We then confirmed that DLL4 is upregulated
in reactive astrocytes in vivo, on spinal cord sections
from EAE induced C57BL/6 adult mice (Fig. 1, H-I)
and on cortical active lesions from multiple sclerosis
patients (Fig. 1, J). In addition, we measured astrocytic
DLL4 expression level in cervical, thoracic and lumbar

spinal cord sections from EAE induced C57BL/6 adult
mice at different time points (day 0, 5, 11, 18 and
24 post immunization). We showed that astrocytic
expression of DLL4 is predominant at the thoracic
level of the spinal cord in the early stage of EAE (day
5 post immunization), before increasing at the cervical
level of the spinal cord in the late stages of EAE (day
11 and 18 post immunization). DLL4 remains weakly
expressed by astrocytes at the lumbar level of the spi-
nal cord regardless of the post immunization time
point (Fig. 1, K).

Inactivation of astrocyte Dll4 reduces disability in a model
of multiple sclerosis during the onset and plateau of the
disease

To test the role of astrocyte DLL4 in neuroinflam-
mation, we conditionally disrupted DI//4 expression
in astrocytes using 2 different promoters (the Glast-
CrefR™? promoter and the AldhiLI-Cref®"? promoter)
and examined the consequences on EAE pathology.
Experimental mice consisted of Glast-Cret*"?, DII-
gFlox/Flox mice or Aldh1L1-CrefRT2, Dli4flos/Flox mice
with corresponding littermate controls (DI4Ftox/Floxy,
We first verified the efficiency of both knockouts, 4
months after inducing knockdown by intra-peritoneal
injection of tamoxifen. The Glast-Cre®®’? promoter
induced a moderate recombination (30-50%) whereas
the Aldh1L1-Cre"®™ promoter induced a full recom-
bination (90-100%) in both spinal cord and cortical
astrocytes (Supplemental Fig. 1, A-H). The difference
in recombination efficiency enabled us to test the
effects of partial versus complete astrocyte DI[4 knock-
down in the disease course and spinal cord pathology
of experimental multiple sclerosis (EAE).

In the rest of the manuscript, Glast-Cret®"?, DII-
gFlox/Flox mijce will be named DI4A“%OP (for partial
recombination) and Aldh1L1-Cre®R7?, D[14Flox/Flox mjce
will be named DI44““OC (for complete recombina-
tion) to make reading easier.

We confirmed the absence of DLL4 astrocyte expres-
sion in non-reactive astrocytes in DI[44“X°C mice versus
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Fig. 2 Inactivation of astrocytic DIl4 reduces disability during the onset and plateau of EAE disease. (A) DII4*““Pmice and control mice induced with
EAE were scored daily according to a widely-used 5-point scale (EAE scoring: 1 limp tail; 2 limp tail and weakness of hind limb; 3 limp tail and complete
paralysis of hind legs; 4 limp tail, complete hind leg and partial front leg paralysis). Statistical significance was determined by using a 2 ways Anova test
followed by the Holm-Sidak’s multiple comparisons test (*: p<0.05; **: p<0.01; ** p<0.001 ***: p <0.0001). (DII4"°P n=10,WT n=9). (B) DIl4"*°Pand
control mice EAE peak score and (C) EAE average score during time of disability (mice present symptoms) were quantified other the course of the dis-
ease. (D) DII4"KOC mice and control mice induced with EAE were scored daily on a standard 5-point scale, two ways Anova. (DII4"KOC n =15, WT n=15).
(E) DII4*“CC and control mice EAE peak score and (F) EAE average score during time of disability were quantified other the course of the disease. (G-J)
Non-pathologic spinal cord tissues and spinal cord EAE lesions from DIi4*“Op mice, DIl4"“OC mice and littermate controls were harvested at 18 days post
induction. (G-H) DIl4"“*9pmice and control lesions (low magnification images) and (I-J) DIl4*%OC mice and control lesions (low magnification images)
were immuno-stained with an anti-MBP (in green) antibody. (H, J) White matter MBP positive areas were quantified (the white matter (WM) is delimited
from the grey matter (GM) by the white dotted lines). (H) (Non-pathologic tissues: DIl4"“OPrmice n=4, WT n=4; EAE tissues: DIl4"*OPmice n=5,WT n=6),
(J) (Non-pathologic tissues: DI4"KOC mice n=4, WT n=4: EAF tissues: DII4"OC mice n=6, WT n=7)). Statistical significance was determined by using a

Mann-Whitney U test

control littermates (Supplemental Fig. 1, I) and high-
lighted astrocyte specific DLL4 downregulation in EAE
induced DI[4*“KOC mice versus control littermates (Sup-
plemental Fig. 1, J) and in DI[4*““°Pmice versus control
littermates injected in the cortex with AdIL-1f (Supple-
mental Fig. 1, K)), another mouse model of astrocyte
reactivity and CNS autoinflammation.

In the DI4*““°Pmouse model, littermate control
mice demonstrated neurologic deficits from day 11,
which increased in severity until day 21, when the
clinical score stabilized at a mean of 3.0, represent-
ing hind limb paralysis. In contrast, the clinical course
in DI44““°Pmice was much milder: disease reached
a plateau at day 27 at a mean of 2.5, indicating hind
limb weakness and unsteady gait, a milder phenotype
(Fig. 2, A). The EAE peak score (Fig. 2, B) was no dif-
ferent between the groups but average score dur-
ing the time of disability (Fig. 2, C) was decreased in
DI14A%Op mice.

In the DU4*““C mouse model, littermate con-
trol mice exhibited neurologic deficits from day 12,
which increased in severity until day 20, when clini-
cal score stabilized at a mean of 2.8, representing hind
limb paralysis. In contrast, the onset of clinical signs
in DII4“¥OC mice was first seen four days later, and
the clinical course was very mild. Indeed, in DII44°C
mice, disease reached a plateau at day 18 at a mean of
0.4 indicating almost no sign of paralysis (Fig. 2, D).
Strikingly, only two DI44“*OC mice developed very
mild symptoms, the remaining majority showing no
sign of pathology other the course of the disease. The
EAE peak (Fig. 2, E) and average scores during the time
of disability (Fig. 2, F) were both strongly decreased in
DI14AKOC mice.

Clinical course in both DII44““°Pmice and
DII44YKOC mice was correlated with decreased areas
of demyelination as compared to the control cohorts
(Fig. 2, G-)).

In sum, we found that clinical course and pathol-
ogy of EAE are reduced in mice with astrocyte DI/l4
knockdown. Furthermore, degree of DIl4 knockdown
appeared to have a dose-dependent effect as reduced

pathology was only observed during the onset of the
disease in the DI44““°Pmice while reduced pathol-
ogy was observed during both the onset and plateau
of the disease in the DI[4"“*OC mice. Moreover, the
magnitude of the protective effect of DIl4 astrocyte
knockdown was stronger in DI[4A“*OC mice than in
DI144“KOP mice.

Astrocyte-specific DIl4 inactivation induces
downregulation of astrocyte reactivity under
neuroinflammatory condition both in vitro and in vivo

To test the importance of astrocyte DLL4 expression
in reactive astrocytes during neuroinflammation, we
conditionally disrupted DLL4 expression in human
astrocytes, and examined the consequences on astro-
cyte reactivity. To do so, we used human Normal
Astrocytes (NA) from ScienCell that we transfected
with either a siRNA control or a siRNA targeting DIl4
expression. Astrocyte reactivity was then induced
using the pro-inflammatory cytokine IL-1p to induce
astrocyte reactivity in vitro.

We first verified the efficiency of the knockdown by
measuring DLL4 gene and protein expression in pri-
mary human NA cultures transfected with the siCTRL
versus siDLL4 and treated with IL-1f, and showed
that DLL4 gene and protein expression were strongly
downregulated in the siDLL4 condition compared
to the siCTRL condition (Fig. 3, A-C) along with the
protein expression of NICDI1 (notchl intracellular
domain) which reflects the level of activation of the
notch pathway (Fig. 3, D-E). The downregulation of
the DLL4-NOTCH]1 axis was paired with the down-
regulation of identified reactive astrocyte markers
notably VIM (VIMENTIN) [28] and cleaved CASPASE
3 [29] (Fig. 3, D, F-G). We then confirmed that DI/l4
knockdown leads to disruption of astrocyte reactivity
in vivo, on isolated astrocyte lysates from EAE induced
DI144°KOp and DII4A“%OC mice and control littermates.

Transcriptional profiling of isolated astrocyte
lysates from EAE induced DII44“°C and control lit-
termates showed that 1558 genes were downregulated
in EAE induced DII44°C mice while 874 genes were
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upregulated (Supplemental Fig. 2, A). Notably, among
the downregulated genes, a wide cohort of transcripts
linked to reactive astrocyte markers (Fig. 3, H). Spe-
cifically, this approach identified, among others, Vim
(vimentin) and Serpina3n transcripts as downregulated
in astrocyte samples from EAE induced DII44°C
mice (Fig. 3, H). Importantly, these two factors, like all
the genes highlighted in the heatmap (Fig. 3, H), have
been identified as markers of astrocytic reactivity in
the international consensus published in 2021 in the
journal nature neuroscience [28]. The pro-inflamma-
tory cytokine /-6 (interleukin-6) transcripts are also
downregulated in astrocyte samples from EAE induced
DII4AY%OC mice (Fig. 3, H). Surprisingly, Gfap tran-
scripts weren’t modulated in astrocyte samples from
EAE induced DII4*“%OC mice (cf. transcriptional pro-
filing of isolated astrocyte lysate full table, additional
file 1). However, in examining VIM and GFAP protein
expression by western blot, in spinal cord lysates from
Freund adjuvant and EAE induced DI44“fOC mice
compared to control littermates; we showed that both
factors are downregulated in DII44““OC mice (Fig. 3I-
K). Moreover, in examining VIM and GFAP protein
expression by immunofluorescence on spinal cord sec-
tions from EAE-induced DI[4A“OPmice and control
littermates and from EAE-induced DI[4“*OC mice
and control littermates, we confirmed that both GFAP
and VIM expression are decreased in the CNS of
astrocyte specific D//4 deficient mice (DII44°%0 mice)
(Fig. 3, L-N) (Supplemental Fig. 2, B).

These findings indicate astrocytic DLL4 expression
contributes to the induction of astrocyte reactivity
under neuroinflammatory conditions.

Astrocyte-specific DLL4 activity depends partially on its
interaction with astrocytic NOTCH1 receptor in vivo and
drives NICD upregulation in astrocytes leading to the
upregulation of IL-6 transcripts via a direct interaction with
NICD
Next, we explored the signaling factors downstream
of DLL4 induced astrocyte reactivity. To test if DLL4
induced astrocyte reactivity depends on its interaction
with NOTCHI1 receptor in reactive astrocytes; we con-
ditionally disrupted Notchl expression in astrocytes
using the Aldh1L1-Cre*®? promoter and examined the
consequences on EAE pathology. Experimental mice
consisted of Aldh1L1-Cre®f"?, Notch1t%*/F* mice with
corresponding littermate controls (Notch1Flox/Floxy - 1
the rest of the manuscript, AldhIL1-Cre*®™2, Notch-
1Flox/Flox mijce will be named Notchi1““*OC to make
reading easier.

In the NotchI*“®OC mouse model, control mice
exhibited neurologic deficits from day 12, which
increased in severity until day 22, when clinical
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score stabilized at a mean of 2.8, representing hind
limb paralysis. In contrast, the clinical course in
Notch14“%OC mice was much milder: disease reached
a plateau at day 20 at a mean of 1.7, indicating hind
limb weakness and unsteady gait, a milder pheno-
type (Fig. 4, A). These results confirm that astrocytic
knockouts of DI//4 or Notchl both lead to a decrease
in EAE disease progression with recovery of hind
limb mobility in knockout animals compared to lit-
termate controls. Thus, these data strongly support
our hypothesis that DLL4 is indeed acting through
NOTCH]1 on reactive astrocytes during neuro-inflam-
mation (Fig. 4, A).

Interestingly, the impact of astrocytic Notchl knock-
out (Fig. 4, A) is more moderate than that of astro-
cytic DIl4 knockout (Fig. 2, D) in the context of EAE.
This means that astrocytic DLL4 interacts with its
NOTCH]1 receptor in activated astrocytes, but also
potentially with other neighboring cells, via the DLL4-
NOTCH signaling, to impact EAE pathology. Given
the structure of the neurovascular unit and the inflam-
matory context associated with EAE, we assume that
these neighboring cells might be the lymphocytes infil-
trating the CNS parenchyma. This hypothesis remains
to be explored and is discussed in the discussion.

Interestingly, NICD has been found to directly regu-
late IL-6 (interleukin-6) expression in activated mac-
rophages [30] and our transcriptional RNA profiling
of astrocyte lysates from EAE induced DII44°C and
control littermates revealed a strong downregulation
of Il-6 transcripts in DI[44“OC samples compared to
controls (Fig. 3, H). Therefore, we hypothesized that
a direct interaction between NICD and IL-6, already
observed in reactive macrophages, may contribute
to reactive astrocyte reactivity pathways in vitro. To
respond to this question, we performed a ChIP experi-
ment on reactive astrocyte lysates using IgG versus
NICD antibodies to do the pull down and human /L-
6 primers for the PCR and demonstrated that NICD
directly interacts with IL-6 gene promoter in reac-
tive astrocytes in vitro (Fig. 4, B). Then, to rule out
any potential effect of the inflammatory factor IL-1p
on the upregulation of IL-6 in our in vitro model, we
transduced non-reactive human astrocytes with a
DLL4 expressing lentivirus versus an empty lentivirus.
First we validated that the DLL4-NOTCH1 pathway
was activated in the astrocyte cultures transduced with
the DLL4 expressing lentivirus, showing the upregu-
lation of HESI1, HEY1 and HEY2 genes (Fig. 4, C-E)
and highlighted the concurrent upregulation of IL-6
expression level (Fig. 4, F). DLL4 upregulation was also
validated to ensure the transduction efficacy (Fig. 4,
G).
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Fig. 3 Astrocyte-specific Dil4 inactivation induces downregulation of astrocyte reactivity under neuroinflammatory condition. (A-G) NA were transfected
with a CONTROL siRNA (20uM) versus a DLL4 siRNA (20 uM) and treated with IL.-13 10ng/mL for 12 h. (A-C) DLL4 expression was quantified by (A) gRT-PCR
(n=6) and (B-C) WB. 3-ACTIN (ACTB) was used as a reference. (B) Representative WB for DLL4 and ACTB protein expression are shown. (C) DLL4 protein
expression was quantified. (n=6). (D-E) NICD1, (D, F) VIM, (D, G) cleaved-CASP3 expression were quantified by WB. ACTB and CASP3 total were used as
references. (1=6) (H) Transcriptional RNA profiling of astrocyte lysates from EAE induced DII4*“CC mice and control littermates was performed. A Heat-
map of the differentially expressed genes involved in astrocyte reactivity [28] is shown. (I-K) VIM and GFAP protein expression were quantified by WB in
spinal cord lysates from Freund adjuvant or EAE-induced DII4"°C mice and control littermates (at 18 days post induction). TUBULIN was used as a refer-
ence. (I) Representative WB for VIM, GFAP and TUBULIN are shown. (J-K) VIM and GFAP protein expression were quantified by WB. TUBULIN was used as a
reference. (DII4"“OPmice n=6, WT n=6) (DII4"OC mice n=6, WT n=6) (L-N) Spinal cord EAE lesions from DI4"KOp mice, DII4"YCC mice and littermate
controls were harvested at 18 days post induction and immuno-stained with anti-GFAP (in green), anti-VIM (in red) and anti Podocalyxin (PODXL) (in grey)
(to discriminate vascular from astrocytic VIM expression) antibodies. Nuclei were stained with DAPI (in blue). (L) DII4*““°C mice versus control tissues are
shown. (M) GFAP +and (N) VIM+/PODXL- areas were quantified DI “OPmice n=6, WT n=6) (DII4"“°C mice n=7,WT n=7)). Statistical significance was

determined by using a Mann-Whitney U test or Kruskal Wallis test followed by the Dunn's multiple comparison test

Altogether, these results suggest that DLL4 driven
NOTCH]1 activation in reactive astrocytes leads to the
upregulation of IL-6 transcripts via a direct interac-
tion between NICD and the gene coding for IL-6.

Astrocyte-specific DIl4 inactivation induces
downregulation of astrocyte reactivity through the
downregulation of the IL-6-STAT3 pathway both in vitro
and in vivo

JAK/STAT (janus kinase/signal transducer and acti-
vator of transcription) signaling is an essential effec-
tor pathway for the development and regulation of
immune responses. Unbridled activation of the JAK/
STAT pathway by pro-inflammatory cytokines, notably
IL-6, plays a critical role in driving the pathogenesis
of multiple sclerosis/EAE [31]. Moreover, STAT3 has
been shown to control astrocyte reactivity in various
pathologies such as ischemic stroke, neuroinflamma-
tory disorders and brain tumors [32-34]. We tested
whether the IL-6-JAK/STAT pathway was regulated
by astrocytic DIl4 in vitro and in vivo. First we showed
that both IL-6 and P-STAT3 (phosphorylated form of
STAT3) were downregulated in reactive human astro-
cytes transfected with the DLL4 siRNA compared to
reactive human astrocytes transfected with the CTRL
siRNA. Notably, IL-6 and P-STAT3 expression level in
the DLL4 siRNA condition was similar to the one mea-
sured in non-reactive astrocytes (Fig. 5, A-C). Under
the same conditions in vitro and on spinal cord sec-
tions from DI[44KOC mice and control littermates, we
then demonstrated that IL-6 signal was co-localized
with GFAP signal in reactive astrocytes (Fig. 5, D-E)
(Supplemental Fig. 2, C) and that IL-6 expression
level was downregulated following DI/l4 knockdown
both in vitro and in vivo (Fig. 5, D-G) (Supplemental
Fig. 2, C). To clearly establish the link between IL-6
and P-STAT3, we then measured the phosphoryla-
tion of STAT3 in vitro, in human reactive astrocytes
treated with Tocilizumab, a humanized monoclonal
antibody targeting IL-6 receptors, or IgG. We showed
that P-STAT3 is downregulated after Tocilizumab
treatment compared to IgG with an expression level

similar to the one of non-reactive astrocytes (Fig. 5,
H-I). Importantly, DLL4 expression level was stable
in both IgG and Tocilizumab treated reactive astro-
cytes, highlighting that IL-6-STAT3 interaction hap-
pened downstream of DLL4 during astrocyte reactivity
(Fig. 5, H, J).

Here we showed that, following the direct upregula-
tion of IL-6 transcription by NICD in reactive astro-
cytes, IL-6 protein expression is strongly increased
and leads to the phosphorylation of STAT3, an already
established marker of astrocyte reactivity via its inter-
action with the kinase JAK.

Mice with astrocyte DIl4 inactivation display reduced
blood-brain barrier disruption, which is associated with
decreases in VEGFA and TYMP secretion, protecting

the parenchyma from inflammatory infiltrate in a

model of multiple sclerosis and in a model of acute
neuroinflammation

We compared the impact of DI//4 blockade in astro-
cytes on plasma protein and inflammatory cell infil-
tration in the parenchyma by measuring IgG, CD4
and CD45+lymphocyte infiltration and IBA1 expres-
sion level in vivo, on spinal cord sections from EAE
induced DII44“¥°Pand DII4“*OC mice versus control
littermates (Fig. 6, A-D) (Supplemental Fig. 3, A-H).
We found that astrocyte DI/4 deficient mice induced
with EAE displayed less parenchymal inflammatory
infiltration than control littermates (Fig. 6, A-D) (Sup-
plemental Fig. 3, A-H). We previously reported that
reactive astrocytes express pro-permeability factors,
VEGFA and TYMP, which drive blood-brain barrier
permeability in EAE [7]. We therefore tested whether
astrocyte DLL4 signaling regulates VEGFA and TYMP
expression in vitro in DLL4 siRNA treated reactive
astrocytes and in vivo in EAE induced DI[44“°Pand
DIlI4*“®°C mice. We found that VEGFA and TYMP
were downregulated in IL-1p induced reactive astro-
cytes transfected with DLL4 siRNA when compared
to IL-1pB induced reactive astrocytes transfected with
CTRL siRNA (Fig. 6, E-H). Moreover we showed
that TYMP expression level was highly correlated to
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Fig.4 DLL4-NOTCH1 signaling in reactive astrocytes promotes IL-6 transcription via a direct interaction with NICD. (A) Notch 1"“OC mice and control mice
induced with EAE were scored daily according to a widely-used 5-point scale (EAE scoring: 1 limp tail; 2 limp tail and weakness of hind limb; 3 limp tail
and complete paralysis of hind legs; 4 limp tail, complete hind leg and partial front leg paralysis). Statistical significance was determined by using a 2 ways
Anova test followed by the Holm-Sidak's multiple comparisons test, (*: p<0.05; **: p<0.01; ***: p<0.001 ****: p<0.0001). (Notch 1AKOC n=15,WT n=16).
(B) NA were cultured until confluence and treated with IL-13 10ng/mL for 24 h. A Chromatin Immuno-Precipitation (ChiP) was then performed on NA
lysates using NICD antibody versus IgG controls to pull-down. /-6 DNA expression level was then quantified by PCR. (C-G) NA were cultured until 70%
confluence. They were then transduced with an empty lentivirus (6.21 108 PFU/mL) versus a DLL4-expressing lentivirus (4.14 10% PFU/mL) and harvested
24 h post transduction (n=11). (C) HES1, (D) HEY1, (E) HEY2, (F) IL-6 and (G) DLL4 expression were quantified by gRT-PCR. B-ACTIN was used as a reference.

Statistical significance was determined by using a Mann-Whitney U test

astrocyte reactivity threshold as it followed the same
pattern as GFAP signal intensity (Fig. 6, H, J-K). We
then confirmed these results in vivo, finding down-
regulation of astrocyte VEGFA and TYMP signals on
spinal cord sections from EAE induced DII44“%OPand
DII44“KOC mice when compared to control littermates
(Fig. 6, I, L-M) (Supplemental Fig. 3, I-K).

Altogether, these results suggest that, under neuro-
inflammatory condition, astrocyte DI//4 knockdown
leads to decreased astrocyte reactivity and is associ-
ated with reduced levels of VEGFA and TYMP, pro-
tecting against blood-brain barrier breakdown and
parenchymal inflammatory infiltrate.

To further support whether astrocyte DLL4 par-
ticipates to inflammatory lesion pathogenesis by con-
trolling astrocyte reactivity, we decided to verify the
results we obtained in the EAE mouse model, in a
model of acute neuroinflammatory lesion. Initially, we
compared responses of DI[4*““CPmice and littermate
controls to cortical injection of AdIL-1(, measuring
the area of neuronal cell death (NEUN loss) in lesions
at 7 dpi (days post injection) (Supplemental Fig. 4, A,
F). We then measured astrocyte reactivity (VIM and
GFAP signal intensity) and associated IL-6 and TYMP
expression in lesions at 7 dpi (Supplemental Fig. 4,
B-C, G-J). Finally, the maximal area of inflammatory
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Fig. 5 Astrocyte-specific DIl4 inactivation induces downregulation of astrocyte reactivity through the downregulation of the IL-6-STAT3 pathway. (A-C)
NA were cultured until 70% confluence and transfected with a CONTROL siRNA (20 uM) versus a DLL4 siRNA (20 uM), starved for 12 h and treated with 1X
PBS versus IL-13 10ng/mL for 12 h. (A-B) IL-6 (n=8) and (A, C) P-STAT3 (n=6) expression were quantified by western blot (WB). 3-ACTIN (ACTB) and STAT3
total were used as references. (D) NA were cultured on Lab-Tek® until 70% of confluence. They were then treated as above. GFAP (in green) and IL-6 (in red)
localizations were evaluated by immuno-fluorescent staining. Nuclei were stained with DAPI (in blue). (E) Spinal cord from control tissues or EAE lesions
(18 days post induction) from DI4"KOp mice, DII4"KOC mice and littermate controls were harvested. DII4"KOp, DIl4"“KOC and control tissues were immuno-
stained with anti-GFAP (in green) and anti-IL-6 (in red) antibodies. Nuclei were stained with DAPI (in blue). DII4*KOC and control tissues are shown. (F-G)
IL-6 positive areas were quantified (F) in reactive NA (n=8) and (G) in spinal cord lesions (3 lesions per tissue) (D14*“Pmice n=6, WT n=5) (DIl4"K°C
mice n=7, WT n=6)). (H-J) NA were cultured until 70% confluence. They were then starved for 12 h and treated with 1X PBS versus IL-13 10ng/mL with
IgG or an anti-IL-6 receptor antibody Tocilizumab (1 pg/mL) for 24 h. (H-1) P-STAT3 (n=5-6) and (H, J) DLL4 were quantified by western blot (n=5-6).
STAT3 total and ACTB were used as references. Statistical significance was determined by using a Mann-Whitney U test or Kruskal Wallis test followed by

the Dunn's multiple comparison test

infiltration into the CNS in term of parenchymal entry
of serum proteins, notably FGB (fibrinogen), and
CD4" T helper lymphocytes was assessed in lesions
at 7 dpi (Supplemental Fig. 4, D-E, K-L). Importantly,
these studies demonstrated that lesion formation in
DII4A“®OPmice was strongly decreased compared to
littermate controls. Confirming efficacy and speci-
ficity of inactivation, AdIL-1B-induced lesions in
DlI44“®OPmice showed lower levels of DLL4 (Sup-
plemental Fig. 1, K). Lesion size in DII4*““°Pmice,
as measured by neuronal cell death or loss of NEUN
immunoreactivity, was much narrower than in con-
trols at 7 dpi (Supplemental Fig. 4, A, F). Moreover,
GFAP and VIM, two markers of astrocyte reactivity
were strongly downregulated in DI/44““°Pmice com-
pared to controls and were associated with a decreased
expression of astrocyte reactivity marker IL-6 and pro-
permeability marker TYMP (Supplemental Fig. 4, B-C,
G-J). There were also large decreases in the areas of
cortical FGB and CD4* T helper lymphocytes infiltra-
tion seen in AdIL-1p lesions in DII4*“ 0P mice at 7 dpi
(Supplemental Fig. 4, D-E, K-L).

We concluded that astrocyte DLL4 upregulation
during acute neuroinflammation leads to astrocyte
reactivity in the lesion area and upregulation of the
pro-inflammatory cytokine IL-6 and pro-permeabil-
ity factor TYMP by reactive astrocytes. Lesion size is
more severe in presence of astrocytic DLL4 and associ-
ated with a stronger inflammatory infiltrate of fibrino-
gen and immune cells into the parenchyma. Altogether
our findings in both cortical AdIL-1p lesions and spi-
nal cord EAE support a global role for astrocytic DLL4
in driving astrocyte reactivity and neuroinflammatory
lesion pathogenesis.

Blockade of DLL4 protects against blood-brain barrier
opening and paralysis in EAE

To test the therapeutic potential of exogenous DLL4
blockade during EAE, we designed experiments to test
the effects of an anti-DLL4 antibody. To probe for pos-
sible off-target effects of DLL4 blockade on the vascu-
lar endothelium, we first tested the EAE phenotype in

a transgenic mouse with conditional endothelial D/l4
inactivation as DLL4 contributes to the regulation of
angiogenesis via DLL4-mediated NOTCHI1 signaling
in endothelium, a key pathway for vascular develop-
ment [35]. Therefore, we induced EAE in 10 weeks old
Cadherin5-Cre"®T?, DI14F°%/Flo* mice and correspond-
ing littermate controls and found that DI/4 endothe-
lial specific downregulation had no impact on EAE
disease severity (Supplemental Fig. 5, A), associated
peak (Supplemental Fig. 5, B) and average score during
time of disability (Supplemental Fig. 5, C). Moreover,
in C57BL/6 spinal cord EAE lesions, we showed that
DLL4 is not expressed by SMA +mural cells (Supple-
mental Fig. 5, D-E). Altogether, these data suggest that
exogenous DLL4 blockade with an anti-DLL4 antibody
would have minimal effects on the vascular endothe-
lium impacting the course or neuropathology of EAE.

We then compared the impact of DLL4 blockade on
disease severity in EAE (Fig. 7). We sensitized 8 weeks
old C57BL/6 mice (9 per group) and, beginning on
day 8 post sensitization (just at the beginning of the
onset of the disease), treated them every three days
for eleven days with the inVivoMab anti-mouse DLL4
antibody (500 pg/mouse/d). The inVivoMab polyclonal
Armenian hamster IgG (500 pg/mouse/d) was injected
to the mice in the control group. Neurological signs
and pathology were evaluated from day 1 to day 25
post sensitization.

Onset of the disease occurred at day 10 post-sensiti-
zation, and ascending paralysis was first observed 24 h
later, with severity in controls (polyclonal Armenian
hamster IgG-treated mice) increasing until day 19,
when neurologic deficit reached a plateau at a mean
score of 3.3, indicating severe disease with complete
hindlimb paralysis (Fig. 7, A). Signs in anti-mouse
DLL4 antibody-treated mice were much milder, peak-
ing at day 16 at a mean score of just 2.4, indicative of a
limp tail with moderate hindlimb weakness (Fig. 7, A).
Comparison of peak clinical severity in each individual
was different between the anti-mouse DLL4 antibody
and the polyclonal Armenian hamster IgG-treated
regimens (Fig. 7, B). For anti-mouse DLL4 antibody,
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differences in disease severity were highly signifi-
cant compared with polyclonal Armenian hamster
IgG-treated controls (Fig. 7, C). Almost all controls
(89%) but only 33% of anti-mouse DLL4 antibody-
treated mice displayed complete hindlimb paralysis or
worse (score>3) (Fig. 7, A-C). No mortality at all was
encountered in all cohorts.

These improvements in clinical disease observed
with the anti-mouse DLL4 antibody were associated
with reduced tissue damage, in terms of decreased
demyelination (Fig. 7, D, H). They were also associ-
ated with reduced blood-brain barrier breakdown,
plasmatic protein and inflammatory cell infiltration
(Fig. 7, E-F, J-L) and astrocyte reactivity (Fig. 7, G-H,
M-N). No difference was observed in term of microg-
lial activation (Fig. 7, D, K). Downregulation of astro-
cyte reactivity in the anti-mouse DLL4 antibody group
was associated to a decreased expression of the pro-
inflammatory cytokine IL-6 and of the pro-permeabil-
ity factors TYMP and VEGFA (Fig. 7, G-H, O-P).

Collectively, the results of these therapies confirm
the therapeutic benefit of exogenous DLL4 blockade
during EAE and support our findings that astrocyte
DLL4 promotes astrocyte reactivity during neuroin-
flammation, which contributes to TYMP and VEGFA
astrocytic secretion leading to blood-brain barrier
permeability.

Methods

Human tissues

Cortical sections from multiple sclerosis patients
(active lesions) and healthy controls (frontal cortex)
were obtained from the Neuro-CEB bio bank (https://
www.neuroceb.org/fr). The sections were 30 um thick
and obtained from fresh frozen samples.

Mice
The Glast-Cret®"? mice, Aldh1L1-Cre*®"? mice, Cdh5-
Cre®®™? mice, DIl4 Floxed (DII4"°%) mice, Notchl
Floxed (Notch1™°*) and C57BL/6 mice were purchased
from Jackson Laboratories (Bar Harbor, ME, USA).
The Cre recombinase in Glast-Cre®®? mice, Aldh1L1-
CrefR2 mice and Cdh5-Cre®? mice was activated
by intraperitoneal injection of 1 mg tamoxifen (Sigma
Aldrich, St. Louis, MO, USA) for 5 consecutive days
at 8 weeks of age. Mice were phenotyped 2 weeks later.
Successful and specific activation of the Cre recom-
binase has been verified by measuring recombination
efficacy in Glast-Cre®®%Rosa26™"C mice, AldhlLI-
CrefR1%,Rosa26"™C, and Cdh5-Cref®%;,  Rosa26™T¢
mice (Supplemental Fig. 1, A-H) [4].
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Neurovascular fraction enrichment from mouse CNS
Mouse was sacrificed by cervical dislocation. Spinal
cord was then harvested and transferred in a potter
containing 2 mL of buffer A (HBSS 1X w/o phenol red
(Gibco, Waltham, MA, USA), 10 mM HEPES (Gibco,
Waltham, MA, USA) and 0,1% BSA (Sigma Aldrich,
St. Louis, MO, USA) and the tissue was pounded to
obtain an homogenate which was collected in a 15
mL tube. The potter was rinsed with 1 mL of buffer
A which was added to the 2 mL homogenate. Cold
30% dextran solution was then added to the tube (V:
V) to obtain a 15% dextran working solution centri-
fuged for 25 min at 3000 g, 4 °C without brakes. After
centrifugation, the pellet (neurovascular components
and red cells) was collected and the supernatant (dex-
tran solution and neural components) was centrifuged
again to get the residual vessels. Neurovascular com-
ponents were then pooled and re-suspended in 4 mL
of buffer B (HBSS 1X Ca**/ Mg** free with phenol red
(Gibco, Waltham, MA, USA), 10 mM HEPES (Gibco,
Waltham, MA, USA) and 0,1% BSA (Sigma Aldrich, St.
Louis, MO, USA)).

Neurovascular fraction enrichment for ¢RT-
PCR After centrifugation of the cell suspension, the
pellet was washed 3 times with the buffer B and filtered
through a 100 pm nylon mesh (Millipore Corporation,
Burlington, MA, USA). The nylon mesh was washed
with 7 mL of buffer B to collect the retained enriched
neurovascular fractions. The suspension was then cen-
trifuged for 10 min at 1000 g and the pellet suspended
in 300 pL of RIPA lysis buffer for western blot analysis
or 1000 pL of Tri-Reagent (MRC, Cincinnati, OH, USA)
for qRT-PCR analysis.

RNA sequencing

RNA was isolated using Tri Reagent® as instructed by
the manufacturer (Molecular Research Center Inc).
Each sample was obtained from a single mouse. mRNA
library preparation was performed based on manu-
facturer’s recommendations (KAPA mRNA Hyper-
Prep Kit [ROCHE]). Pooled library preparations were
sequenced on NextSeq® 500 whole genome sequencing
(Illumina®), corresponding to 2x30 million reads per
sample after demultiplexing.

Quality of raw data was evaluated with FastQC [36].
Poor-quality sequences were trimmed or removed with
Trimmomatic [37] software to retain only good quality
paired reads. Star v2.5.3a [38] was used to align reads
on mm 10 reference genome using standard options.
Quantification of gene and isoform abundances was
done using RNA-Seq by Expectation-Maximization
RSEM) 1.2.28, prior to normalization using the edgeR
Bioconductor software package®. Finally, differential
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Fig. 6 (See legend on next page.)
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(See figure on previous page.)

Fig. 6 DII4"“© mice display reduced blood-brain barrier disruption in EAE, protecting against inflammatory infiltrate. (A-D) Spinal cord EAE lesions from
DI4*KOp mice, DIl4"OC mice and littermate controls were harvested at 18 days post induction. (A-B) DII4*““°C and control lesions were immuno-stained
with (A) anti IgG (in green) and anti-PODXL (in red) antibodies and (B) anti CD4 (in green) and anti LAM (in red) antibodies. Nuclei were stained with DAPI
(in blue). DII4*KOC and control tissues are shown. (A, C) IgG and (B, D) CD4 positive areas were quantified (3 lesions/tissue) (DI4*KOPmice n=6,WT n=5)
(DII4"“OC mice n=7,WT n=7). (E-G) NA were cultured, transfected with a CONTROL siRNA (20 uM) versus a DLL4 sIRNA (20 uM), starved for 12 h and treated
with 1X PBS versus IL-13 10ng/mL for 12 h. (E-F) TYMP and (E, G) VEGFA expression were quantified by WB. 3-ACTIN (ACTB) was used as a reference. (n=6)
(H) NA were cultured on Lab-Tek® and treated as above. GFAP (in green) and TYMP (in red) localizations were evaluated by immuno-fluorescent staining.
Nuclei were stained with DAPI (in blue). (I) Spinal cord EAE lesions from DIl4*““P mice, DIl4**°C mice and littermate controls were harvested at 18 days
post induction. DIl4*%C and control lesions were immuno-stained with anti-GFAP (in green) and anti-VEGFA (in red) or anti-TYMP (in red) antibodies.
Nuclei were stained with DAPI (in blue). Representative GFAP/VEGFA staining of DI4*KOC and control lesions is shown. (J) GFAP and (K) TYMP positive
areas were quantified in reactive NA in cultures (n=8) and (L) TYMP and (M) VEGFA positive areas were quantified in spinal cord lesions (3 lesions/tissue)
(D4 mice n=6, WT n=6) (DII4"K°C mice n=7, WT n=6). Statistical significance was determined by using a Mann-Whitney U test or Kruskal Wallis

test followed by the Dunn’s multiple comparison test

analysis was conducted with the generalized linear
model (GLM) framework likelihood ratio test from
edgeR. Multiple hypothesis-adjusted p-values were
calculated using the Benjamini-Hochberg procedure
to control for the false discovery rate (FDR). The frag-
ments per kilobase per million mapped reads (FPKM)
values of all transcripts of which expression was sig-
nificantly different between MOGg; _ ;5 EAE-sensitized
DI144Y%OC mice and littermate controls is provided in
the additional file 2.

Cell culture

Human Normal Astrocytes (NA) (ScienCell, Carlsbad,
California) were cultured in astrocyte medium (AM)
(ScienCell, Carlsbad, California). Cell from passage
2 to passage 4 were used. Before any treatment, cells
were serum starved in DMEM 1 g/L glucose, Mg*,
Ca?* (Gibco, Waltham, MA, USA) without serum for
12-24 h depending on the experiment.

Transfection/transduction

ON-TARGET plus SMART Pool Human non-targeting
(20 uM) and Human DLL4 siRNA (20 uM) were pur-
chased from Dharmacon (Colorado, USA). Cells were
transfected using JetPRIME™ transfection reagent
(Polyplus Transfection) according to the manufactur-
er’s instructions. More precisely, 500 000 astrocytes
were seeded in 3.8 cm? cell culture wells. Transfection
was done at day+1 with 1.8 pL of each siRNA and 4 pL
JetPRIME per well. Cells were starved in DMEM 1 g/L
glucose, Mg*, Ca’>* (Gibco, Waltham, MA, USA) at
day+2, treated with PBS or IL-1p (10 ng/mL) at day+3
and RNA or protein samples harvested at day+4.

The human DLL4 plasmid vector was obtained from
the Theodor-Boveri-Institute, (Physiological Chem-
istry I, Biocenter of the University of Wurzburg) and
the lentiviral plasmid was then produced and ampli-
fied in our lab. The empty lentiviral vector (pRRLsin.
MND.MCS.WPRE (lentiMND14)) was produced and
amplified in our lab. 500 000 astrocytes were seeded in
3.8 cm?® cell culture wells and incubated for 18 h before
infection. Lentiviral supernatant was added with

multiplicity of infection (MOI) at 10. After 8 h, the
lentiviral supernatant was replaced with fresh com-
plete cell culture medium and the cells were incubated
for 24 h before harvesting RNA samples.

Cytokines/growth factors/chemicals

Human IL-1p was purchased from PeproTech (Rocky
Hills, NJ, USA) and used at 10 ng/mL. U0126, a cell
permeable inhibitor of MAPK (ERK 1/2) was pur-
chased from Cell Signaling (Danvers, MA, USA) and
used at 10uM. The humanized anti-IL-6 receptor anti-
body Tocilizumab was used at 1 ug/mL.

Antibodies

Anti-CDH5 (Goat), anti-DLL4 (goat), anti-IL-6 (goat),
anti-PODXL (goat), anti-SOX9 (goat) and anti-TYMP
(goat) were from R&D systems (Minneapolis, MN,
USA). Anti-FGB (rabbit) was from Dako (Carpinte-
ria, CA, USA). Anti-human-LCN2 (mouse), anti-MBP
(rat), anti-SMA (rabbit) and anti-VEGFA (Rabbit) were
from Abcam (Cambridge, MA, USA). Anti-CD4 (rat)
and anti-GFAP (rat and rabbit) were from Thermo
Fisher Scientific (Waltham, MA, USA). Anti-RNA
binding fox-1 homolog 3 (NEUN) (rabbit) was from
Millipore (Billerica, MA, USA). Anti-human-DLL4
(Rabbit) and anti-LAM (rabbit) were from Sigma
Aldrich (St. Louis, MO, USA). Anti ACTB (rabbit),
anti-CASP3 (rabbit) and Cleaved CASP3 (rabbit), anti-
cleaved NOTCH1 (NICD) (rabbit), anti-DLL4 (rabbit),
anti-human-JAG1 (rabbit) and anti-VIM (rabbit) were
from cell signaling (Danvers, MA, USA). Anti-human-
IL-6 (rabbit) was from Proteintech (Rosemont, IL,
USA). Anti-human-STAT3 (mouse) and anti-human-
P-STAT3 Tyr705 (rabbit) were from Ozyme (Saint-
Cyr-I'Ecole, France). Anti-IBA1 (rabbit) was from
Fujifilm Wako (Osaka, Japan). Anti-GFP (Goat) was
from Novus Biologicals (Minneapolis, MN, USA).

Chromatin immunoprecipitation

Chromatin immune-precipitation (ChIP) assay was
performed with human NAs treated with IL-1p for
12 h. Proteins were crosslinked to DNA by adding
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Fig. 7 (See legend on next page.)
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(See figure on previous page.)

Fig. 7 Blockade of DLL4 protects against blood-brain barrier opening and paralysis in EAE. (A) Mean clinical scores are shown from mice (10-week-old
female C57BL/6, 9 per group) sensitized with EAE MOGs,_ss, then from onset of disease (8 days post-induction) treated every 3 days for 11 days (red
arrows) with an inVivoMab anti-mouse DLL4 antibody (500 pg/mouse/d) or an inVivoMab polyclonal Armenian hamster IgG (500 pg/mouse/d) in the
control group. Neurological deficit was scored (from day 1 to day 25 post sensitization) daily for each animal according to a widely-used 5-point scale
(EAE scoring: 1 limp tail; 2 limp tail and weakness of hind limb; 3 limp tail and complete paralysis of hind legs; 4 limp tail, complete hind leg and partial
front leg paralysis), Statistical analysis was determined by using a 2 ways Anova test followed by the Holm-Sidak’s multiple comparisons test (*: p < 0.05; **:
p<0.01;** p<0.001 ****: p<0.0001). (B) For each group of mice, EAE peak score and (C) EAE average score during time of disability was quantified other
the course of the disease. (D-1) Cortical lesions were immuno-stained with (D) anti MBP (in green) and anti-IBA1 (in red) antibodies, (E) anti-CD4 (in green)
and anti-CDHS5 (in red) antibodies, (F) anti-IgG (in grey) and anti-CDHS5 (in red) antibodies, (G) anti-GFAP (in green) and anti-IL-6 (in red) antibodies, (H)
anti-CD31 (in green), anti-VIM (in red) and anti-TYMP (in grey) antibodies and (I) anti-VEGFA (in green) and anti-GFAP (in red) antibodies. (D-I) Nuclei were
stained with DAPI (in blue). (J) MBP, (K) CD4, (L) IBAT, (M) IgG, (N) VIM+/CD31-, (O) GFAP, (P) IL-6, (Q) TYMP and (R) VEGFA positive areas were quantified in
spinal cord lesions (3 lesions per tissue). (inVivoMab anti-mouse DLL4 antibody group n=7, inVivoMab polyclonal Armenian hamster IgG n=6). Statistical

significance was determined by using a Mann-Whitney U test

formaldehyde to the culture media to a final concen-
tration of 1% and incubating for 10 min at 37 °C.

Fixed cells were rinsed twice with ice cold PBD con-
taining AEBSF 1/1000 v/v, leupeptine 1/1000 v/v and
aprotinine 1/1000 v/v. Cells (1 million) were lysed
in 1.000puL of SDS buffer (SDS 1% v/v, EDTA 10mM,
Tris-HCl 50mM pHS8, AEBSF 1/1000 v/v, leupeptine
1/1000 v/v, aprotinine 1/1000 v/v). Lysate was soni-
cated on ice 20 times for 10 s to obtain DNA fragments
with an average size of 500 bp. The chromatin solution
was diluted in dilution buffer to a final volume of 2mL
and incubated 30 min at +4 °C with 30 pg of protein
G sepharose and 5 ug of salmon sperm DNA. After
centrifugation, the supernatant was incubated over-
night at +4 °C with 10 pl of anti-human NICD anti-
body or non-specific IgG. After being washed twice
in PBS, 30 pg of G protein beads were blocked with
5 pg of salmon sperm DNA added to each sample and
incubated one hour at +4 °C. Immuno-precipitated
samples were centrifuged and washed once in low salt
wash buffer, once in high salt wash buffer, once in LiCl
wash buffer. Samples were then washed twice in Tris-
EDTA. Elution of immune-precipitated chromatin was
performed by adding 250pL of elution buffer and incu-
bation was performed at room temperature for 15 min,
and repeated once. To reverse DNA crosslinking, the
eluate was incubated for 4 h at 65 °C after adding 20pL
of NaCl 5 M. Samples were then incubated 1 h at 65 °C
with 2uL of proteinase K, 10uL of EDTA 0,5 M and
20uL of TE 1 M pH 6.5 for protein removal. DNA was
then purified using phenol/chloroform extraction.

Quantitative RT-PCR

RNA was isolated using Tri Reagent® (Molecular
Research Center Inc) as instructed by the manu-
facturer, from 3x10° cells or from isolated mouse
enriched neurovascular fractions. For quantitative
RT-PCR analyses, total RNA was reverse transcribed
with M-MLV reverse transcriptase (Promega, Madi-
son, WI, USA) and amplification was performed on a
DNA Engine Opticon®2 (M] Research Inc, St Bruno,
Canada) using B-R SYBER® Green SuperMix (Quanta

Biosciences, Beverly, MA, USA). Primer sequences are
reported in Table 1.

The relative expression of each mRNA was calcu-
lated by the comparative threshold cycle method and
normalized to S-actin mRNA expression.

Western blots

Protein expression was evaluated by SDS-PAGE. Pro-
tein loading quantity was controlled using the rabbit
monoclonal anti-ACTB antibody (cell signaling, Dan-
vers, MA, USA) or the mouse monoclonal anti-TUBU-
LIN antibody (Sigma-Aldrich, Saint Louis, MI, USA).
Secondary antibodies were from Invitrogen. The signal
was then revealed by using an Odyssey Infrared imager
(LI-COR, Lincoln, NE, USA). For quantification, the
mean pixel density of each band was measured using
Image ] software (NIH, Bethesda, MD, USA) and data
were standardized to ACTB or TUBULIN, and fold
change versus control calculated.

Stereotactic injection

10 weeks old DI[4"“®OPmice and littermate controls
(6 mice per condition) were anaesthetized using iso-
flurane (3% induction and 1% maintenance) (Virbac
Schweiz, Glattbrugg, Germany) and placed into a ste-
reotactic frame (Stoelting Co., IL, USA). To prevent
eye dryness, an ophthalmic ointment was applied at
the ocular surface to maintain eye hydration during
the time of surgery. The skull was shaved and the skin
incised on 1 c¢cm to expose the skull cap. Then, a hole
was drilled into the skull, using a pneumatic station
S001+TD783 Bien Air, until reaching the dura mater.
AdIL-1B (107 PFU) was then delivered into the fron-
tal cortex at coordinates of 1 um posterior to bregma,
2 pum left of the midline and 1.5 pm below the surface
of the cortex.

Mice received a subcutaneous injection of buprenor-
phine (0,05 mg/kg) (Ceva santé animale, Libourne,
France) 30 min before surgery and again 8 h post-
surgery to assure a constant analgesia during the
procedure and postoperatively. Mice were sacrificed
by pentobarbital (Richter Pharma, Wels, Austria)



Mora et al. Journal of Neuroinflammation (2024) 21:258

Table 1 List of primers used for reverse transcription (RT)
quantitative polymer chain reaction (qPCR)

mbDll4 F 5'-TGGCAATGTCTCCACGCCGG- 3

R 5'-TGTTCGCCAAATCTTACCCACAGCA- 3’
mHey1 F 5'-TCCATGTCCCCAACGACATC- 3

R 5'-GCAGTGTGCAGCATTTTCAG- 3
mJagl F 5'-AGTGCATGTGTCCCGGTGGE- 3

R 5'-CCGTCCACACAGGTCCCGCTA- 3
mVegfC F 5'-TTTAAGGAAGCACTTCTGTGTGT- 3

R 5'-GTAAAAACAAACTTTTCCCTAATTC 3
mp-actin F 5'- GATCAAGATCATTGCTCCTCCTG- 3

R 5'-AGGGTGTAAAACGCAGCTCA- 3'
hDLL4 F 5'-CCTTCGCTGTCCGGGACGACA- 3'

R 5'-TCTGACCCACAGCTAGGGAGCC- 3
hHES1 F 5'-CACCTCCGGAACCTGCAGCG- 3"

R 5'-CAGTTGGCCAGGTGGCCGAG-3'
hHEY1 F 5" -TGAGAAGGCTGGTACCCAGTGCT- 3'

R 5'-TCCATAGCAAGGGCGTGCGC- 3"
hHEY?2 F 5'-AGATGCTTCAGGCAACAGGGGGT- 3

R 5'-GGAGCTCAGGTACCGCGCAA- 3
hiL-6 F 5'-TCTTGGGACTGATGCTGGTGAC- 3

R 5'-TGAAGGACTCTGGCTTTGTCTTTC- 3
hTYMP F 5'- GGAAGTTCCGCGTGTCC- 3

R 5'- GACCGTAGGGTTCAGGGTTC- 3
hB-ACTIN F 5'-CACACAGGGGAGGTGATAGC- 3'

R 5'-GACCAAAAGCCTTCATACATCTCA- 3

F forward, R reverse
B-actin was used as the household gene

overdose at 7 days post injection (dpi). For histological
assessment, the brain of each animal was harvested.

Experimental autoimmune encephalomyelitis (EAE)

10 week old female mice were immunized by subcu-
taneous injection of 300 pg myelin oligodendrocyte
glycoprotein-35-55 (MOGj3;_55) (Hooke laboratories,
Lawrence, MA, USA) in 200 pl Freund’s Adjuvant con-
taining 300 ug/mL mycobacterium tuberculosis H37Ra
(Hooke laboratories, Lawrence, MA, USA) in the dor-
sum. Mice were administered with 500 ng pertussis
toxin (PTX) intra-peritoneously on day of sensitiza-
tion and 1 day later (Hooke laboratories). The emul-
sion provides antigen which initiates expansion and
differentiation of MOG-specific autoimmune T cells.
PTX enhances EAE development by providing addi-
tional adjuvant. EAE will develop in mice 7-14 days
after immunization (Day 0): animals which develop
EAE will become paralyzed. Disease was scored (0,
no symptoms; 1, floppy tail; 2, hind limb weakness
(paraparesis); 3, hind limb paralysis (paraplegia); 4,
fore- and hind limb paralysis; 5, death) [39] from day
7 post immunization until day 28 post immunization.
At Day 28, all the animals were euthanized by pento-
barbital (Richter Pharma, Wels, Austria) overdose.
For histological assessment, cervical, lumbar and
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dorsal sections of each animal spinal cord, as well as
the spleen, were harvested.

Therapies

inVivoMab polyclonal Armenian hamster IgG (500 pg/
mouse/d) was used as control group therapy. InVi-
voMab anti-mouse DLL4 antibody (500 pg/mouse/d)
was used as experimental group therapy. Intra-perito-
neal injection of each therapy was injected (9 mice per
therapy) at day 8, day 12, day 15 and day 18 post EAE
immunization.

Immunohistochemistry

Prior to tissue collection and staining, mice were
transcardially perfused with PBS (10mL) followed by
10% Formalin (10mL) to remove intravascular plasma
proteins. Brain and spinal cord samples were either
fixed in 10% formalin for 3 h, incubated in 30% sucrose
overnight, OCT embedded and cut into 9 pm thick
sections or directly OCT embedded and cut into 9 pm
thick sections. Cultured cells were fixed with 10% for-
malin for 10 min. Human frozen sections were used
directly without any prior treatment. Concerning the
fixed sections, for IL-6, prior to blocking, sections
were soaked in Citrate (pH 7.5; 100 °C). For TYMP,
prior to blocking, sections were soaked in EDTA (pH
6.0; 100 °C). For CD4, sections were treated with
0.5 mg/mL protease XIV (Sigma Aldrich, St. Louis,
MO, USA) at 37 °C for 5 min. Primary antibodies were
used at 1:100 except DLL4 (1:50), FGB (1:500) and
LAM (1:1,000). Samples were examined using a Zeiss
Microsystems confocal microscope (Oberkochen, Ger-
many), and stacks were collected with z of 1 pm.

For immunofluorescence analyzes, primary anti-
bodies were resolved with Alexa Fluor®-conjugated
secondary polyclonal antibodies (Invitrogen, Carls-
bad, CA, USA) and nuclei were counterstained with
DAPI (1:5000) (Invitrogen, Carlsbad, CA, USA). For all
immunofluorescence analyses, negative controls using
secondary antibodies only were done to check for anti-
body specificity.

Morphometric analysis
Morphometric analyses were carried out using NIH
Image] software (NIH, Bethesda, MD, USA).

GFAP and IBA1 signals were counted in Z series
stacks at 20x magnifications by a blinded observer
using Image] software win64 in brain or lumbar, tho-
racic and cervical spinal cord sections from healthy or
EAE induced animals, on at least 3 fields containing
EAE-induced white matter lesions, at 20x magnifica-
tions per animal. To quantify GFAP or IBA1 levels, the
GFAP+or IBAl+area in each section was measured
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in Z series stacks at 20x magnifications using Image]
software win64, and expressed as absolute area.

DLL4, IL-6, TYMP and VEGFA signals were counted
in Z series stacks at 20x magnifications by a blinded
observer using Image] software win64 in human nor-
mal astrocytes in culture, brain or lumbar, thoracic
and cervical spinal cord sections from healthy or EAE
induced animals on at least 3 fields containing EAE-
induced white matter lesions, at 20X magnifications
per animal. To quantify DLL4, IL-6, TYMP or VEGFA
levels, the DLL4+, IL-6+, TYMP+or VEGFA +area
co-localized with the GFAP +area in each section was
measured in Z series stacks at 20x magnifications
using Image] software win64, and expressed as abso-
lute area.

MBP signal was counted in Z series stacks at 20 X
magnifications by a blinded observer using Image]
software win64 in lumbar, thoracic and cervical spinal
cord sections from healthy or EAE induced animals,
on at least 3 fields at 20x magnifications per animal.
To quantify white matter myelination, the MBP +area
in each section in the white matter was measured in
Z series stacks at 20x magnification using Image]J soft-
ware win64, and expressed as absolute area.

VIM signal was counted in Z series stacks at 40x
magnifications by a blinded observer using Image]
software win64 in brain or lumbar, thoracic and cervi-
cal spinal cord sections, on at least 3 fields containing
EAE-induced white matter lesions, at 40X magnifica-
tions per animal. To quantify astrocytic VIM +signal,
the VIM +area was measured in Z series stacks at 40x
magnifications using Image] software win64, and the
VIM +signal co-localized with the PODXL+signal
has been subtracted in each section. VIM+area is
expressed as absolute area.

Blood-brain barrier permeability was evaluated
by measuring plasmatic protein extravasation. Brain
and spinal cord sections were immunostained for the
expression of IgG. For each brain or spinal cord sec-
tion, IgG +areas were quantified on at least 3 fields
containing EAE-induced white matter lesions under 20
x magnifications.

Leukocyte densities were evaluated in sections
stained for the expression of CD45+leukocyte and
CD4+T lymphocyte populations. For each brain or
spinal cord section, CD45+and CD4+areas were
quantified on at least 3 fields containing EAE-induced
white matter lesions under 20 x magnifications. One
section was quantified per spinal cord.

Isolation of adult mouse leukocyte and astrocyte fractions
using miltenyi biotec protocols

Before harvest, the spinal cord was perfused with NaCl
0.9% solution. Spinal cord was then dissociated using
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the gentleMACS Octo Dissociator by following the
Multi Tissue Dissociation Kit protocol from MACS
Myltenyi.

https://static.miltenyibiotec.com/asset/150655405641/
document_50e3hutsm562f80ad9aqe59e6m?cont
ent-disposition=inline.

Then, spinal cord dissociated sample was subjected
to a debris removal step before being labeled with
CD45 microbeads, mouse and enriched via magnetic
cell sorting on LS colums for the positive selection of
leukocytes from spinal cord samples.

https://static.miltenyibiotec.com/asset/150655405641/
document_nj4tl3c3at7r524gmnsfm9ut3p?cont
ent-disposition=inline.

Finally, spinal cord dissociated sample, depleted in
CD45 +cells, was labeled with Anti-ACSA-2 (ACSA-
2: astrocyte cell surface antigen-2) microbeads, mouse
and enriched via magnetic cell sorting on MS colums
for the positive selection of astrocytes from spinal cord
samples.

https://static.miltenyibiotec.com/asset/150655405641/
document_n3397vmccp4fle7df8ictuu90j?cont
ent-disposition=inline.

Statistical analyses

Results are reported as mean*SEM. Comparisons
between groups were analyzed for significance with
the non-parametric Mann-Whitney test, the non-
parametric Kruskal Wallis test followed by the Dunn’s
multiple comparison test when we have more than 2
groups or a 2 ways Anova test followed by the Holm-
Sidak’s multiple comparisons test for the EAE scoring
analysis using GraphPad Prism v8.0.2 (GraphPad Inc,
San Diego, CA, USA). Differences between groups
were considered significant when p<0.05 (*: p<0.05;
**: p<0.01; ***: p<0.001 ****: p<0.0001).

Differential analysis of the RNA sequencing data-
set has been conducted with the glm framework like-
lihood ratio test from edgeR. Multiple hypothesis
adjusted p-values were calculated with the Benjamini-
Hochberg procedure to control FDR.

Conclusions

A complex network of intercellular signaling occurs
between cells of the neurovascular unit during neuro-
inflammation [1, 3]. Understanding the pathways con-
trolling reactive astrocyte reactivity and blood-brain
barrier function is of considerable translational inter-
est to the field of neuro-immunology and stroke. Here,
we report for the first time, a role for juxtacrine astro-
cytic DLL4 mediated NOTCHI receptor signaling as
a key regulator of astrocyte reactivity and blood-brain
barrier leakage in two models of CNS autoinflamma-
tory disease.
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First, we found that astrocytic DLL4 expression is
upregulated during neuroinflammation, both in mice
and humans, promoting astrocyte reactivity and sub-
sequent blood-brain barrier permeability and inflam-
matory infiltration during pathology. We then show
that the DLL4-mediated NOTCHI1 juxtacrine signal-
ing in astrocytes directly controls IL-6 transcriptional
level and triggers the phosphorylation of STAT3, driv-
ing astrocyte reactivity and inducing pro-permeability
factor secretion and subsequent blood-brain barrier
destabilization. Finally we reveal that targeting DLL4
with exogenous blocking antibodies improves EAE
symptoms in mice. Together, these data identify the
DLL4-NOTCHLI axis as a key driver of astrocyte reac-
tivity during neuroinflammation via the promotion of
the IL-6-STAT3-TYMP/VEGEFA signaling actors lead-
ing to the disruption of the neurovascular unit and
worsening pathology (Fig. 8).

In multiple sclerosis, resident and infiltrating
immune cells produce cytokines that activate astro-
cytes. This astrocyte reactivity leads to overexpression
of DLL4 in astrocytes; DLL4 interacts with its mem-
brane receptor NOTCHI1 on the surface of a neigh-
boring astrocytes. This leads to translocation of the
intracellular active form of NOTCH1 (NICD) into the
nucleus where it acts as a transcription factor to stimu-
late expression of the pro-inflammatory cytokine IL-6.
As a result, IL-6 binds to its receptor JAK which leads
to phosphorylation of STAT3, a pathway known to
stimulate astrocyte reactivity. In response to astrocyte
reactivity induced by the DLL4-NOTCH1 pathway and
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the NICD-IL-6-JAK/STAT signaling cascade, astro-
cytes secrete pro-permeability factors (TYMP and
VEGFA) that participate to blood- brain barrier open-
ing and inflammatory infiltration of the parenchyma.
Thus, an astrocyte reactivity amplification loop led
by DLL4-NOTCHLI is established and actively partici-
pates in the pathophysiology of neuroinflammation.

The expression of DLL4 by reactive astrocytes has
been acknowledged once in a model of brain injury in
a paper published in 2021 [25]. Consistently, the group
of Shane Liddelow in New York published reactive
astrocyte genomics has shown upregulation of DLL4
in both C57BL/6 mouse Al neurotoxic astrocytes
stimulated with IL1a, TNF and Clq for 24 h versus
non-stimulated astrocytes and in human iPSC-derived
astrocytes stimulated with cytokines IL1a, TNF and
Cl1q for 24 h versus non-stimulated astrocytes (https://
www.liddelowlab.com/gliaseq). Data from the litera-
ture and our results demonstrate that, in the CNS,
DLL4 is only expressed by endothelial cells under
non-pathological conditions  (https://betsholtzlab.
org/VascularSingleCells/database.html) and by acti-
vated astrocytes under neuroinflammatory conditions
(https://www.liddelowlab.com/gliaseq). Mural cells
(Supplemental Fig. 5, D-E) microglia [40] and neurons
[41] do not express DLLA4.

In the present study, we unraveled for the first
time the role of the DLL4-NOTCH]1 axis and associ-
ated signaling pathways, in controlling reactive astro-
cyte reactivity in two models of CNS inflammation
(acute CNS inflammation model and EAE, a model of

Fig. 8 Summary scheme of the role of DLL4-NOTCH1 signaling on astrocyte reactivity during neuroinflammation
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multiple sclerosis). The next step would be to exam-
ine astrocytic DLL4 expression in other patholo-
gies of the CNS, notably Alzheimer’s disease, stroke
or amyotrophic lateral sclerosis in which astrocytic
NOTCH1 upregulation and subsequent blood-brain
barrier permeability have already been identified as
critical pathophysiological players [9-12]. This could
implicate DLL4-NOTCHI1 mediated reactive astrocyte
reactivity as a more generalized mechanism in other
chronic diseases of the CNS.

Like other neuroimmune factors, astrocytes are a
primary source of IL-6 in the CNS [42-45] and IL-6
signaling has been shown to activate downstream
pathways including JAK/STAT in various conditions
including neuroinflammatory disorders. In 2021, an
international consortium of scientists working on
astrocytes defined a “reactive astrocyte” nomencla-
ture; they identified STAT3-mediated transcriptional
programs as one of the pathways inducing astrocyte
reactivity [28]. Here we demonstrated for the first
time that DLL4-mediated NOTCHI1 juxtacrine signal-
ing directly controls IL-6 transcriptional level in reac-
tive astrocytes under inflammatory condition. Based
on our results and the literature, we therefore assume
that DLL4-NOTCHI1 axis drives reactive astrocyte
reactivity by stimulating the IL-6-STAT?3 signaling cas-
cade activity in astrocytes during neuroinflammation.
Therefore, DLL4-NOTCHI1 axis might be considered
as a novel pathway inducing astrocyte reactivity and
could be added to the “reactive astrocyte” nomencla-
ture as a marker of astrocyte reactivity. It also might be
interesting to look at the DLL4-NOTCHI1-IL-6-STAT3
signaling cascade in other chronic disorders such as
Alzheimer’s and Parkinson’s diseases to broaden the
scope of our study.

In the vertebrates, 4 different NOTCH receptors
have been identified and at the blood- brain barrier,
NOTCH1 and NOTCH4 are expressed by endothelial
cells [18-20] while NOTCH3 is expressed by mural
cells, or pericytes [21, 22]. Importantly, DLL4 was
previously established as a critical regulator of angio-
genesis via the DLL4-mediated NOTCH signaling in
endothelial cells which is a key pathway for vascular
development [35]. During neuropathology, two inter-
connected and interdependent vascular processes are
observed: blood-brain barrier breakdown leading to
parenchymal inflammatory infiltration [46] and abnor-
mal angiogenesis [47]. Notably, in multiple sclerosis,
studies indicate that angiogenesis takes place early and
show either beneficial or detrimental effect on clinical
recovery depending on the literature [48]. We tested
extensively whether DLL4 astrocytic upregulation dur-
ing neuroinflammation leads to abnormal angiogenesis
and we found no differences in blood vessel density or
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mural cell coverage in astrocytic D//4 knockdown mice
versus controls at day 18 post-induction. Within the
neurovascular unit, astrocytes are not in direct con-
tact with endothelial cells at the blood-brain barrier
and therefore, any potential regulation of angiogenesis
through the DLL4-NOTCH pathway during neuroin-
flammation would require paracrine signaling between
DLL4 secreted by astrocytes and its receptor NOTCH1
at the endothelium. We performed additional experi-
ments testing for the presence of DLL4 expressing
exosomes in conditioned media from cultured IL-1B
treated human astrocytes and did not detect these.
These negative results and our current neuropatho-
logical results suggest that astrocyte DLL4 upregula-
tion drives endothelial blood-brain barrier breakdown
rather than angiogenesis, via the secretion of the pro-
permeability factors TYMP and VEGFA [7].

The question remains as to whether astrocytic DLL4
engages with NOTCH receptors of other cell types
within the neurovascular unit, including mural cells,
or pericytes, microglial processes and most interest-
ingly, immune cells. Once immune cells penetrate the
blood-brain barrier, they accumulate within the peri-
vascular space, a region between the basal basement
membrane of the endothelial cell wall and the paren-
chymal basement membrane abutting the astrocyte
endfeet [46, 49]. The literature shows that mature
naive CD4*% and CD8* T cells express NOTCH1 and
NOTCH2 receptors, with up regulated expression fol-
lowing T cell receptor (TCR) stimulation, and that
NOTCH signaling participates in T cell differentiation.
Indeed, NOTCH acts as an unbiased amplifier of T cell
differentiation promoting either Thl or Th2 responses
under different polarizing conditions and it also con-
tributes to the maintenance of the Th17 response [50].
Moreover, in vivo work suggests that NOTCH signal-
ing curtails Treg function [51]. Finally, novel emerg-
ing properties of the DLL4-NOTCH signaling pathway
have been identified in pathological condition, notably
its role in contributing to the balance of the CD4"/
CD8"*, Th17/Treg ratio both in experimental autoim-
mune uveitis and EAE models [52, 53].

Comparing conditional DLL4 knockout mice and
controls, we found that astrocytic DLL4 promotes
the entry of T cells into the CNS parenchyma in two
in vivo models of CNS inflammation (EAE and IL-1B
cortical stereotactic injection) and that DLL4 astro-
cytic deletion reduces clinical disability and histo-
pathological damage during EAE. Collectively, these
results suggest that astrocytic DLL4 does not only con-
trol astrocyte reactivity but may also influence T cell
trafficking behaviors and/or activation and differentia-
tion patterns. The extent to which T cell activation and
differentiation is influenced by local DLL4-NOTCH
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signaling interactions within the perivascular space
has yet to be determined and is currently under inves-
tigation by our group.

Exogenous administration of an anti-mouse DLL4
antibody improved the disease in wild type mice
induced with EAE, but this amelioration was moder-
ate and similar to the one observed in EAE induced
DII4A“®OPmice which have a moderate recombina-
tion in spinal cord astrocytes. The impact of the anti-
mouse DLL4 antibody therapy on EAE pathology was
less significant than the one observed in the Di[44“€°C
mice which are characterized by a full recombination
efficacy in spinal cord astrocytes. This discrepancy
on EAE disease severity observed between a complete
astrocyte DIl4 knockdown and the anti-mouse DLL4
antibody therapy may be due to several possible fac-
tors. First, the anti-mouse DLL4 antibody is injected
systemically, possibly affecting DLL4 expression in
other cell types with potential opposite effects on
EAE pathology. While we induced EAE in Cadherin5-
CrefRT2, Dl14F1o*/Flox mice and littermate controls and
showed that D//4 endothelial specific downregulation
has no impact on EAE disease severity, the potential
still exists for effects on other unidentified cell types
in adult mice induced with EAE that might express
DLL4 and have opposing effects on EAE. Second,
another possibility could be that the blood-brain bar-
rier, although permeable during EAE, still displays
barrier properties limiting the amount of anti-mouse
DLL4 antibody accessing the perivascular space and
parenchyma. A third consideration is the specificity of
the AldhlL1-Cre promoter to astrocytes. While prior
work showed high specificity of this promoter within
the CNS to astrocytes, it is possible that it induces
recombination in other cell types in the body express-
ing DLL4 which might contribute to the EAE pheno-
type [54].

Overall, our study identifies the DLL4-NOTCH1
axis as a key driver of astrocyte reactivity during neu-
roinflammation via the IL-6-STAT3-TYMP/VEGFA
signaling pathway, which is associated with disrup-
tion of the neurovascular unit and worsening pathol-
ogy. This work also raises exciting questions about
the role of the DLL4-NOTCH signaling in T-cell acti-
vation and differentiation (CD4+/CD8+, Th17/Treg
balance) within the perivascular spaces of the neuro-
vascular unit and its impact on neuropathology during
neuroinflammation.

In conclusion, this work highlights a novel role for the
astrocyte ligand DLL4 in the driving of astrocyte reac-
tivity and breakdown of the blood-brain barrier during
neuroinflammation via juxtacrine NOTCH1 mediated
signaling to neighboring astrocytes.
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ACKO Astrocyte knockout

ACTB Beta actin

ADAM A disintegrin and metalloprotease

ALDH1LT  Aldehyde dehydrogenase 1 family member L1
CASP3 Caspase 3

CDh4 Cluster of differentiation 4

CD31 Cluster of differentiation 31

CD45 Cluster of differentiation 45

CDH5 Cadherin 5

CNS Central nervous system

DAPI 4’ 6-diamidino-2-phenylindole

DLL4 Delta-like 4

EAE Experimental autoimmune encephalomyelitis
ET-1 Endothelin 1

FGB Fibrinogen

GFAP Glial fibrillary acidic protein

GFP Green fluorescent protein

GLAST Glutamate ASpartate Transporter

HES1 Hairy and enhancer of split-1

HES2 Hairy and enhancer of split-2

HEY1 Hairy/enhancer-of-split related with YRPW motif protein 1
HIV Human immunodeficiency virus

IBA1 lonized calcium-binding adapter molecule 1
19G Immunoglobuline G

IL-1B Interleukin-1 beta

I-6 Interleukin-6

IL-9 Interleukin-9

IL-10 Interleukin-10

IP-10 Interferon gamma-induced protein 10

JAK Janus kinase

MBP Myelin basic protein

MOG Myelin oligodendrocyte glycoprotein

MS Multiple sclerosis

NA Normal astrocytes (human)

NEUN Hexaribonucleotide binding protein-3

NGF Nerve growth factor

NICD1 Notch intracellular domain 1

NO Nitric oxide

NOTCH1 Neurogenic locus notch homolog protein 1
PODXL Podocalyxin

RNA Ribonucleic acid

SMA Smooth muscle actin

STAT3 Signal transducer and activator of transcription 3

TNF Tumor necrosis factor

TNFa Tumor necrosis factor alpha

TYMP Tymidin phosphorylase

VEGFA Vascular Endothelial Growth Factor
VIM Vimentin
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