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In inflammatory central nervous system conditions such as multiple sclerosis, breakdown of the blood–brain barrier is a key event

in lesion pathogenesis, predisposing to oedema, excitotoxicity, and ingress of plasma proteins and inflammatory cells. Recently, we

showed that reactive astrocytes drive blood–brain barrier opening, via production of vascular endothelial growth factor A

(VEGFA). Here, we now identify thymidine phosphorylase (TYMP; previously known as endothelial cell growth factor 1,

ECGF1) as a second key astrocyte-derived permeability factor, which interacts with VEGFA to induce blood–brain barrier dis-

ruption. The two are co-induced NF�B1-dependently in human astrocytes by the cytokine interleukin 1 beta (IL1B), and inacti-

vation of Vegfa in vivo potentiates TYMP induction. In human central nervous system microvascular endothelial cells, VEGFA and

the TYMP product 2-deoxy-D-ribose cooperatively repress tight junction proteins, driving permeability. Notably, this response

represents part of a wider pattern of endothelial plasticity: 2-deoxy-D-ribose and VEGFA produce transcriptional programs en-

compassing angiogenic and permeability genes, and together regulate a third unique cohort. Functionally, each promotes prolif-

eration and viability, and they cooperatively drive motility and angiogenesis. Importantly, introduction of either into mouse cortex

promotes blood–brain barrier breakdown, and together they induce severe barrier disruption. In the multiple sclerosis model

experimental autoimmune encephalitis, TYMP and VEGFA co-localize to reactive astrocytes, and correlate with blood–brain

barrier permeability. Critically, blockade of either reduces neurologic deficit, blood–brain barrier disruption and pathology, and

inhibiting both in combination enhances tissue preservation. Suggesting importance in human disease, TYMP and VEGFA both

localize to reactive astrocytes in multiple sclerosis lesion samples. Collectively, these data identify TYMP as an astrocyte-derived

permeability factor, and suggest TYMP and VEGFA together promote blood–brain barrier breakdown.
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Introduction
The blood–brain barrier acts as a selective interface separ-

ating the CNS from the periphery (Zlokovic, 2008). It

exists at the level of CNS microvascular endothelial cells

(CMVECs), which use tight junctions to seal the paracellu-

lar space, allowing transporters and channels to control

transendothelial trafficking (Hawkins and Davis, 2005).

Endothelial tight junctions rely for their integrity on trans-

membrane proteins, notably claudin 5 (CLDN5) and occlu-

din (OCLN), and the blood–brain barrier fails to seal in

Cldn5� /� mice (Saitou et al., 1998; Nitta et al., 2003;

Wolburg et al., 2003). Endothelial barrier formation and

maintenance are controlled by astrocytes and pericytes

(Bogler and Noble, 1994; Hayashi et al., 1997; Bush

et al., 1999; Armulik et al., 2010; Bell et al., 2010;

Daneman et al., 2010), and these are also implicated in

blood–brain barrier disruption in disease (Argaw et al.,

2009; Bell et al., 2010).

Blood–brain barrier breakdown is a widespread, early

and prominent feature of lesion pathogenesis in inflamma-

tory CNS conditions including multiple sclerosis (Bruck

et al., 1997), neuromyelitis optica and viral encephalitis

(Dallasta et al., 1999), and in hypoxic/ischaemic syndromes

and traumatic injury (Sandoval and Witt, 2008). In inflam-

matory disorders, blood–brain barrier permeability correl-

ates with clinical exacerbation and lesion activity (Bruck

et al., 1997) and with the presence of irreversible neuro-

pathology (Miller et al., 1998). Blood–brain barrier open-

ing results in oedema, disruption of metabolic function,

excitotoxicity, and parenchymal entry of autoantibodies

and plasma proteins that potentiate inflammation and

limit repair (Schluesener et al., 1987; Adams et al., 2007;

Germano et al., 2007; Schachtrup et al., 2007). Blood–

brain barrier disruption also facilitates ingress into the

CNS parenchyma of T and B lymphocytes, monocyte-

derived macrophages, and polymorphonuclear leucocytes

(Graesser et al., 2002; Gorina et al., 2014). In conditions

such as multiple sclerosis, therapies for clinical exacerba-

tion are limited. Targeting blood–brain barrier disruption

may effectively limit tissue damage and relapse severity

(DeAngelis and Lublin, 2008).

Recently, we identified a key pathway linking reactive

astrocytes to blood–brain barrier breakdown (Argaw

et al., 2006, 2009, 2012). Transcriptional profiling revealed

that reactive astrocytes express vascular endothelial growth

factor A (VEGFA) (Argaw et al., 2006), an important

driver of angiogenesis also implicated in permeability syn-

dromes (Collins et al., 1993; Yeo et al., 1993; Carmeliet

et al., 1996; Ferrara et al., 1996; Dobrogowska et al.,

1998; Proescholdt et al., 2002). Using mice with

conditional inactivation, we confirmed astrocyte-derived

VEGFA as an important inducer of blood–brain barrier

disruption, acting in part via endothelial nitric oxide syn-

thase (NOS3)-mediated downregulation of endothelial

CLDN5 and OCLN (Argaw et al., 2009, 2012).

Critically, genetic or therapeutic targeting of Vegfa or

Nos3 restricted pathology and clinical deficit in the mul-

tiple sclerosis model, experimental autoimmune encephalo-

myelitis (EAE) (Argaw et al., 2012).

Interestingly, despite these advances, our studies in vivo

reveal that blockade of VEGFA signalling does not com-

pletely abrogate blood–brain barrier disruption and lesion

formation in inflammatory models, suggesting contribu-

tions of additional pathways. Here, we now report an ex-

panded transcriptional screen of a primary model of human

reactive astrogliosis, which reveals co-expression of a

second critical inducer of endothelial plasticity and remo-

delling, thymidine phosphorylase (TYMP; previously

known as endothelial cell growth factor-1, ECGF1). Like

VEGFA, TYMP is heavily implicated in tumour angiogen-

esis, in conditions including ductal breast carcinoma

(Engels et al., 1997), colon carcinoma (Saeki et al.,

1997), gastric carcinoma (Maeda et al., 1996), pancreatic

carcinoma (Takao et al., 1998), oesophageal carcinoma

(Igarashi et al., 1998), non-small-cell lung cancer

(Koukourakis et al., 1997), and Paget’s disease (Ellis

et al., 2002). In some tumours, VEGFA is strongly ex-

pressed and linked with increased microvascular density

and poor prognosis (Takanami et al., 1997; Uchida et al.,

1998). In others, sometimes of the same classification,

TYMP fulfils the same function with a similarly poor out-

look (Ellis et al., 2002). In still others, both are expressed

and microvascular density further increased (Toi et al.,

1995; Tsujitani et al., 2004). TYMP/ECGF1 was first

described as a platelet-derived angiogenic activity

(Ishikawa et al., 1989), and is now known to correspond

to the enzyme thymidine phosphorylase (Furukawa et al.,

1992). Its effects depend on catalysis of thymidine to thy-

mine plus 2-deoxy-D-ribose (DDR), with DDR the active

driver of endothelial responses (Moghaddam et al., 1995).

We now demonstrate roles for both pathways in blood–

brain barrier permeability in inflammatory CNS disease.

Our data show that TYMP and VEGFA are co-induced

in human astrocytes by the cytokine interleukin 1 beta

(IL1B), an important driver of inflammatory lesion patho-

genesis (Herx and Yong, 2001), acting via the transcription

factor NF�B1. Suggesting that expression of the two is

interlinked, inactivation of Vegfa potentiates TYMP induc-

tion in vivo. Importantly, in human CMVEC cultures,

VEGFA and DDR each downregulate CLDN5 and

OCLN and drive permeability, and together they produce
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stronger effects. Transcriptional profiling of human

CMVEC cultures reveals that these outcomes represent

part of a wider program of endothelial plasticity. DDR

and VEGFA each induce distinct endothelial transcriptional

patterns associated with permeability, motility, remodelling

and angiogenesis, and together regulate a third unique tran-

scriptional cohort. Functionally, each promotes viability

and proliferation, and together they cooperatively drive

endothelial motility and angiogenesis. Introduction of

either into mouse cortex induces blood–brain barrier break-

down, and together they produce severe barrier disruption.

In IL1B-induced inflammatory lesions in mice, and in EAE,

TYMP and VEGFA co-localize to reactive astrocytes, and

their expression correlates with endothelial tight junctions

disruption and blood–brain barrier breakdown. Critically,

blockade of either in EAE restricts blood–brain barrier dis-

ruption, paralysis and tissue damage, and blocking both in

combination enhances tissue preservation. Suggesting sig-

nificance in human disease, both localize to reactive astro-

cytes in lesion samples from patients with multiple sclerosis.

Collectively, this work identifies TYMP as an important

astrocyte-derived permeability factor in inflammatory CNS

disease, and suggests that it interacts with VEGFA to pro-

mote blood–brain barrier breakdown.

Materials and methods
Additional technical details are available in the online
Supplementary material.

Cytokines and growth factors

Human IL1B, IL17 and CSF2 (previously known as GM-CSF),
and mouse VEGFA165 were purchased from Peprotech.
Human IFNG, IL6, TNF, TGFB1 and VEGFA were from
R&D Systems. Based on previous studies, human VEGFA
was routinely used at 100 ng/ml, whereas other factors were
used at 10 ng/ml (Argaw et al., 2006). Mouse VEGF165 was
used at 20 ng/ml (Argaw et al., 2006).

Drugs

DDR and its inhibitor 2-deoxy-L-ribose (2DLR) were pur-
chased from Sigma-Aldrich and used at 1–10mM (130–
1300 ng/ml). Anti-VEGFR2 blocking antibody and control
IgG (1000 ng/ml) were from R&D Systems. JAK inhibitor 1
(CAS 457081-03-7) was from EMD Millipore and used at
15 mM, compatible with its known IC50.

Cell culture

Primary human foetal astrocyte cultures were established from
three different brains as described (Lee et al., 1992). Primary
human or bovine CMVEC were purchased from Cell Systems
Inc. and cultured in complete serum containing medium. All
studies were approved by the appropriate Institutional Review
Board.

Adenoviral transfer in vitro

Astrocytes in 100 mm culture dishes were infected with adeno-
virus encoding a proteolysis-resistant (S32,36E) super-
repressor form of (Ad-I�B�) or adenovirus containing the
CMV promoter, but not I�B� (Ad-Ctrl), at a concentration
of 104 viral particles per cell (Argaw et al., 2006). Infection
was left to proceed for 24 h, then cultures washed and treated
as described.

Microarray analysis

Primary human astrocytes or CMVEC were treated as
described, and total RNA extracted at times shown using the
RNeasy� Mini kit (Qiagen). RNA quality was assessed using a
NanoDropTM spectrophotometer. Total RNA was converted
to cDNA and subsequently into biotin-labelled cRNA using
a commercially available kit (Illumina) according to the manu-
facturer’s instructions, and 1.5 mg of cRNA hybridized to
Illumina HumanHT-12 v4 Expression Beadchips. Raw expres-
sion data were subjected to quantile normalization and low-
intensity value filtering using a cut-off of 200, then were log2
transformed (MatLab, MathWorks). Differentially expressed
genes between the control and experimental groups were iden-
tified using unpaired two-tailed t-test with false discovery rate
(FDR) correction, as having a corrected P-value 50.05 and
additionally filtered a standard ratiometric induction/repres-
sion cut-off as described in the text. Qualifying genes in studies
using astrocytes were subjected to hierarchical clustering using
Cluster� 3.0 software (Michael Eisen, UC Berkeley), and con-
verted to a colorimetric format using Java Treeview (Alok
Saldanha, Open Source Clustering Software). Analysis to iden-
tify physiologic or disease functions most relevant to differen-
tially expressed gene cohorts was carried out using Ingenuity�
software (Ingenuity Systems), which uses Fisher’s exact test to
calculate a P-value that association between each biological
function and the cohort is due to chance alone.

Mice

mGfapCre mice were made in the laboratory of Dr Michael
Sofroniew (UCLA) (Garcia et al., 2004). Cre expression is
astrocyte-specific except in areas of adult neurogenesis, where
it is also observed in some neural progenitors (Garcia et al.,
2004). Vegfafl mice were made by Dr Napoleone Ferrara
(UCSD) and have been reported (Gerber et al., 1999).
GfapCre:Vegfa + /fl mice were crossed with Vegfafl/fl animals
to generate GfapCre:Vegfafl/fl mice and controls. Genotyping
primers were: GfapCre forward (GfF) ACCAGCCAGCTA
TCAACTC, reverse (GfR) TATACGCGTGCTAGCGAAGAT
CTCCATCTT CCAGCAG, band 350 bp. Vegfafl forward
(VfF) CCTGGCCCTCAAGTACACCTT, reverse (VfR)
TCCGTACGACGCATTTCTAG, band 108 bp (wild-type)
148 bp (flox). PCR conditions were 94�C 4 min then 35
cycles 94�C 30 s, 56�C 30 s, 72�C 30 s, then 72�C 10 min.
C57BL/6 mice were from Jackson.

Statistical analyses

For multiple comparisons, one-way ANOVA followed by
Bonferroni post-test was used. Student’s t-test was used to
compare two groups of matched samples. Spearman rank
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correlation coefficient was used to test for correlation of
two variables. In transcriptional profiling studies, differentially
expressed genes between the control and experimental
groups were identified using unpaired two-tailed t-test with
FDR correction. In all cases, P5 0.05 was considered
significant.

Results

IL1B co-induces TYMP and VEGFA in
primary human astrocyte cultures

Transcriptional profiling of a human model of reactive

astrogliosis using a larger-scale platform than we have pre-

viously reported (Argaw et al., 2006) revealed a wide

cohort of transcripts linked to endothelial plasticity and

remodelling (Fig. 1). Human astrocyte cultures prepared

from three different brains and screened with molecular

markers to ensure culture purity were treated with IL1B

(10 ng/ml), a key driver of inflammatory lesion pathogen-

esis and reactive astrogliosis (Lee et al., 1992; Herx and

Yong, 2001) (Supplementary Fig. 1A). Resulting transcrip-

tional patterns were compared with vehicle controls using

47 300 element human Illumina Beadarrays� (Fig. 1A).

Genes induced or repressed 4log2 2-fold and significant

using Student’s t-test with FDR correction P5 0.05 were

subjected to bioinformatics analysis and validation.

Importantly, this approach identified multiple transcripts

implicated in angiogenesis and/or endothelial remodelling,

notably including TYMP, the vascular endothelial growth

factors VEGFA and VEGFC, and the VEGF co-receptor

NRP1 (Ishikawa et al., 1989; Leung et al., 1989; Jeltsch

et al., 1997; Soker et al., 1998). Also identified were the

regulator of angiogenesis ADAMTS1 (Vazquez et al.,

1999), and the inflammation-induced endothelial plasticity

genes NLF2 (now known as C2CD4B) and IER3 (Warton

et al., 2004; Tang et al., 2006) (Fig. 1A). Additionally,

IL1B induced astrocytic expression of the matrix metallo-

proteinases MMP3, MMP7, MMP9 and MMP10, linked to

blood–brain barrier breakdown and leucocyte entry into

the CNS (Bar-Or et al., 2003). Compatible with previous

reports (Hurwitz et al., 1992), IL1B-treated astrocytes also

expressed the adhesion molecules VCAM1, ICAM1 and

E-selectin (SELE) (Lyck and Engelhardt, 2012). Further

suggesting that reactive astrogliosis regulates inflammatory

cell infiltration into and within CNS lesions, IL1B robustly

induced multiple CXC and CC chemokines, including

CXCL1, CXCL2, CXCL5, CXCL6, CXCL10, CXCL12

and CXCL14, and CCL5, CCL8 and CCL20 (Ransohoff

et al., 1996) (Fig.1A). Inference of function calculated via

Ingenuity� gene ontology (GO) analysis identified im-

munologic disease, inflammatory disease and tissue-specific

inflammation as outcomes most significantly associated

with this program (Fig. 1B).

Co-induction of TYMP and VEGFA was a particularly

compelling finding within this data set. Importantly, both

are widely implicated in tumour angiogenesis, functioning

in complementary or collaborative roles (Toi et al., 1995;

Engels et al., 1997; Takanami et al., 1997; Uchida et al.,

1998; Ellis et al., 2002; Tsujitani et al., 2004). Their co-

induction in reactive astrocytes suggested similar inter-

actions in driving endothelial remodelling and permeability

in inflammatory CNS lesions.

Protein-level studies validated IL1B induction of TYMP

and VEGFA in human astrocyte cultures (Fig. 1C and D);

these responses were dose-dependent (data not shown).

Further suggesting co-regulation of the two genes, inter-

feron gamma (IFNG), a cytokine also expressed in inflam-

matory lesions, potentiated IL1B-mediated induction of

both (Fig. 1C and D). Similar to VEGFA (Argaw et al.,

2006), confocal imaging confirmed induction of TYMP

immunoreactivity in IL1B-treated cultures, and robust

immunoreactivity in astrocytes exposed to IL1B + IFNG

together (Fig. 1E). Confirming cell type specificity, and

again similar to VEGFA (Argaw et al., 2006, 2012),

TYMP was sensitive to IL1B in astrocytes but no induction

occurred in CMVEC (Fig. 1F), nor was expression

observed in either cell type in response to other cytokines

or growth factors, including VEGFA, CSF2, IL17 (Fig. 1F

and G), TNF, IL6, or TGFB1 (data not shown). Notably,

the time courses of TYMP and VEGFA induction in astro-

cytes were also identical: for both genes induction in re-

sponse to 10 ng/ml IL1B was first detectable at the protein

level at 12–24 h post-treatment, reached a plateau at 48 h,

and persisted until at least 72 h (Fig. 1H and I).

Co-induction of TYMP and VEGFA
in primary human astrocytes is
NF�B1-dependent

Further analyses revealed that IL1B uses the same mechan-

ism to induce both TYMP and VEGFA in primary human

astrocytes. IL1B activates the transcription factors NF�B1

and AP-1, with nuclear translocation of the former result-

ing from degradation of I�B� (Vallabhapurapu and Karin,

2009), and of the latter via phosphorylation of p38 and

JNK/SAPK MAP kinases (John et al., 2001). We used an

adenovirus expressing a proteolysis-resistant (S32,36E)

I�B� super-repressor to inhibit NF�B1 (Kim et al., 2004),

and siRNA for p38 to inhibit AP-1 activity. Induction of

both TYMP and VEGFA was abolished in cultures infected

with the viral super-repressor (Fig. 1J and K), whereas

silencing of p38 had no effect (data not shown).

Interestingly, we have also previously identified a potential

role for the bHLH transcription factor HIF1A in

IL1B-mediated VEGFA induction, and HIF1A is itself

NF�B1-sensitive in human cultures (Argaw et al., 2006).

Further demonstrating specific involvement of NF�B1,

blockade of other pathways not activated by IL1B, for ex-

ample using inhibitors of JAK-STAT signalling, did not

prevent TYMP induction (Supplementary Fig. 1B).
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Figure 1 In primary human astrocytes, IL1B induces expression of TYMP, a novel candidate driver of blood–brain barrier

disruption. (A) Results of Illumina HumanHT-12 v4 Beadchip� transcriptional profiling of primary human astrocytes treated with IL1B 10 ng/ml

for 24 h. Data for three separate cultures screened for purity (as detailed in Supplementary Fig. 1A) are shown, subjected to log2 transformation

and colour-coded according to the scale presented below, filtered using Student’s t-test and FDR correction P5 0.05 and sorted using Cluster/

Treeview software. TYMP (ECGF1) is among the most strongly induced transcripts (mean FC 10.52) in astrocytes exposed to IL1B, comparable in

magnitude to that of the blood–brain barrier permeability factor VEGFA. Other molecules downstream of IL1B include upregulation of matrix

metalloproteinases, CXC/CC chemokines, and adhesion molecules, all implicated in blood–brain barrier permeability. (B) GO analysis of data

shown in A using Ingenuity� software reveals that functional pathways downstream of IL1B include immunologic and inflammatory disease, and

immune cell trafficking. (C and D) Sandwich ELISA (C) and immunoblotting (D) demonstrate that VEGFA and TYMP are both induced by IL1B at

24 h and that induction is potentiated by IFNG, which in isolation is not sufficient for these effects. (E) Immunocytochemistry confirms that TYMP

protein is induced in the cytoplasm of human astrocytes exposed to IL1B, and more strongly by IL1B + IFNG in combination. (F and G)

Immunoblotting of human cultures demonstrates that TYMP induction by IL1B + IFNG is astrocyte-specific. (F) TYMP is not induced in CMVEC

by these cytokines or 100 ng/ml VEGFA. (G) Astrocytic TYMP induction does not occur in response to other inflammatory cytokines such as

CSF2 (GM-CSF) or IL17, nor is it potentiated by the addition of these factors to IL1B. (H and I) Both astrocytic TYMP and VEGFA induction in

response to 10 ng/ml IL1B are first observed at 24 h and peak at 48 h, and persist at 72 h. (J and K) Blocking activity of the IL1B-activated

transcription factor NF�B1 using an adenoviral I�B� super-repressor prevents induction of both TYMP and VEGFA in primary human astrocytes.

See also Supplementary Fig. 1B. Results in all panels are representative of three independent experiments in separate cultures. Statistics:

A = t-test plus FDR correction; C and K = ANOVA plus Bonferroni test. Scale bars in E = 10 mm.
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Collectively, these results demonstrated NF-�B-dependent

co-induction of TYMP and VEGFA in primary human

astrocytes.

Astrocytic TYMP induction by IL1B
in vivo is potentiated by conditional
Vegfa inactivation

Studies in cancer have shown that VEGFA is expressed by

and drives angiogenesis in some tumours, whereas TYMP

fulfils the equivalent function in others (Takanami et al.,

1997; Uchida et al., 1998; Ellis et al., 2002). In still

others, both act cooperatively (Toi et al., 1995; Tsujitani

et al., 2004). To determine if expression of the two is inter-

related, we tested whether inactivation of one impacts the

other. We thus examined TYMP expression in a focal IL1-

induced model of CNS inflammation in mice with astrocyte-

specific Vegfa inactivation (mGfapCre:Vegfafl/fl), the blood–

brain barrier phenotype of which we have described previ-

ously (Argaw et al., 2012) (Fig. 2 and Supplementary Fig. 1).

Initially, we validated astrocyte-specific TYMP and

VEGFA induction in vivo in controls in the IL1 model.

We have previously shown that injection of the adenoviral

vector AdIL-1 (107 pfu) into 12-week-old mouse cerebral

cortex induces focal inflammation, reaching maximal activ-

ity at 7 days post-induction and characterized by GFAP +

reactive astrogliosis, downregulation of endothelial CLDN5

and OCLN, and blood–brain barrier opening (Argaw et al.,

2009, 2012). In cortices from uninjected or empty vector-

injected wild-type or Vegfafl/fl controls or experimental

mGfapCre:Vegfafl/fl mice, we detected no expression of

VEGFA or TYMP. However, both were strongly induced

in AdIL-1 lesions at 7 days post-induction in wild-type or

non-Cre Vegfafl/fl controls, and localized specifically to re-

active GFAP + astrocytes (Fig. 2A–E and Supplementary

Fig. 1C–E). Moreover, and importantly, TYMP induction

was strongly potentiated in astrocytes in lesions in

mGfapCre:Vegfafl/fl mice (Fig. 2B, F and Supplementary

Fig. 1D).

Together, these studies demonstrated astrocyte-specific in-

duction of both TYMP and VEGFA in inflammatory le-

sions in the CNS of adult mice. Moreover, astrocytic

TYMP induction by IL1B in vivo was potentiated by con-

ditional Vegfa inactivation, suggesting that expression of

the two genes is interrelated in this context.

DDR and VEGFA downregulate
endothelial tight junction proteins

We next examined the impact of DDR and VEGFA on

human CMVEC, both in terms of patterns of gene regula-

tion (Fig. 2G–M and Supplementary Tables 1–3), and their

translation into effects on proliferation, viability, migration,

angiogenesis and permeability (Figs 2N, O and 3A–F).

VEGFA exerts its effects on CMVEC via activation of the

receptor tyrosine kinase VEGFR2/KDR/Flk-1 (Olsson et al.,

2006). TYMP acts via production of DDR (Furukawa

et al., 1992; Moghaddam et al., 1995), the downstream

effectors of which are incompletely characterized, but this

mechanism is known to activate transcription of target

genes (Bijnsdorp et al., 2011).

Downregulation of endothelial tight junction transmem-

brane proteins has been implicated as a key event in

VEGF-induced blood–brain barrier opening (Argaw et al.,

2009). Thus, we compared effects of DDR and VEGFA on

CLDN5 and OCLN expression in CMVEC cultures. These

studies revealed that both CLDN5 and OCLN were strongly

downregulated by physiologic concentrations of DDR (1mM/

130 ng/ml) as well as by VEGFA (100 ng/ml) (Fig. 2G and

Supplementary Fig. 1F). Moreover, these effects were poten-

tiated when both factors were used together (Fig.2G).

Treatment with astrocyte IL1B conditioned medium also re-

sulted in downregulation of CLDN5, and this decrease was

blocked by �VEGFA receptor 2 (�VR2) and the competitive

DDR inhibitor, 2DLR, further confirming that astrocyte-

mediated downregulation of endothelial tight junctions pro-

teins is effected via DDR and VEGFA (Fig 2H).

VEGFA and DDR elicit distinct
transcriptional patterns linked to
plasticity and permeability

For wider unbiased analysis of transcriptional patterns, we

returned to the human Beadarray� platform (Fig. 2I–M

and Supplementary Tables 1–3). Human CMVEC (three

independent preparations) were screened for culture

purity using molecular markers (Supplementary Fig. 1G),

then treated with DDR, VEGFA, or both, and RNA har-

vested at 24 h. Preliminary studies indicated that VEGFA

and DDR produce smaller transcriptional changes than

proinflammatory cytokines such as IL1B, thus regulated

transcripts were defined as having expression altered by

4log2 0.5-fold, and significant using t-test with FDR cor-

rection P5 0.05. Results are presented as a colour-coded

schematic in Fig. 2I, and the 20 most strongly induced

transcripts for each condition shown in Fig. 2J–L, similarly

colour-coded. All regulated transcripts and their functions

are in Supplementary Tables 1–3, and functions summar-

ized in Fig. 2M.

Importantly, these studies revealed that DDR and

VEGFA downregulation of endothelial tight junction pro-

teins represents part of a more far-reaching transcriptional

pattern. DDR and VEGFA induced distinct transcriptional

programs, but each was indicative of endothelial plasticity,

remodelling and/or angiogenesis. Moreover, exposure of

human CMVEC to DDR and VEGFA together produced

regulation of a third unique cohort also indicative of a

remodelling program.

VEGFA regulated 80 genes in these studies, whereas the

DDR-regulated profile was 41 genes (Fig. 2I–K and

Supplementary Tables 1 and 2). Co-treatment produced a

larger cohort of 119 genes (Fig. 2I, L and Supplementary
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Figure 2 In human CNS microvascular endothelial cells, VEGFA and DDR elicit transcriptional patterns linked to plasticity

and permeability. (A–F) Astrocyte-specific induction of TYMP and VEGFA in cortical inflammatory lesions. Results are shown from male

12-week-old wild-type or Vegfafl/fl control or experimental mGfapCre:Vegfafl/fl mice receiving cortical microinjection of 107 pfu AdIL-1 or AdCtrl,

and sacrificed at 7 days post-induction. Sections have been stained for TYMP (ECGF1), VEGFA and lineage markers, and analysed by morph-

ometry. TYMP or VEGFA are both specifically induced in reactive astrocytes in AdIL-1 lesions at 7 days post-induction in wild-type or non-Cre

Vegfafl/fl controls (A–E). Moreover, astrocytic TYMP (Ecgf1/TP) induction is significantly potentiated in mGfapCre:Vegfafl/fl mice: pixel intensity of

TYMP expression is significantly increased in mGfapCre:Vegfafl/fl mice compared to Vegfafl/fl controls (B and F). See also Supplementary Fig. 1C–E

for panels showing data from individual channels (C–F). (G) Immunoblotting of human CMVEC treated with the TYMP product DDR (1–10 mM),

VEGFA (100 ng/ml), or both, and harvested at 24 h. Data have been subjected to densitometry and results normalized to actin loading control.

DDR and VEGFA each downregulate CLDN5 (G). Using both factors together produces stronger downregulation. Similar data showing

downregulation of OCLN are illustrated in Supplementary Fig. 1F. (H) Treatment of human CMVEC with astrocyte conditioned medium

recapitulates downregulation of CLDN5 seen with addition of VEGFA + DDR, and this decrease is blocked by �VEGFA receptor 2 (�VR2)

blocking antibody, and by the DDR competitive inhibitor 2DLR, used at concentrations described in the ‘Materials and methods’ section. (I–M)

Results of Illumina HumanHT-12 v4 Beadchip� transcriptional profiling of human CMVEC treated with 1mM/130 ng/ml DDR and/or 100 ng/ml

VEGFA for 24 h. Data from three separate cultures per condition were filtered as regulated by 4log2 0.5-fold and were statistically significant

using Student’s t-test with FDR correction P5 0.05. Results are presented as a colour-coded schematic in I. The 20 most strongly induced

transcripts for each condition are shown in J–L, and all regulated transcripts and their associated functions are listed in Supplementary Tables 1–3,

similarly colour-coded. Functions of regulated transcripts are summarized in M. These data reveal that DDR and VEGFA downregulation of

endothelial tight junction proteins represents part of a wider transcriptional pattern indicative of endothelial plasticity/remodelling. VEGFA
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Table 3). Strongly suggesting that VEGFA induces endothe-

lial plasticity, VEGFA regulated fully 30 transcripts

implicated in angiogenesis, including 4 of the 10 most

strongly-induced genes: ESM1, FABP4, APLN and the tran-

scription factor ETS1 (Sato et al., 2001; Cox et al., 2006;

Roudnicky et al., 2013; Harjes et al., 2014) (Fig. 2I, J, M

and Supplementary Table 1). VEGFA also modulated 12

genes linked to endothelial migration, including 5 of the 20

most strongly induced transcripts: PODXL, GP34 (now

known as TNFSF4), CD34, GPR116 and anthrax toxin re-

ceptor ANTXR1 (Kunitomi et al., 2000; Hotchkiss et al.,

2005; Larrucea et al., 2008; Nielsen and McNagny, 2008;

Tang et al., 2013). Critically, VEGFA also regulated tran-

scripts shown to control endothelial permeability, including

the scaffold SSeCKS (now known as AKAP12), permeability

factor angiopoietin-2, MGST2, and the Wnt effectors TCF4

and b-catenin (Sjostrom et al., 2001; Lee et al., 2003; Nag

et al., 2005; Tanaka et al., 2010; Engelhardt and Liebner,

2014) (Fig. 2I, J, M and Supplementary Table 1). An unex-

pected VEGF-sensitive function was also detected, that of

downregulation of small non-coding (sn)RNAs (11 genes).

As these serve to limit mRNA stability (Yin et al., 2014),

we hypothesized that this mechanism may enhance VEGFA-

induced gene expression.

The pattern induced by DDR was also indicative of plas-

ticity, with 29 of 41 transcripts previously connected to

angiogenesis, migration, proliferation, viability or perme-

ability (Fig.2I, K, M and Supplementary Table 2). Six

genes functioning in angiogenesis were amongst the DDR-

sensitive cohort, including 4 in the 20 most strongly-

induced transcripts: HMOX1, TXNIP, the chemokine

CXCL1 and Wnt-associated Disheveled activator DAAM1

(Dulak et al., 2004; Caunt et al., 2006; Ju et al., 2010;

Abdelsaid et al., 2013; Park et al., 2013), but just one

angiogenesis-linked transcript (FABP4) was both VEGFA-

and DDR-sensitive (Fig. 2J, K and Supplementary Tables 1

and 2). Similarly, five genes implicated in migration were

DDR-regulated: GCNT1, CD44, LIMA1, CD34 and integ-

rin �10 (ITGA10) (Wenke et al., 2006; Abe and Takeichi,

2008; Flynn et al., 2013; Nolz and Harty, 2014), but only

CD34 was also VEGFA-regulated (Fig. 2J, K and

Supplementary Tables 1 and 2). Overall, of the 80

VEGFA- versus 41 DDR-sensitive transcripts, only nine

were shared, thus the two programs were distinct but com-

plementary, suggesting functional convergence (Fig. 2J, K,

M and Supplementary Tables 1 and 2).

Importantly, the transcriptional profile produced by

DDR + VEGFA co-treatment included a novel cohort of

50 uniquely co-regulated genes (Fig. 2I). Of the remaining

69, 66 were shared with the VEGFA and seven with the

DDR cohort, with four regulated by each of the two fac-

tors: the regulator of proliferation RGCC, angiopoietin 2,

the angiogenic serotonin receptor HTR2B, and TGF/BMP

superfamily growth factor GDF3 (Badea et al., 2002; Nag

et al., 2005; Peiffer et al., 2007; Asada et al., 2009). The 50

new genes in the co-treated cohort included regulators of

angiogenesis, proliferation, permeability, and differentiation

(Fig. 2I, L, M and Supplementary Table 3). An additional,

novel functional group was also detected, that of inhibition

of interferon signalling (nine genes) (Fig. 2M and

Supplementary Table 3). We hypothesized that this func-

tion may serve to enhance endothelial remodelling, as inter-

ferons have been shown to limit angiogenesis (Huang et al.,

2002).

Collectively, these results revealed that DDR and VEGFA

both downregulate endothelial tight junction proteins, and

suggested this represents part of a wider plasticity response.

DDR and VEGFA induce distinct transcriptional patterns

in CNS endothelium indicative of angiogenesis, permeabil-

ity, migration, proliferation and/or differentiation.

Furthermore, exposure to both produces a cohort of 50

uniquely co-regulated transcripts that are not significantly

responsive to either alone, suggesting the potential for com-

binatorial functional outcomes.

DDR and VEGFA function together
to induce permeability in CNS
endothelia

Studies in CMVEC identified diverse functional conse-

quences of these transcriptional programs, in terms of per-

meability, and plasticity more widely. Moreover, these

studies confirmed combinatorial outcomes resulting from

exposure to DDR and VEGFA together.

Initially we assayed endothelial permeability using a

model system in which CMVEC are plated onto 0.4 -mm

pore inserts and left to mature and develop functional tight

junctions over 14 days (Argaw et al., 2006, 2009). Changes

in paracellular integrity are then monitored using measure-

ments of transendothelial passage of fluorescent dextrans of

different sizes (Argaw et al., 2009). We found that DDR

and VEGFA each induced a significant increase in passage

Figure 2 Continued

regulates 80 genes, whereas the DDR-regulated profile is more limited, at 41 genes. Co-treatment produces a larger cohort of 119 genes. The

patterns induced by VEGFA and DDR are distinct but both factors regulate cohorts implicated in angiogenesis, migration, proliferation and

permeability, suggesting functional convergence. Indicative of combinatorial outcomes, co-treatment produces a novel cohort of 50 genes not

regulated by either factor alone. (N and O) DDR and VEGFA function together to induce permeability in CNS endothelia. Data are shown for

passage of 4 kD (N) and 40 kD (O) dextran-FITC across confluent human CMVEC monolayers on 0.4 -mm pore inserts, treated with 1mM DDR

and/or 100 ng/ml VEGFA for 24 h. Each induces a significant increase in transendothelial passage of dextran-FITC over time. Both factors in

combination produce greater permeability. Data in A–F are representative of findings from at least four mice per condition. Results in I–M are

representative of at least three independent studies. Statistics: C–F = Student’s t-test; I–M = Student’s t-test with FDR correction P5 0.05; N

and O = two-way ANOVA plus Bonferroni post-test. Scale bars in A and B = 30 mm.
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of both 4 kD and 40 kD dextran-FITC through the mono-

layer over time (Fig. 2N and O). Moreover, and

importantly, using both together produced a significantly

more potent effect (Fig. 2N and O).

VEGFA and DDR collaboratively
promote CMVEC proliferation,
motility and angiogenesis

Further functional analyses supported the hypothesis that

effects of DDR and VEGFA on permeability represent part

of a wider program of endothelial remodelling (Fig. 3).

BrdU labelling and caspase cleavage assays demonstrated

that both DDR and VEGFA significantly increased prolif-

eration and reduced apoptosis in human CMVEC cultures,

although using both together did not produce additive ef-

fects (Fig. 3A and B). Conversely, we did observe enhanced

outcomes of combined treatment in assays of motility and

angiogenesis. In scratch-wound closure assays, we stimu-

lated motility and migration by producing a linear 500 -

mm diameter wound in a confluent CMVEC monolayer

(John et al., 2004), then compared effects of DDR and/or

VEGFA on rates of wound closure (Fig. 3C and D).

CMVEC in control cultures closed the 500mm gap in

24 h, and were confluent by 36 h (data not shown).

Conversely, closure was substantially accelerated in

DDR- or VEGFA-treated cultures, and further increased

in co-treated cultures, such that only a 30 -mm gap re-

mained in co-treated cultures at 16 h, versus 130 mm in

controls (Fig. 3C and D). In more complex angiogenesis

assays, we plated CMVEC onto a gel substrate and exam-

ined responses to DDR and/or VEGFA. While controls re-

mained confluent and quiescent, cultures treated with DDR

or VEGFA formed tubular structures resembling capillaries

over a 24-h period, and notably, co-treatment potentiated

tube formation (Fig. 3E and F).

These data showed that DDR and VEGFA induce perme-

ability in CMVEC cultures and suggest that this represents

part of a wider program of endothelial remodelling in in-

flammatory lesions. In addition, these studies confirmed

additive or combinatorial functional effects of DDR and

VEGFA in assays of permeability, migration/motility and

angiogenesis.

DDR and VEGFA act in combination
to induce blood–brain barrier break-
down in vivo

To compare effects of DDR and VEGFA on the blood–

brain barrier, we delivered VEGFA165 [60 ng in 3 ml phos-

phate-buffered saline (PBS)/bovine serum albumin] and/or

DDR (400 ng in 3 ml PBS) or vehicle control stereotactically

Figure 3 DDR and VEGFA together promote motility and angiogenesis in CMVEC cultures. Results of functional studies in human

CMVEC cultures treated with 100 ng/ml VEGFA and/or 1mM/130 ng/ml DDR or vehicle control, then subjected to assays of proliferation (BrdU

incorporation, A), viability (cleaved caspase-3 staining, B), motility/migration (scratch-wound closure, C and D), and angiogenesis (tube formation,

E and F) over 16–24 h as described in the text. (A) Proliferating (BrdU+ ) cells are increased in CMVEC treated with DDR or VEGFA. No additive

effect is observed in co-treated cultures. (B) VEGFA and DDR also both reduce numbers of apoptotic (cleaved caspase-3 + ) cells in CMVEC

cultures, but co-treatment has no additional impact. (C and D) DDR and VEGFA independently accelerate wound closure in a CMVEC scratch-

wound assay. In combination they produce a stronger outcome, such that at 16 h only a 30 -mm gap remains in co-treated cultures, versus 130 mm

in controls. (E and F) In more complex angiogenesis assays, CMVEC cultures form tubular structures over 24 h in response to VEGFA or DDR,

and this effect is potentiated by co-treatment. Results in all panels are representative of at least three independent experiments. Statistics: A, B, D

and E = ANOVA plus Bonferroni post-test, *P5 0.05, ***P5 0.001. Scale bars in C and F = 25 mm.
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into the left cerebral cortex of adult mice (Argaw et al.,

2006), then measured changes in barrier function over

24 h to 7 days post-induction (Fig. 4 and Supplementary

Fig. 2). Using morphometric analysis of confocal image

stacks, we quantified sections immunostained for CLDN5

as a known marker of blood–brain barrier integrity, the T

helper lymphocyte marker CD4 as an indication of paren-

chymal leucocyte infiltration, and the serum proteins

Figure 4 DDR and VEGFA co-operate to produce blood–brain barrier breakdown in vivo. (A and B) Confocal Z-series projections

of cerebral cortices of 12-week-old C57BL/6 mice 24 h (A) or 7 days (B) following stereotactic microinjection of murine VEGFA165 (60 ng in 3 ml

PBS/BSA), and/or DDR (400 ng in 3ml PBS), or vehicle control. Sections in (A) are immunostained for the endothelial tight junctions protein

CLDN5 (blue channel) plus fibrinogen as a marker of blood–brain barrier breakdown (red channel). Both channels from areas outlined are shown

below. Sections in B are stained for the neuronal marker NeuN (green channel). Morphometrically analysed data are presented in C–E. Blood–

brain barrier disruption is seen around vessels in VEGF- or DDR-injected regions, and CLDN5 immuno-reactivity in these areas is reduced and

discontinuous (A and C). These changes are associated with lymphocyte infiltration into VEGF- or DDR-injected locales (D). Blood–brain barrier

breakdown is notably exacerbated in mice receiving VEGFA165 plus DDR together (A and C). Blood–brain barrier disruption in areas receiving

VEGFA165 and/or DDR is followed by neuronal loss, and with the presence of apoptotic cleaved caspase-3 + NeuN + neurons. These effects are

also exacerbated in mice receiving VEGFA165 plus DDR in combination (B and E). (F) Time course morphometric measurements over a 7-day

period post-injection reveals that blood–brain barrier disruption, as defined by the increase in area of parenchymal fibrinogen positivity, precedes

neuronal loss (increase in area of NeuN� field) in DDR-induced lesions. Similar data are shown for VEGFA165-induced lesions in Supplementary

Fig. 2A, which additionally demonstrates that co-treatment results in more persistent blood–brain barrier breakdown. Statistics: C–E = ANOVA

plus Bonferroni post-test, *P5 0.05, **P5 0.01, ***P5 0.001. Scale bars in A and B = 50mm. Data shown are representative of findings from at

least four mice per condition per time point.
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fibrinogen or albumin, which are normally confined to the

vasculature but enter the CNS parenchyma upon blood–

brain barrier opening (Argaw et al., 2006).

Minimal blood–brain barrier disruption was observed in

vehicle controls, and CLDN5 immunoreactivity in micro-

vascular endothelium was smooth and continuous

(Fig. 4A), compatible with published data for CLDN5,

OCLN and other CNS endothelial tight junction markers

such as zona occludens 1 (now known as TJP1) (Argaw

et al., 2009, 2012; Li et al., 2010). Numbers and organiza-

tion of cortical NeuN + neurons were normal, with no

apoptosis detected (Fig. 4B). However, at 24 and 48 h we

observed blood–brain barrier breakdown (measured by

parenchymal fibrinogen and albumin immunoreactivity) in

DDR- or VEGFA165-injected areas, perivascularly and ex-

tending deeper into the parenchyma (Fig. 4A and C, 24 h

post-injection illustrated). Endothelial CLDN5 staining in

areas of blood–brain barrier disruption appeared patchy

and discontinuous, in both DDR-injected and VEGFA-

injected samples (Fig. 4A and C), and these changes were

accompanied by parenchymal accumulation of CD4 + cells

(Fig. 4D). Importantly, blood–brain barrier disruption, as

measured by serum protein extravasation, was exacerbated

in mice receiving DDR and VEGFA165 together (Fig. 4A

and C).

We have previously shown that the consequences of

blood–brain barrier breakdown contribute to neuro-path-

ology (Argaw et al., 2012), and so we measured neuronal

injury in DDR- and/or VEGFA165-induced cortical lesions.

Similar to results for VEGFA165 (Argaw et al., 2012), in

samples receiving DDR we observed neuronal loss in areas

of blood–brain barrier disruption at 7 days post-induction

(Fig. 4B and E), and apoptotic cleaved caspase-3 + NeuN +

neurons were present at the borders of these areas

(Fig. 4E). Further investigation revealed that blood–brain

barrier disruption in response to DDR or VEGFA165 was

maximal at 24 h, then declined over the course of 7 days

post-induction, whereas neuronal injury, detectable at low

levels at 24 h, continued to increase to 7 days post-induction,

demonstrating that neuronal loss occurs subsequent to

blood–brain barrier disruption (Fig. 4F and Supplementary

Fig. 2A). Notably, treating with both DDR and VEGFA165

together led to more extensive and persistent blood–brain

barrier breakdown, and significantly more extensive neur-

onal loss (Fig. 4B, E and Supplementary Fig. 2A).

Multiple pieces of evidence pointed to this effect being

driven by blood–brain barrier breakdown. In the adult

CNS, VEGFR2/KDR/FLK1 is expressed by endothelial

cells but not neurons or other lineages, thus neuronal

death in VEGF-induced lesions results from the conse-

quences of loss of blood–brain barrier integrity (Argaw

et al., 2009). Suggesting that blood–brain barrier disruption

is also at the root of neuropathology in DDR-induced le-

sions, we detected no apoptosis or reduction in cell number

in CMVEC or neuronal cultures exposed to DDR concen-

trations used in our studies—rather, these levels produced

anti-apoptotic effects (Fig. 3B and Supplementary Fig. 2B

and C). Moreover, previous reports have shown that effects

of DDR on viability would require concentrations at least a

thousand times higher, similar to the high concentrations

required to see detrimental effects of ribose or arabinose

(Kletsas et al., 1998).

Together, these studies showed that, similar to VEGFA,

DDR induces blood–brain barrier breakdown in the adult

CNS. Moreover, DDR and VEGFA in combination pro-

duce more severe and persistent blood–brain barrier open-

ing. The consequences of these effects are associated with

subsequent neuronal loss and apoptosis in grey matter

lesions.

In EAE, TYMP induction correlates
with blood–brain barrier breakdown
and endothelial CLDN5 disruption

To directly examine functional relevance to inflammatory

CNS disease, we initially examined samples from mice with

the multiple sclerosis model EAE (Fig. 5 and Supplementary

Fig. 2D–G). Disease was induced in 8-week-old C57BL/6

males using MOG35–55 as described (Gurfein et al., 2009).

Progressive ascending paralysis was apparent from 10–12

days, and was evaluated on a widely-used 5-point scale

(Gurfein et al., 2009). Mice showing paraparesis or para-

plegia (score 2–3) were sacrificed at 15–18 days, and serial

sections of lumbar spinal cord stained for TYMP, VEGFA

and GFAP, plus CLDN5, fibrinogen, albumin and inflam-

matory cell markers. Immunoreactivity in random fields of

lumbar spinal cord white matter was quantified by a

blinded observer using morphometry.

Importantly, these analyses demonstrated co-induction of

TYMP and VEGFA in EAE lesions, which correlated with

downregulation of CLDN5, blood–brain barrier break-

down and parenchymal leucocyte entry. We observed in-

flammatory spinal cord white matter lesions in mice with

EAE, as previously characterized (Gurfein et al., 2009).

These encompassed perivascular accumulation of CD45 +

inflammatory cells, and CNS demyelination and oligo-

dendrocyte loss (Supplementary Fig. 2D). Blood–brain bar-

rier breakdown in lesions was extensive, as assessed by

parenchymal entry of fibrinogen and albumin, and disrup-

tion of CLDN5 (Fig. 5A). Furthermore, confocal imaging

confirmed invasion of CD4 + T helper lymphocytes into the

CNS parenchyma, across the blood–brain barrier and glia

limitans as identified by pan-laminin staining (Fig. 5B).

Importantly, both TYMP and VEGFA were strongly and

specifically induced in reactive astrocytes in EAE lesions,

with each localizing to 490% GFAP + cells (Fig. 5C–E).

Moreover, morphometric analysis confirmed that in EAE

samples, TYMP expression correlated strongly with

blood–brain barrier breakdown and reduced CLDN5

immunoreactivity (Fig. 5F–H) and with T lymphocyte

entry (Fig. 5I and J), similar to the patterns seen for

VEGFA induction (Fig. 5K–O), which were also compatible

with previous data (Argaw et al., 2009). TYMP induction
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Figure 5 Astrocytic TYMP is upregulated in EAE lesions, and correlates with blood–brain barrier disruption and leucocyte

infiltration. (A–D) Confocal Z-series projections of ventrolateral lumbar spinal cord from 10-week-old C57BL/6 mice with EAE (tail paralysis +

paraparesis) 15–18 days post-induction, or age-and sex-matched controls. Sections are immunostained for fibrinogen + CLDN5 (A), CD4 +

pan-laminin (B), or TYMP or VEGFA plus the reactive astroglial marker GFAP (C and D). Morphometric analysis of TYMP and VEGFA expression

in lesions is shown in E. Additional features of EAE pathology are illustrated in Supplementary Fig. 2D. EAE sections display disruption of the

blood–brain barrier in lesions, as assessed by parenchymal immunoreactivity for fibrinogen and reduced endothelial CLDN5 immunoreactivity

(A). (B) Furthermore, lesions additionally display inflammatory cell invasion into the CNS parenchyma, across the blood–brain barrier and glia

limitans as demarcated by pan-laminin staining, which labels the endothelial and astrocytic basement membranes (ebm, abm, arrowed in right

panel). Importantly, lesions are also strongly positive for TYMP and VEGFA (C and D, representative areas arrowed), which both localize

specifically to and are expressed almost universally by GFAP + reactive astrocytes (E). In (C and D), TYMP (Ecgf1) and VEGFA immmunoreactivity

in areas outlined are shown as single channels to the right of the main panels. (F–O) Morphometric analysis of spinal cord sections from mice with

EAE, immunostained for fibrinogen, CLDN5 and markers for the T helper and T cytotoxic lymphocyte subsets (CD4 and CD8, respectively), plus

TYMP (F–J) or VEGFA (K–O). Examples of EAE and control sections stained for TYMP (Ecgf1) + fibrinogen + CLDN5, or VEGFA + CLDN5,

are shown in F and M. These analyses demonstrate that TYMP expression is positively correlated with extravasation of fibrinogen and negatively

correlated with endothelial CLDN5 expression (F–H). TYMP also correlates positively with infiltration of CD4 + and CD8 + lymphocytes into the

parenchyma (I and J). Similarly, VEGFA is also positively correlated with intraparenchymal fibrinogen and CD4 + and CD8 + lymphocyte infil-

tration, and negatively correlated with CLDN5 (K–O). Additional images relevant to findings in (F–O) are presented in Supplementary Fig. 2E–G.

Data in all panels are representative of at least three animals per condition per experiment, and at least three independent studies. Statistics: E =

Student’s t-test; G–L, N and O = Spearman rank correlation, ***P5 0.001. Scale bars in A and M = 30 mm; in B–D and F = 15mm.
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also correlated with upregulation of the reactive astrocyte

marker GFAP (Supplementary Fig. 2E). Importantly, how-

ever, illustrating specificity of the TYMP and VEGFA find-

ings, GFAP upregulation did not correlate significantly with

blood–brain barrier breakdown or CLDN5 downregulation

(Supplementary Fig. 2F and G).

Collectively, these results showed correlation between

TYMP and VEGFA induction and blood–brain barrier

breakdown and lymphocyte entry, and reduced CLDN5

immunoreactivity, in a multiple sclerosis model.

In human multiple sclerosis white
matter lesions, TYMP and VEGFA
localize specifically to reactive
astrocytes

Importantly, analysis of lesion samples from multiple scler-

osis patients confirmed relevance of these findings to human

disease. To assess whether TYMP and VEGFA are present in

human multiple sclerosis white matter lesions, we performed

immunohistochemical staining in normal and lesional areas

of human brain tissue from patients with multiple sclerosis

and other neurological disease and normal age- and sex-

matched controls (Supplementary Fig. 3 and

Supplementary Table 4). Supplementary Fig. 3A shows a

low magnification image of a chronic active multiple scler-

osis lesion centred on a vessel in a 32-year-old female pa-

tient, stained with Luxol Fast blue, whereas Supplementary

Fig. 3B–E show higher magnification images stained with

Luxol Fast blue and for MBP to illustrate demyelination

(Supplementary Fig. 3B and C), and with haematoxylin

and eosin to illustrate pathology (Supplementary Fig. 3D),

and for TYMP (Supplementary Fig. 3E). Compatible with

previous studies (Zhang et al., 2006), the border of the

lesion was active and hypercellular, and contained some ab-

normal and fragmented myelin, although the lesion centre

was fully demyelinated (Supplementary Fig. 3A–C). At this

active border, a major site of blood–brain barrier disruption

in MRI studies (Absinta et al., 2013), and to a lesser extent

within the lesion, were large, hypertrophic cells with morph-

ology matching that of reactive astrocytes (Supplementary

Fig. 3D). Importantly, TYMP immunoreactivity also loca-

lized to these hypertrophic cells, within the lesion and par-

ticularly at the border (Supplementary Fig. 3E).

Supplementary Fig. 3F–J show high magnification images

of individual cells immunostained for TYMP, VEGFA, IL-1

and cell lineage markers. Higher magnification analysis con-

firmed TYMP localization to hypertrophic cells with morph-

ology corresponding to that of reactive astrocytes

(Supplementary Fig. 3F), which were also positive for

GFAP (Supplementary Fig. 3G). Compatible with previous

reports (Proescholdt et al., 2002; Argaw et al., 2006),

VEGFA also localized specifically to reactive astrocytes in

active areas of multiple sclerosis lesions (Supplementary

Fig. 3H), but not in adjacent normal-appearing white

matter. Neither TYMP nor VEGFA was expressed in

normal control tissue. Also matching previous data

(Brosnan et al., 1995), IL-1 localized to cells with the typical

morphology characteristic of RCA1+ macrophages and

microglia (Supplementary Fig. 3I and J). Immunoreactivity

for IL-1 was not observed in normal control tissue. Isotype

and primary antibody omission controls were also per-

formed, and were found to be negative.

Blockade of VEGFA and TYMP sig-
nalling protects against blood–brain
barrier opening and paralysis in EAE

We compared the impact of TYMP blockade on disease

severity in EAE with that of inhibition of VEGFA signal-

ling, and tested the outcome of blocking both pathways in

combination (Fig. 6). We sensitized mice (eight per group)

as above (Gurfein et al., 2009), then from onset of weight

loss (410% body weight) treated them daily for 7 days

with the DDR inhibitor 2DLR (20 mg/kg/d), and/or cavtra-

tin, a selective inhibitor of VEGFA signalling (2.5 mg/kg/d)

(Argaw et al., 2012). We have previously shown that in

EAE, cavtratin treatment closely mimics the effects of astro-

cyte-specific Vegfa inactivation (Argaw et al., 2012).

Neurological signs and pathology were evaluated as above.

Weight loss (and onset of therapy) occurred at 7 days

post-sensitization, and ascending paralysis was first

observed 24 h later, with severity in controls increasing

until 17 days, when neurologic deficit reached a plateau

at a mean score of 3.875, indicating severe disease with

complete hindlimb paralysis plus mild forelimb weakness

(Fig. 6A). Signs in 2DLR-treated mice were much milder,

peaking at 17 days at a mean score of just 1.875, indicative

of a limp tail with minor hindlimb weakness. Notably, this

reduction in paralysis was similar to that seen in cavtratin-

treated mice, which reached a mean score of 2.07, reflecting

a limp tail with hindlimb weakness. For both treatment

regimens, differences in disease severity were highly signifi-

cant at 13–21 days compared with vehicle controls (Fig.

6A). Comparison of peak clinical severity in each individual

in all three groups was even more revealing. Almost all

controls (87.5%) but only 25% of 2DLR-treated and

15% of the cavtratin-treated mice displayed complete hind-

limb paralysis or worse (score 53) (Fig. 6B). Moreover, in

controls, mortality or severe paralysis requiring euthanasia

(score 54) was 50%, whereas in the cavtratin-treated

group it was only 15%. Strikingly, no mortality at all

was encountered in the 2DLR-treated cohort (Fig. 6B).

These improvements in clinical disease were associated

with reduced blood–brain barrier breakdown in lesions in

2DLR-treated mice (Fig. 6C and D), maintenance of

CLDN5 expression (Fig. 6C and E), and decreased inflam-

matory cell infiltration (Fig. 6F–H). Importantly, these

changes were associated with reduced tissue damage, in

terms of decreased demyelination and improved oligo-

dendrocyte and axonal preservation (Fig. 6I–K). Notably,

the extent of protection provided by 2DLR was similar to
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Figure 6 Blockade of VEGFA and TYMP signalling reduces paralysis and tissue damage in EAE. (A) Mean clinical scores are shown

from mice (8-week-old male C57BL/6, eight per group) sensitized with MOG35–55/CFA, then from onset of weight loss (7 days post-induction)

treated for 7 days with 20 mg/kg/day 2DLR, and/or 2.5 mg/kg/day the inhibitor of VEGFA signalling, cavtratin, or vehicle control (shaded area).

Neurological deficit has been scored 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) (Gurfein et al.,

2009). Ascending paralysis is observed in all groups from 8 days post-induction, increasing in controls until signs stabilize at 17 days post-induction
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that produced by cavtratin treatment (Fig. 6C–K). No dif-

ferences in lymphocyte numbers were seen in peripheral

lymphoid organs of mice treated with either 2DLR or cav-

tratin, versus vehicle controls (data not shown).

Importantly, blocking TYMP and VEGFA together using

2DLR plus cavtratin produced enhanced neuroprotection in

co-treated mice. Interestingly, combination therapy did not

produce additional benefits in terms of acute disability

scores (Fig. 6A and B). Cavtratin at the doses used in

these studies produces outcomes similar to astrocytic

Vegfa inactivation (Argaw et al., 2012), and additionally

blocking TYMP did not further enhance clinical outcome.

We hypothesized that abrogation of blood–brain barrier

breakdown may reach a maximal level of impact on clinical

disability in the acute stages of autoimmune demyelination.

However, examination of spinal cord samples did reveal

additional improvements in blood–brain barrier integrity

in co-treated mice (Fig. 6C–E), although lymphocyte infil-

tration was not significantly affected (Fig. 6F–H).

Importantly, this improvement in blood–brain barrier integ-

rity was also associated with greater myelin and axon pres-

ervation than that produced by blockade of either TYMP

or VEGFA alone, outcomes likely to impact chronic disease

outcomes (Fig. 6I–K).

Collectively, the results of these studies in vivo implicated

astrocytic TYMP as an important astrocyte-derived perme-

ability factor in inflammatory CNS conditions. They fur-

ther suggested that TYMP interacts with VEGFA to

promote blood–brain barrier breakdown in a model of

multiple sclerosis.

Discussion
Breakdown of the blood–brain barrier is a key pathogenic

step in the initiation and progression of autoinflammatory

demyelinating disease (Bruck et al., 1997). Advances in

understanding of the underlying mechanisms have led to

strategies to minimize clinical disability and tissue damage

during disease exacerbation in multiple sclerosis and neu-

romyelitis optica (Agrawal et al., 2006; Alvarez et al.,

2011; Hosokawa et al., 2011; Shimizu et al., 2012). We

recently found that the inflammatory cytokine IL1B stimu-

lates resident astrocytes to secrete VEGFA, which acts via

VEGFR2/KDR/Flk-1 and downstream NOS3 (eNOS) sig-

nalling to downregulate endothelial tight junction compo-

nents at the blood–brain barrier, facilitating ingress of

damaging humoral factors and leucocytes into the CNS

parenchyma (Argaw et al., 2009, 2012). A recent study

supports a model in which VEGFA exerts its effect on

blood–brain barrier disruption via a polarization-specific

interaction with VEGFR2 receptors on the abluminal

(CNS) side of the endothelium, whereas in contrast inter-

actions with luminal VEGFR1 activate Akt, resulting in

cytoprotection (Hudson et al., 2014). Nonetheless, studies

in which genetic Vegfa inactivation or pharmacologic

blockade of VEGFR2 signalling in mice does not fully ab-

rogate blood–brain barrier disruption or tissue damage

have suggested contributions of additional pathways to

blood–brain barrier opening in inflammatory lesions.

The current study is the first to identify a significant role

in blood–brain barrier breakdown for the enzymatic TYMP

(previously known as ECGF1/TP) pathway, which pro-

duces the diffusible signal DDR. Both VEGFA and TYMP

have previously been shown to exert independent and

sometimes combinatorial effects on tumour angiogenesis,

depending on the malignant subtype (Toi et al., 1995;

Takanami et al., 1997; Uchida et al., 1998; Tsujitani

et al., 2004). An older microarray screen from our group

had not previously identified this important candidate path-

way at the time of VEGFA discovery, due to its absence

from the previous microarray library (Argaw et al., 2006).

Here, our data reveal that these two signalling pathways

are both implemented in driving CNS microvascular per-

meability. Importantly, our findings further suggest that

they act together to drive blood–brain barrier opening in

inflammatory lesions.

Our experiments demonstrate that IL1B stimulates

human astrocytes to secrete DDR via upregulated activity

of TYMP and that this induction, like that of VEGFA,

requires NF�B1, but not p38 MAP kinase, and is independ-

ent of other pathways such as JAK-STAT signalling.

Moreover, conditionally disabling astrocyte-specific Vegfa

in mice leads to an increase in astrocytic TYMP induction

by inflammatory cytokines, perhaps suggesting that nega-

tive feedback products of the VEGFA pathway suppress

TYMP expression when present. Functionally, a

Figure 6 Continued

at a mean of 3.875, indicative of hindlimb paralysis plus mild forelimb weakness. Signs in 2DLR-treated or cavtratin-treated mice are much milder,

stabilizing at 17 days at 1.875 or 2.07 (limp tail with hindlimb weakness), respectively. Interestingly, co-treatment does not produce additional

clinical benefit. (B) Peak severity of paralysis is reduced in 2DLR-, cavtratin-, and co-treated mice. Controls (87.5%) but only 15–25% of 2DLR-,

cavtratin- or co-treated mice display hindlimb paralysis or worse (score 53) during the disease course (21 days). Mortality or severe paralysis

requiring euthanasia (score 54) reaches 50% in controls, but only 15% in the cavtratin-treated group, whereas mortality is absent in the 2DLR-

and co-treated cohorts. (C–K) Neuropathological data from lumbar spinal cords of representative mice (three per group) from each cohort,

sacrificed at 21 days. EAE controls display blood–brain barrier breakdown and disruption of endothelial CLDN5 (C–E), CD45+ inflammatory cell

accumulation and CD4 + and CD8 + lymphocyte infiltration (F–H), demyelination and oligodendrocyte loss, and axonal transection (I–K). In I,

representative areas of demyelination are arrowed. In 2DLR- and cavtratin-treated mice, CLDN5 expression is maintained and blood–brain

barrier breakdown reduced (C–E), and inflammatory cell accumulation and lymphocyte infiltration restricted (F–H). Demyelination is decreased,

and axonal integrity preserved (I–K). Importantly, although co-treatment is not associated with additional clinical benefits, it potentiates blood–

brain barrier integrity and myelin and axon preservation (C–E and I–K). Scale bars in C and I = 50mm. Statistics: A = two-way ANOVA plus

Bonferroni test; D–H, J and K = one-way ANOVA plus Bonferroni test, *P5 0.05, **P5 0.01, ***P5 0.001. Data are representative of three

independent experiments.
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compensatory increase in one microvascular modulator

pathway (TYMP) in the absence of the other (VEGFA) in-

dicates the potential for combinatorial actions and/or re-

dundancy. Transcriptional and translational profiles of

human CMVEC treated with VEGFA or DDR, the active

metabolite of the TYMP pathway, support this hypothesis.

Downregulation of CLDN5 and OCLN with associated

disruption in endothelial tight junctions is a previously

recognized VEGFA-induced mechanism driving CMVEC

permeability, and is also induced independently by DDR

in CMVEC cultures. Furthermore, VEGFA and DDR to-

gether exhibit a stronger outcome in terms of decreasing

CLDN5 and OCLN levels and promoting permeability.

Interestingly, our gene expression profiling studies indi-

cate that DDR and VEGFA downregulation of endothelial

tight junction proteins represents part of a wider plasticity

response, compatible with previous observations suggestive

of angiogenesis in lesions in multiple sclerosis and its

models (Ludwin and McFarland, 2001; Kirk et al., 2004;

Muramatsu et al., 2012). In these BeadArray� experi-

ments, we found that VEGFA regulates 80 genes, whereas

the DDR profile of activity includes 41 genes. Co-treatment

produces a larger cohort of 119 genes. Suggesting that

VEGFA induces endothelial remodelling, of the 80 VEGF-

regulated genes, 53 have been linked to angiogenesis, endo-

thelial migration, proliferation and/or permeability. The

pattern induced by DDR is largely composed of different

genes but also indicative of plasticity, with 25 of 41 tran-

scripts previously connected to angiogenesis, migration,

proliferation, viability or permeability, thus the two pro-

grams are distinct but complementary, suggesting a func-

tional convergence. Importantly, the third distinct

transcriptional profile of 119 transcripts produced by

DDR + VEGFA co-treatment includes a novel cohort of

50 uniquely co-regulated genes not induced by either factor

alone, further suggesting potential for combined actions.

Our functional studies in vitro support the idea of a

wider VEGFA and/or DDR-induced response in CMVEC,

revealing enhanced proliferation and viability. Moreover,

co-treatment produces combinatorial outcomes in assays

of both migration and angiogenesis.

Nonetheless, increased transendothelial permeability and

blood–brain barrier breakdown seem to represent critical

pathogenic outcomes of astrocytic VEGFA and DDR synthe-

sis in inflammatory CNS lesions. Either factor alone is suf-

ficient to produce these effects, as demonstrated both in vitro

and in vivo. DDR and VEGFA individually induce transen-

dothelial passage of 4 kD and 40 kD dextrans in human

CMVEC cultures, and introduction of VEGFA or DDR into

mouse cortex independently leads to disruption of endothe-

lial CLDN5 expression, breakdown of the blood–brain bar-

rier, transendothelial passage of plasma proteins and

inflammatory cells into the brain parenchyma, and subse-

quent neuronal apoptosis and loss. The two factors together

have more potent effects on these outcomes, suggesting that

they have a redundant or cooperative role in autoinflamma-

tory blood–brain barrier breakdown. Because VEGFA and

DDR themselves are not toxic to isolated CMVEC or neu-

rons in culture, the neuronal loss observed subsequent to

blood–brain barrier breakdown in these experiments is

likely secondary to a downstream cascade involving trans-

vascular migration of cytotoxic cells and/or soluble factors

through the blood–brain barrier.

The relevance of these pathways to disease pathogenesis

is further supported by the presence of specific VEGFA and

TYMP expression in reactive astrocytes in active areas of

human multiple sclerosis lesions, as well as our studies in

MOG35–55-induced EAE in mice, a classic model of mul-

tiple sclerosis. VEGFA and TYMP are both induced specif-

ically in astrocytes in EAE spinal cord lesions, and correlate

strongly with other features of the blood–brain barrier

breakdown cascade. Moreover, our functional data show

that blockade of TYMP signalling significantly reduces clin-

ical severity and tissue pathology in the EAE model, similar

to the outcomes seen in mice receiving the inhibitor of

VEGFA signalling, cavtratin. Moreover, while inhibition

of both TYMP and VEGFA signalling does not produce

additional benefits in terms of mean or peak clinical

score, which is already reduced substantially by either

alone, co-treatment does produce an additional improve-

ment in blood–brain barrier integrity, and this is further

associated with enhanced myelin and axon preservation.

The lack of a combined effect on clinical disease is inter-

esting, particularly given that the cavtratin concentration

used produces a phenotype resembling astrocyte-specific

VEGFA inactivation (mGfapCre:Vegfafl/fl) (Argaw et al.,

2012), and hence indicative of highly efficient VEGFA sig-

nalling blockade. It may be that abrogation of blood–brain

barrier breakdown has a maximum potential impact on

clinical disability in the acute stages of autoimmune demye-

lination. However, the additional improvement seen in re-

sponse to co-treatment, in terms of blood–brain barrier

integrity and neural preservation, may have consequences

for the chronic stages of disease; thus blocking both path-

ways may hold promise as an approach to maximizing

tissue protection.

The discovery of two classic tumour angiogenesis signal-

ling pathways in reactive astrocytosis and inflammatory

blood–brain barrier breakdown leads one to speculate as

to whether other functionally similar pathways in tumour

angiogenesis, such as FGF2 signalling, also play a contri-

buting role in CNS barrier disruption. Given the heterogen-

eity with which different tumour subtypes employ these

various factors, it is also possible that different astrocytic

populations may use distinctive inflammatory pathways in

different regions of the CNS. In this way, these local deter-

minants might predispose different regions to be more or

less susceptible to injury and blood–brain barrier break-

down. Future work comparing mechanisms underlying

blood–brain barrier opening in different areas of the

brain, particularly those with high or low susceptibility to

inflammatory lesion formation, may represent a fruitful ap-

proach toward understanding characteristic neuroanatom-

ical patterns of various autoinflammatory CNS conditions,
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including neuromyelitis optica, chronic lymphocytic inflam-

mation with pontine perivascular enhancement responsive

to steroids (CLIPPERS), and multiple sclerosis.

Interestingly, a human phenotype of TYMP deletion has

been described with the paediatric syndrome, mitochondrial

neurogastrointestinal encephalomyopathy (MNGIE).

Patients have a loss of function mutation in the intron 8

splice acceptor site leading to loss of exon 8 and lower

levels of functional TYMP (Wong, 2012). In addition to

mitochondrial deficits, attributed to accumulation of thymi-

dine, patients exhibit T2 hyperintense white matter lesions

(Said et al., 2005). It is unclear whether these represent

metabolic lesions, or more provocatively, inflammatory le-

sions secondary to dysregulated blood–brain barrier open-

ing, although the mechanism by which loss of TYMP might

lead to white matter lesion formation is unclear.

Hypothetically, a homeostatic interaction with the

VEGFA pathway or other inflammatory modulators could

lead to compensatory activation of pro-permeability

pathways.

In summary, the current study suggests roles for two

classic tumour angiogenesis pathways in blood–brain bar-

rier breakdown and inflammatory CNS lesion formation.

Our data identify astrocytic TYMP as an important astro-

cyte-derived permeability factor in inflammatory CNS dis-

ease, and suggest that it interacts with VEGFA to promote

blood–brain barrier breakdown.
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