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ELTD1 deletion reduces vascular abnormality and
improves T-cell recruitment after PD-1 blockade in
glioma
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Abstract

Background. Tumor vessels in glioma are molecularly and functionally abnormal, contributing to treatment resist-
ance. Proteins differentially expressed in glioma vessels can change vessel phenotype and be targeted for therapy.
ELTD1 (Adgrl4) is an orphan member of the adhesion G-protein-coupled receptor family upregulated in glioma
vessels and has been suggested as a potential therapeutic target. However, the role of ELTD1 in regulating vessel
function in glioblastoma is poorly understood.

Methods. ELTD1 expression in human gliomas and its association with patient survival was determined using
tissue microarrays and public databases. The role of ELTD1 in regulating tumor vessel phenotype was analyzed
using orthotopic glioma models and ELTD1~~ mice. Endothelial cells isolated from murine gliomas were transcrip-
tionally profiled to determine differentially expressed genes and pathways. The consequence of ELTD1 deletion on
glioma immunity was determined by treating tumor-bearing mice with PD-1-blocking antibodies.

Results. ELTD1 levels were upregulated in human glioma vessels, increased with tumor malignancy, and were
associated with poor patient survival. Progression of orthotopic gliomas was not affected by ELTD1 deletion, how-
ever, tumor vascular function was improved in ELTD1~~ mice. Bioinformatic analysis of differentially expressed
genes indicated increased inflammatory response and decreased proliferation in tumor endothelium in ELTD1-/~
mice. Consistent with an enhanced inflammatory response, ELTD1 deletion improved T-cell infiltration in GL261-
bearing mice after PD-1 checkpoint blockade.

Conclusion. Our data demonstrate that ELTD1 participates in inducing vascular dysfunction in glioma, and suggest
that targeting of ELTD1 may normalize the vessels and improve the response to immunotherapy.

Glioblastomas (GBM) are malignant gliomas (WHO grade  condition by inducing vasogenic edema and by supplying
IV) characterized by nuclear atypia, high tumor cell prolifera-  a niche for cancer stem cells.® In addition, dysfunctional
tion, necrosis, microvascular proliferation, and pleomorphic  vessels can reduce transport of anticancer drugs and may
vessels."? The vessels are dysfunctional and aggravate the  limit the response to cancer immunotherapy by giving rise
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1. ELTD1 is elevated in glioma vessels and is associated with poor patient survival.

2. ELTD1 deletion improves vessel function in murine glioma models.

3. ELTD1 deletion improvesT-cell recruitment in response to PD-1 checkpoint

blockade in experimental glioma.

Importance of the Study

High-grade gliomas are aggressive brain tumors char-
acterized by a dysfunctional tumor vasculature that al-
ters the microenvironment and hinders therapy. There
is a need for identification of targets to improve vessel
function and enable pharmaceutical targeting of glioma.
Here, we demonstrate that the G-protein-coupled re-
ceptor ELTD1 regulates vascular function in glioma.
ELTD1 is upregulated in tumor vessels in glioma, its levels
positively correlating with tumor malignancy grade.

to immunosuppression.* Lower-grade gliomas (LGGs) are
classified into molecular subgroups depending on isocitrate
dehydrogenase (IDH) mutational status and the presence/
absence of 1p/19q co-deletion. IDH-mutated (IDHmut) 1p/19q
codeleted tumors are classified as oligodendrogliomas,
whereas IDHmut non-codeleted tumors are astrocytomas.®
Gliomas with wildtype IDH are molecularly similar to pri-
mary GBM and have worse prognosis.® Blood vessels in
LGGs are usually less abnormal, but a proportion of IDH-
wildtype LGGs show early changes in gene expression
that are similar to those found in GBM, although not as
pronounced.” The mechanisms underlying dysfunctional
vessels and their role in therapy resistance are still largely
unknown.

Several genes are differentially expressed in human
glioma vessels as compared to normal brain vessels, in-
cluding epidermal growth factor, latrophilin, and seven
transmembrane domain-containing protein 1 (ELTD1).8°
ELTD1 is an orphan member of the adhesion G-protein-
coupled receptor (GPCR) family that is highly expressed in
the microvasculature.’" ELTD1 is frequently upregulated
in tumor vessels and was included in a 20-gene tumor an-
giogenesis signature identified in a meta-analysis to define
proteins involved in the transcriptional control of tumor
angiogenesis in human cancer.'”> ELTD1 has been sug-
gested as a biomarker for high-grade gliomas, and anti-
ELTD1 antibodies reduced glioma growth and decreased
microvessel density in orthotopic glioma models.'®-"®
However, the role of ELTD1 in regulating endothelial phe-
notype and its impact on the glioma microenvironment
have not been investigated.

In this report, we evaluated the role of ELTD1 in GBM by
assessing its expression patterns, identifying co-expressed
genes in patient tumors, and analyzing the impact of
ELTD1 deletion in orthotopic, syngeneic glioma models.

Orthotopic glioma growth is not affected by genetic
knockout of ELTD1 in mice, but vascular dysfunction
is reduced and the perfusion of the tumor is improved.
Genes related to inflammation are more highly expressed
in tumor endothelial cells in ELTD1-~ mice and T-cell re-
cruitment is enhanced in response to PD-1 checkpoint
blockade therapy. This study identifies ELTD1 as a poten-
tial target to improve vessel function and enhance the re-
sponse to cancer immunotherapy in glioma.

ELTD1 expression increased with tumor malignancy in
human gliomas and correlated with expression of genes
associated with abnormal GBM vessels. ELTD1 deletion
did not affect tumour growth but resulted in improved
vessel function, as indicated by reduced hypoxia and fi-
brinogen leakage as well as enhanced lectin perfusion.
Transcriptional profiling indicated that the tumor endo-
thelium was less proliferative in ELTD17~ mice, whereas
the inflammatory response was increased. Consistent
with this, infiltration of CD8* T cells was enhanced after
PD-1 (programmed cell death protein 1) blockade immu-
notherapy in ELTD1~~ mice, and median survival was pro-
longed. Our data indicate that ELTD1 deletion does not
perturb angiogenesis, but instead normalizes tumor ves-
sels and improves the efficacy of cancer immunotherapy.

I
Materials and Methods

Tissue Microarray Analysis

ELTD1 expression was analyzed in tissue microarrays
(TMAs) containing duplicate tissue cores (1 mm in diam-
eter) of 113 biopsies representing 14 IDH-wildtype diffuse
astrocytomas (All, IDHwt), 37 IDH-mutated, 1p/19q non-
codeleted astrocytomas (All, IDHmut), 12 IDH-wildtype
anaplastic astrocytomas (Alll, IDHwt), 43 GBM (IDHwt), and
7 control brains. Immunohistochemistry was performed as
described® using anti-ELTD1 (HPA025229, Sigma-Aldrich)
and 3,3’-diaminobenzidine (DAB) as substrate. Slides were
counterstained with hematoxylin, mounted using a Leica
Autostainer XL (Leica Microsystems), and scanned using
a ScanScope XT system (Aperio Technologies, Vista, CA)
at x20 magnification. ELTD1 vascular staining was scored
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from 0 to 3 (0 = no staining, 1 = low, 2 = medium, 3 = high
intensity) by 2 researchers blindly and individually. Results
were plotted according to the WHO 2016 glioma classifica-
tion."” Astrocytic gliomas (1p/19q non-codeleted) were in-
cluded in a survival analysis. Detailed patient information
is available in Supplementary Table 1. Human tissue was
obtained in a manner compliant with the Declaration of
Helsinki. The Ethics Review Board in Uppsala approved the
use of human samples and the use of TMAs was granted
by Uppsala County’s ethical committee (Dnr Ups 02-330,
Ups 06-084, Dnr Ki 02-254, Ups 03-412/2003-10-02, Dnr
2010/291).

Mice

C57BL/6 mice with a global knockout of ELTD1 (ELTD1--)
were generated as described in the Supplementary
Materials and Methods. Heterozygotes were bred in-house
and wildtype littermates were used as controls. All an-
imal work was performed according to the guidelines
for animal experimentation and welfare provided by
Uppsala University and approved by the Uppsala County
regional ethics committee (Dnr C26/15, Dnr C1/14, Dnr
5.8.18-19429-2019).

Cell Culture

GL261 (gift from Dr. Safrany, NRIRR, Budapest, Hungary)
and CT-2A (gift from Dr. Vaha-Koskela, Ottawa Hospital
Research Institute) glioma cells were cultured in Dulbecco’s
modified Eagle medium (Life Technologies) supplemented
with 10% fetal bovine serum (Sigma-Aldrich) at 37°C and
5% CO,/95% air in a humidified chamber.

Tumor Studies

GL261 or CT-2A glioma cells were orthotopically injected
in the brain of ELTD1~- and wildtype mice as described in
the Supplementary Materials and Methods. For survival
studies, mice were sacrificed when they lost more than
10% body weight or exhibited symptoms of a brain tumor.
For the anti-PD-1 study, 200 pg of anti-mouse PD-1 (RMP1-
14, Cat. # BE0146, InVivoMab, BioXcell) or rat-isotype
IgG2a control (2A3, #BE089, InVivoMab, BioXcell) were ad-
ministered intravenously every 3 days, starting on day 10
after tumor injection up to a total of 4 administrations.

Vessel Perfusion and Tumor Hypoxia Studies

Tumor vessel perfusion was assessed by injecting
100 pg of biotinylated Lycopersicon esculentum (tomato)
lectin (Vector Laboratories) in the orbital plexus at end-
point. Lectin was allowed to circulate for 5 minutes, after
which mice were intracardially perfused with PBS fol-
lowed by 4% paraformaldehyde. Tumor hypoxia was as-
sessed by Hypoxyprobe-Red549 Kit (HP7-x, Hypoxyprobe
Inc, Burlington, MA). Briefly, hypoxyprobe was injected
intraperitoneally 1 hour prior to sacrificing the mice, and
hypoxia was visualized by a detection antibody staining on
tumor sections.

Immunofluorescence Staining

Cryosections (10 um) and vibratome sections (80 pm)
from mouse brain tumors were stained for CD31, fibrin-
ogen, desmin, Lef1, CD8, CD3, and CD45 as described in
the Supplementary Materials and Methods. Samples were
analyzed under the confocal microscope (Leica SP8) or
fluorescent microscope (Leica DMi8). Staining intensities
and tumor areas were quantified by ImageJ software.

Translating Ribosome Affinity Purification (TRAP)
Methodology

C57BL/6 mice expressing a fusion eGFP-L10a ribosomal protein
under control of the endothelial-specific promoter VE-cadherin
(VEcadTRAP mice)'® were crossed with ELTD1~~ mice. Mice
were intracranially injected with GL261 cells, brains were har-
vested at day 23 after tumor injection, and tumors were dis-
sected under a stereological microscope. Brains from healthy
mice were used as controls. Endothelial ribosomes were
purified and mRNA was extracted as described.'®'® Briefly,
eGFP-tagged polysomes were isolated using anti-GFP-bound
Dynabeads (Qiagen), endothelial cell mRNA was extracted
usingTrizol and purified by RNeasyMicro kit (Qiagen).

RNA-Seq Library Preparation and Sequencing

Ribosomal RNA was removed using the RiboGone kit
(Clontech Laboratories). The RNA quality was assessed by
Agilent 2100 bioanalyzer. Samples with RIN value >7 were
selected for cDNA synthesis and purification. Tumor sam-
ples from 3 wildtype and 3 ELTD1-~ mice were selected for
library preparation using SMARTer® Stranded RNA-Seq Kit
(Clontech Laboratories) and sequenced on HiSeq2500.

RNA Sequencing Data Analysis

The sequence reads were aligned to the Ensembl mouse gene
assembly (version: GRCm38) and expression quantification
was performed using TopHat2 software (version 2.0.4).2° To
identify differentially expressed genes, statistical tests were
performed using the Cufflinks tool (version 2.2.1). Genes with
multiple test corrected P < .05 were considered as signifi-
cantly differentially expressed. Computations were performed
on resources provided by Swedish National Infrastructure
for Computing through Uppsala Multidisciplinary Center for
Advanced Computational Science (UPPMAX) under Project
SNIC 2017/7-240. The RNA sequencing data were submitted
to the NCBI GEO database under the series accession number
GSE152635. Gene set enrichment analysis (GSEA) was per-
formed using the molecular signatures database hallmark
gene set collection by software GSEA_4.0.3. Gene ontology
(GO) term enrichment analysis was performed using the on-
line gene annotation and analysis resource Metascape.?'

Survival Analysis, Gene Correlation Analysis, and
Statistical Analysis

Correlations between ELTD1 expression and patient sur-
vival were performed using the CGGA??2 and TCGA glioma
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datasets, downloaded from the GlioVis data portal (http:/
gliovis.bioinfo.cnio.es) using a median cutoff. The P value
was determined using the log-rank test, and P < .05 was
considered statistically significant.

REMBRANDT,?® Bao, Reifenberger, LeeY, Murat, Oh,
Frejie, Philips, and Walsh datasets were downloaded and
included for gene correlation analysis. Genes that correl-
ated with ELTD1 expression with || > 0.3 were selected for
comparison between datasets.

The IVY Gap database (https:/glioblastoma.
alleninstitute.org/) was used to analyze ELTD1 expression
in different anatomical regions of the tumor. Statistical
analysis was performed using unpaired Student's t test
or ordinary 1-way ANOVA in GraphPad Prism 6.0 software
(GraphPad Inc., La Jolla, CA). For mouse survival studies,
statistical analysis was performed using the log-rank test
or Gehan-Breslow-Wilcoxon test. A P value <.05 was con-
sidered statistically significant.

Results

ELTD1 Expression in Glioma Vessels Correlates
With Tumor Malignancy and Poor Patient
Survival

We previously demonstrated that ELTD1 was upregulated
in GBM vessels as compared to normal brain vessels.®
To extend the analysis to a larger cohort and determine if
the level of ELTD1 in the vasculature was associated with
tumor malignancy, we analyzed ELTD1 protein expression
in human TMAs. ELTD1 was detected in control brain and
tumor tissue and was specifically expressed in the vascu-
lature. We assessed its expression based on the intensity
of the staining from 0 to 3 (representing no, low, medium,
and high intensity) (Figure 1A). ELTD1 expression in the
vasculature positively correlated with glioma malignancy,
with the highest levels observed in the most malignant
tumors (IDHwt Alll and GBM) whereas its expression in
IDHmut All and IDHwt All tumors was similar to control
brain (Figure 1B). Consistent with this, high expression of
ELTD1 in tumor blood vessels was associated with poor
survival of astrocytoma patients (Figure 1C). To evaluate
the correlation between ELTD1 expression, tumor malig-
nancy, and survival, we analyzed data from the CGGA and
TCGA databases. ELTD1 gene expression positively correl-
ated with tumor malignancy with the highest expression
found in the GBM group (Figure 1D, Supplementary Figure
S1A). High ELTD1 expression correlated with poor sur-
vival of patients with astrocytoma in both the CGGA and
TCGA database (Figure 1E, Supplementary Figure S1B).To
extend these data, we analyzed patient survival in specific
glioma groups separately. ELTD1 expression significantly
correlated with survival both in the IDHmut gliomas and
in the more aggressive IDHwt tumors (Alll-GBM) in the
CGGA dataset (Figure 1F and G), while only a trend was
observed when analyzing survival of GBM patients in the
TCGA dataset (Supplementary Figure S1C). In summary,
ELTD1 expression is associated with a higher malignancy
grade and poor prognosis for patients with astrocytoma.

ELTD1 Deletion Does Not Disrupt Vascular
Development in Mice

To determine the role of ELTD1 in vascular development,
ELTD1-deficient mice were generated. ELTD1 mRNA ex-
pression was detected in highly vascularized organs such
as heart, brain, kidney, lung, and retina (Supplementary
Figure S2A).The ELTD1 gene was disrupted by the replace-
ment of coding exon 3 to 13 with TMLacZ lox-Ub1-EM7-
Neo-lox cassette (Supplementary Figure S2B). Successful
deletion of ELTD1 was confirmed by genotyping, gPCR,
and western blot (Supplementary Figure S2C-E). ELTD1-/-
mice were viable and born at normal Mendelian ratios.
To assess the potential role of ELTD1 in vascular devel-
opment, we analyzed the vasculature in the retina at
postnatal day 6. No difference was observed in the vas-
cular area (Supplementary Figure S2F) or sprouting front
(Supplementary Figure S2G) when comparing wildtype
and ELTD1- mice. Similarly, the tissue morphology of
liver, kidney, and lung was normal in ELTD1~~ mice, and
the vasculature was indistinguishable from wildtype mice
(Supplementary Figure S2H and I). Consistent with ELTD1
being dispensable for vessel formation, siRNA-mediated
knockdown of ELTD1 (Supplementary Figure S3A and B) in
human dermal microvascular endothelial cells (HDMECs)
did not affect proliferation (Supplementary Figure S3C),
migration (Supplementary Figure S3D), or formation of tu-
bular structures (Supplementary Figure S3E and F). Thus,
our data indicate that ELTD1 expression is dispensable for
angiogenesis and vascular development.

ELTD1 Deletion Does Not Affect Progression of
Orthotopic Murine Glioma

To investigate if the host expression of ELTD1 affects tumor
growth, we employed the GL261 and CT-2A syngeneic,
orthotopic glioma models. Glioma cells were transplanted
intracranially in wildtype and ELTD1~~ mice, and allowed
to grow for 23 days before the mice were sacrificed, brains
were collected and tumor area was measured in tissue
sections. The tumor sizes of orthotopic GL261 and CT-2A
gliomas were similar in ELTD1~~ mice and wildtype mice
(Figure 2A and B). In experiments where mice instead were
sacrificed when they showed symptoms of a brain tumor,
ELTD1 deletion did not affect mouse survival in either
glioma model (Figure 2C and D). These data demonstrate
that ELTD1 deletion does not affect tumor progression in
orthotopic glioma models.

ELTD1 Deletion Is Associated With Enhanced
Vessel Function in Murine Glioma

To determine if ELTD1 regulates vessel function, we ana-
lyzed GL261 tumor vasculature in wildtype and ELTD1-
mice. Vascular density was unchanged in ELTD1~~ mice
(Figure 3A and B), but an improvement in tumor vessel
functionality was observed as compared to wildtype mice.
Indeed, lectin perfusion of GL261-bearing mice revealed a
significantly increased vessel perfusion in ELTD1~~ mice
(Figure 3A and C). Vascular leakage was assessed by the
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Fig. 1 ELTD1 expression in glioma vessels correlates with tumor malignancy and poor patient survival. (A) Immunohistochemistry staining of
ELTD1 in human glioma TMAs. ELTD1 intensity in tumor vessels was scored on a scale from 0 to 3 (indicating no, low, medium, or high intensity).
(B) Semi-quantitative scoring of ELTD1 in non-tumor control brains (n = 7), IDH-mutated astrocytoma (All, IDHmut, n = 37), IDH-wildtype diffuse
astrocytoma (All, IDHwt, n = 14), and high-grade glioma IDH-wildtype anaplastic astrocytoma (Alll, IDHwt, n = 12) and IDH-wildtype glioblastoma
(GBM, IDHwt, n = 43). Kruskal-Wallis test with Dunn’s post-test. (C) Survival analysis of all astrocytic glioma patients with high vascular ELTD1
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presence of fibrinogen, which leaks into the brain when the
blood-brain barrier is disrupted. A reduction in fibrinogen
was observed in gliomas from ELTD1~~ mice as compared
to the wildtype group, indicative of reduced vascular per-
meability (Figure 3D and E). Consistent with better tumor
vessel functionality in ELTD1~~ mice, tumor hypoxia was
reduced (Figure 3F and G). However, the extent of pericyte
coverage in the vessels, as determined by desmin staining,
was not altered (Figure 3H and |, Supplementary Figure S4E
and F), suggesting that ELTD1 does not affect interactions
between pericytes and endothelial cells. The Wnt signaling
pathway is important for maintaining vascular barrier func-
tion in the brain and is upregulated during the establish-
ment of the blood-brain barrier. To investigate whether the
normalization of tumor vasculature in ELTD1~~ mice was
associated with enhanced Wnt signaling, we analyzed Lef1,
a key transcription factor of the Wnt/3-catenin pathway.
Lef1 was preferentially detected around the tumor border
(Figure 3J), and the number of Lef1 positive vessels was
increased in ELTD1~- mice (Figure 3K).

An improvement of tumor vessel function was also ob-
served in CT-2A tumors in ELTD1--mice. Vascular density
and perfusion were unchanged, related to a comparatively
high proportion of perfused vessels in this model, but fi-
brinogen leakage was strongly reduced and the proportion
of Lef1* vessels was increased in ELTD1”~ mice as com-
pared to wildtype (Supplementary Figure S4A-H).

Thus, our data show that tumor vascular dysfunc-
tion was reduced in ELTD1-deficient mice, while expres-
sion of Lef1 was enhanced, indicating that loss of ELTD1
normalizes tumor vessels and improves the blood-brain
barrier function.

ELTD1 Expression Correlates With Genes
Associated With Vascular Abnormalities in
Human Glioma

To analyze the expression of ELTD1 in different anatomical
regions of the tumor, we employed the IVY Gap database
(https://glioblastoma.alleninstitute.org/), which includes
RNA sequencing data for the leading edge, infiltrating
tumor, cellular tumor, microvascular proliferation, and
pseudopalisading cells surrounding necrosis. Consistent
with a predominant expression in tumor endothelial cells,
ELTD1 was highly enriched in microvascular proliferation
in all available GBM samples (Supplementary Figure S5).
ELTD1 deletion normalizes the tumor vasculature in mu-
rine glioma.To determine if ELTD1 expression is associated
with vascular abnormalities in human glioma, we down-
loaded 12 datasets from the GlioVis portal which contain
gene expression data from tumors surgically removed from
patients with GBM, and analyzed genes that are correlated
with ELTD1 using the threshold || > 0.3, P<.05. Genes that
were co-expressed with ELTD1 in at least 6 datasets, and

with | > 0.7 in the CGGA database are displayed in Figure
4A. ELTD1 expression correlates with vascular marker
genes including CD34, CDH5, and PECAM1, consistent
with its expression in endothelial cells. We have analyzed
genes preferentially expressed in vessels from glioma and
control brains, and identified those significantly enriched
in GBM vessels.? By filtering the list of correlated genes
to only include those preferentially expressed in vessels,
we found 39 vascular genes that were co-expressed with
ELTD1. Amongst these, 15 genes were previously identified
as upregulated in abnormal GBM vessels as compared to
normal brain vessels, including ANGPT2, CD93, and FN1
(Figure 4B).824-26This demonstrates that ELTD1 expression
is associated with a gene expression signature previously
coupled to vascular abnormalities in human GBM.

ELTD1 Deletion Results in Upregulation of Genes
Associated With Inflammatory Response

To understand how ELTD1 deficiency affects the tumor mi-
croenvironment, we analyzed tumor endothelial transcripts
by RNA sequencing. ELTD17~ and wildtype mice were
crossed with mice expressing an eGFP-tagged-L10a ribo-
somal protein under control of the VE-cadherin promoter.'®
Endothelial specific mRNA was isolated from GL261 tu-
mors by isolation of eGFP-tagged ribosomes and prepared
for RNA sequencing analysis. Functional gene networks
influenced by ELTD1 deletion were identified using GSEA
and GO term analysis of the tumor endothelial transcripts.
The GSEA analysis revealed a downregulation of Myc and
E2F pathways in tumor endothelial cells from ELTD17-
mice (Figure 5A), suggesting a more quiescent tumor en-
dothelium in ELTD1~~ mice. Moreover, the GSEA analysis
revealed an enrichment of pathways associated with in-
flammatory response and interferon alpha and gamma re-
sponses in ELTD1~~ mice, suggesting that ELTD1 deletion
may enhance the immune response in the microenviron-
ment (Figure 5B and C).To validate the expression of genes
associated with inflammatory response, we stained for
endothelin 1 (EDN1) and ICAM1 in the GL261 tumors. Both
EDN1 and ICAM1 expression were significantly increased
in tumor vessels in ELTD1~~ mice as compared to those
in wildtype mice (Figure 5D and E). A total of 168 genes
were differentially expressed in ELTD1~~ tumor endothe-
lial cells as compared to wildtype (threshold g value <0.1)
(Supplementary Table 2). GO term enrichment analysis of
the differentially expressed genes revealed an enrichment
of genes associated with antigen processing and presen-
tation (Supplementary Figure S6A). These included the
MHC class | molecules H2-D1 and H2-Ab1, responsible for
displaying antigens forT cells, and the chemokine CXCL12
which is chemotactic for lymphocytes (Supplementary
Figure S6B), suggesting that T-cell responses may be en-
hanced in gliomas in ELTD1~~ mice.

expression (score >2, n = 38) and low ELTD1 vascular expression (score <2, n = 49). (D) ELTD1 mRNA expression from the CGGA database. (E)
Survival analysis of astrocytic glioma patients from the CGGA database. (F) Survival analysis of IDHmut All-Alll patients and (G) IDHwt Alll-GBM
patients from the CGGA database. Statistical analysis of survival rates was assessed by univariate model (log-rank test). ****P<.0001, **P<.01,
*P< .05. Abbreviations: GBM, Glioblastoma; IDH, isocitrate dehydrogenase; ns, not significant; TMA, tissue microarray.
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Taken together, gene expression profiling of tumor en-
dothelial cells indicates a less proliferative tumor endothe-
lium and enhanced inflammatory responses in gliomas in
ELTD1~- mice.

ELTD1 Deletion Improves the Response to PD-1
Blockade Immunotherapy

Cancer immunotherapy can be improved by increased
vessel function and enhanced inflammatory response of
tumor endothelial cells,* suggesting that the efficacy of
checkpoint blockade may be augmented in ELTD1~~ mice.
To evaluate this hypothesis, we investigated the response
to PD-1 checkpoint blockade in wildtype and ELTD1-/-
GL261 tumor-bearing mice by treating with anti-PD-1 or
isotype IgG. The therapeutic PD-1 antibody was detected
both inside and around the tumor (Supplementary Figure
S7). Anti-PD-1 treatment significantly improved survival in
both wildtype and ELTD1~~ mice. Moreover, compared to
35 days in the wildtype anti-PD-1 group, median survival
after anti-PD-1 therapy was further prolonged to 47 days in
ELTD1-- mice.The isotype control groups had median sur-
vival of 30 and 33 days in the ELTD1~~ and wildtype groups
respectively (Figure 6A). The total number of immune
cells, detected by CD45 staining, was similar in all groups
(Supplementary Figure S8). However, CD3* total T cells and

CD8* cytotoxicT cells were most abundant in the anti-PD-1-
treated ELTD1~~ group, and were significantly increased as
compared to the anti-PD-1-treated wildtype group (Figure
6B and C). An increased infiltration of CD8*T cells was also
noted in CT-2A tumors in ELTD1~~ mice (Supplementary
Figure S9). These results indicate that T-cell recruitment is
improved in gliomas in ELTD1~~ mice, of benefit for PD-1
blockade immunotherapy.

Discussion

ELTD1 has been suggested as a potential target for anti-
angiogenic therapy.8'>?” We demonstrate that ELTD1 is
dispensable for tumor angiogenesis, but that it contributes
to the development of vascular abnormalities in glioma.
Deletion of ELTD1 normalized vessels, improved inflam-
matory activation of tumor endothelial cells, and enhanced
T-cell recruitment, indicating a benefit of targeting ELTD1 in
combination with cancer immunotherapy.

ELTD1 expression was strongly associated with poor pa-
tient survival in both IDHmut All-Alll tumors and IDHwt Alll-
GBM in the CGGA dataset. However, only a nonsignificant
trend was observed when analyzing GBM separately in
the TCGA dataset, suggesting that the prognostic impact
of ELTD1 is more pronounced in tumors where there is a
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higher variance in the extent of vascular abnormality.”
This discrepancy may also be due to differences in sample
acquisition. The CGGA database contains samples that
were more recently obtained, and has a higher number of

samples from deceased patients (n = 553) than the TCGA
database (n = 221). Glioma treatment has been improved
and standardized over the years, and the CGGA data may
be more consistent with today’s therapeutic regimens. In
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GBM, there are extensive vascular abnormalities, and the
effect that was observed in the CGGA dataset could be due
to enhanced transport of drugs in tumors with lower levels
of ELTD1.

Vascular normalization achieved by anti-angiogenic
drugs can improve the response to cancer immuno-
therapy.'® However, tyrosine kinase inhibitors or anti-
bodies targeting the vascular endothelial growth factor
(VEGF) pathway only improve vessel function in a subset
of GBM patients.?2° These therapies rely on restoring the
level of VEGF signaling in normal vessels, which narrows
the therapeutic window.” Targeting of ELTD1 may be pref-
erable to inhibiting VEGF pathways and give less side ef-
fects. While mice deficient in ELTD1 are healthy and lack
vascular defects, the VEGF pathway is important for vas-
cular homeostasis and endothelial cell survival.® ELTD1-
targeting antibodies have been demonstrated to reduce
tumor growth in glioma models.'®>'® However, the un-
derlying mechanisms are unclear since these antibodies
also bound to the glioma cells rather than specifically to
the vessels, suggesting that antibody-dependent cellular
cytotoxicity may have also contributed. Notably, vas-
cular normalization may not always be of benefit as de-
creased vascular perfusion was associated with reduced
transport of temozolomide in patients with recurrent
GBM.?° Treatment efficacy may instead be enhanced by a
more specific breakdown of the blood-brain barrier, sim-
ilar to what was observed in WNT medulloblastomas.3'
The connection between tumor vascular phenotypes and
specific drug responses is an important area for further
investigation.

The transcriptional analysis revealed distinct tumor
endothelial gene expression signature in gliomas in
ELTD1~- mice, indicative of an altered vascular phe-
notype. Although bioinformatic analysis of gene ex-
pression signatures can provide insights into cellular
biology, there are several drawbacks. For instance,
among the genes that are included in the GSEA hy-
poxia gene set, SLC2A1 (Glut1) is a glucose transporter
constitutively expressed in cerebral endothelial cells,3?
and ADM (adrenomedullin) is an important regulator
of blood-brain barrier function.®® Thus, the fact that
SLC2A1 and ADM are increased in ELTD1~~ tumor endo-
thelial cells is not indicative of increased hypoxia but re-
flects normal gene expression of brain endothelial cells.
Similarly, we did not observe downregulation of endo-
thelial genes, indicating that the observed epithelial-
mesenchymal transition signature is not indicative of
endothelial-mesenchymal transition. The Myc pathway
was downregulated in tumor endothelial cells in ELTD1~/~
mice, consistent with less proliferative tumor endo-
thelial cells. The FOXO1-Myc transcriptional network
regulates metabolic activity during endothelial prolifer-
ation3* and ELTD1 can affect endothelial metabolism.3®
Our finding that interferon (IFN) response genes were
upregulated in tumor endothelial cells in ELTD1~~ mice
is consistent with the emerging role of vascular nor-
malization in improving T-cell infiltration and enhancing
the response to immunotherapy.* Activated T cells se-
crete IFN, suggesting that the increased transcription of
IFN response genes may be associated with enhanced

recruitment and/or activation of T cells. Indeed, the
T-cell-attracting chemokines CXCL9 and CXCL12 were
upregulated in tumor endothelial cells in ELTD1~~ mice.
The observed upregulation of MHC class | molecules
may indicate an antigen-presenting function of tumor
endothelial cells in ELTD1~~ mice and/or enhanced che-
motaxis of T cells. Endothelial cells have been impli-
cated as antigen-presenting cells in human diseases,3¢
and T cells that recognize antigens on the apical sur-
face of endothelial cells are induced to transmigrate
through the endothelial barrier.®’ In agreement with an
enhanced inflammatory activation of tumor endothelial
cells in ELTD1~- mice, ICAM1 expression was enhanced
in tumor vessels and there was an increased prevalence
of intratumoral CD8* T cells after PD-1 blockade. This
suggests that tumor endothelial cells in ELTD1~~ mice
are more sensitive to inflammatory activation such as
pro-inflammatory signaling induced by PD-1 blockade,
enhancing expression of molecules that increase T-cell
recruitment and a suppression of tumor growth.

Collectively, our results suggest that targeting ELTD1
may improve vessel function, which can lead to normali-
zation of the tumor microenvironment, enhanced recruit-
ment of T cells and increased transportation of anti-tumor
drugs. Specifically, our data support targeting of ELTD1 in
combination with cancer immunotherapy, and encourage
further work focused on establishing efficient therapeutic
options for ELTD1 inhibition in glioma.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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