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Abstract

Background. Brain tumors, whether primary or secondary, have limited therapeutic options despite advances in
understanding driver gene mutations and heterogeneity within tumor cells. The cellular and molecular composi-
tion of brain tumor stroma, an important modifier of tumor growth, has been less investigated to date. Only few
studies have focused on the vasculature of human brain tumors despite the fact that the blood-brain barrier (BBB)
represents the major obstacle for efficient drug delivery.

Methods. In this study, we employed RNA sequencing to characterize transcriptional alterations of endothelial
cells (EC) isolated from primary and secondary human brain tumors. We used an immunoprecipitation approach
to enrich for EC from normal brain, glioblastoma (GBM), and lung cancer brain metastasis (BM).

Results. Analysis of the endothelial transcriptome showed deregulation of genes implicated in cell proliferation,
angiogenesis, and deposition of extracellular matrix (ECM) in the vasculature of GBM and BM. Deregulation of
genes defining the BBB dysfunction module was found in both tumor types. We identified deregulated expression
of genes in vessel-associated fibroblasts in GBM.

Conclusion. We characterize alterations in BBB genes in GBM and BM vasculature and identify proteins that might
be exploited for developing drug delivery platforms. In addition, our analysis on vessel-associated fibroblasts in
GBM shows that the cellular composition of brain tumor stroma merits further investigation.

Key Points

Therapeutic options are limited for primary and secondary
brain malignancies. Glioblastoma (GBM) is the most
common primary brain tumor in adults. Secondary tumors
of extracranial origins (metastasis) often arise from tumors
of breast, lung, and skin origin. While GBM is the deadliest
primary brain tumor, life-threatening brain metastases (BM)

develop in cancer patients despite significant advances in
managing extracranial primary tumors.” Many studies have
contributed to understanding the inter- and intra-tumor het-
erogeneity of GBM cells and have identified drivers for BM.
The important role of tumor stromal cells in tumor growth
and therapy is increasingly recognized?; however, stromal
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Importance of the Study

Despite therapeutic advances, the prognosis for both
primary and secondary brain tumors is poor. The role
of tumor stromal cells in tumor growth and response to
therapy is increasingly recognized; yet, the underlying
composition and accompanying molecular alterations
are largely unknown. Furthermore, although the blood-
brain barrier (BBB) is compromised in brain malignan-
cies, tumor vasculature clearly hinders the penetration

composition and molecular alterations have been less ex-
plored. Several studies have focused on immune cells in
brain malignancies, which exhibit disease-specific pheno-
types and activation profiles.® Another stromal component,
the tumor vasculature, supports the viability and metab-
olism of malignant cells. It has been hypothesized that by
blocking tumor angiogenesis, new blood vessel growth
into tumor tissue, would quickly inhibit tumor progression.*
Anti-angiogenic therapies inhibiting the master regulatory
vascular endothelial growth factor (VEGF) pathway com-
bined with standard therapy, concurrent temozolomide,
and radiotherapy followed by maintenance temozolomide,
have yielded disappointing results without improvement
in overall survival for GBM patients.® It is increasingly rec-
ognized that tumor cells from many tumor types, including
brain malignancies, hijack the existing vasculature of
nonmalignant tissue by vascular co-option, and thus are not
entirely dependent on angiogenesis for their growth.®

The blood-brain barrier (BBB) of normal brain vascula-
ture acts as a protective barrier that controls brain nutrition
and homeostasis. Endothelial cells (EC) possess distinct
characteristics that restrict the passage of blood-borne
molecules into the brain (closed endothelial cell-cell junc-
tions), while ensuring delivery of nutrients (expression of
various solute carrier [SLC] transporters) and protecting
the brain from xenobiotics (expression of ATP-binding cas-
sette [ABC] transporters).” In addition, normal brain endo-
thelium restricts leukocyte passage into brain parenchyma.
Although the BBB is compromised in brain malignan-
cies, tumor vasculature clearly hinders the penetration of
drugs into GBM and BM tissue.8'° In clinical practice, the
compromised integrity of the BBB, which is permeable to
small gadolinium-based contrast agents, is visualized with
contrast-enhanced MRI. As the BBB is a multicomponent
structure, vascular permeability to contrast-enhancing
agents or other blood-borne molecules is not necessarily
paralleled by improved delivery of small lipid-soluble
drugs, which are substrates for ABC transporters into the
brain parenchyma.” Furthermore, GBM patients have a
significant tumor burden that is not visualized by contrast-
enhanced MRI, suggesting that portions of the tumor pos-
sess a relatively intact BBB.'? Interestingly, the prognosis
of medulloblastoma has been linked to the BBB function.
Specifically, vasculature of Wnt-pathway medulloblastoma
(favorable prognosis) lacks a BBB, whereas sonic-
hedgehog-driven medulloblastoma (poor prognosis) pos-
sesses an intact BBB.'?

of drugs into brain tumor tissue. Herein we characterize
changes in the BBB of glioblastoma and lung cancer
brain metastases. We identify proteins expressed by
the tumor vasculature that could be leveraged for drug
delivery into the tumor. In addition, we have identified
the presence of previously unrecognized fibroblast-like
cells in tumor stroma.

Genome-wide molecular characterization of GBM and
BM has changed the diagnostic approach for brain ma-
lignancies. Therapeutic options, however, remain slim,
mostly due to poor penetration of generic and targeted
therapeutics into the brain.® In addition, it is difficult to
predict the success rate of a compound based on preclin-
ical pharmacokinetic studies performed in rodent models
due to qualitative and quantitative differences in the ex-
pression of ABC transporters between rodent and human
BBB."®"“Thus, a better understanding of vascular changes
in human brain malignancies could lead to improved ther-
apeutic targeting of tumors.

Numerous studies have investigated the expression of
individual genes and proteins within brain tumor vascula-
ture, but only few have used a systems biology approach
to investigate transcriptional alterations in GBM vascula-
ture.>™ In BM, such studies are absent. In this study, we
aimed to characterize the transcriptome of EC isolated with
an immunoprecipitation approach (CD31* cells) from pri-
mary GBM and BM of non-small-cell lung cancer, the most
frequent secondary brain tumor.'®

Materials and Methods
Human Tissue Samples

Autopsy control material was isolated from human cortex.
Specimens were taken from subjects without any evidence
of cerebral neoplasia after a maximum postmortem in-
terval of 24 h. Sampling complied with guidelines of the
Kantonale Ethikkommission (KEK) Ziirich (BASEC-Nr. Reqg-
2018-0073). Samples of GBM and lung adenocarcinoma
metastases as well as tissue from epilepsy resection sur-
gery material were collected with the permission of the
KEK (BASEC-Nr. 2019-02027) and the patient’s approval.
Surgical biopsies of GBM were diagnosed at the Institute
of Neuropathology and Molecular Pathology, University
Hospital Zurich.

Isolation of EC From Brain Tissue

Tissue was mechanically dissociated using scissors, fol-
lowed by enzymatic dissociation. To enrich the samples
for EC, we performed a negative selection by adding
anti-CD15 antibody (Ab), and anti-CD45 Ab conjugated
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Dynabeads. CD45 and CD15-positive cells were removed
using a magnetic particle concentrator rack followed by in-
cubation with anti-CD31 Ab Dynabeads. CD31-positive EC
were lysed and RNA was isolated using the Qiagen AllPrep
DNA/RNA/Protein Mini Kit (Qiagen, 80004) according to
the manufacturer’s instructions. RNA samples were stored
at —80°C until subjected to RNA sequencing (RNA-seq).

RNA-Seq

Libraries were prepared using the SMARTer Stranded
Total RNA-seq Pico Input Mammalian Kit (Clontech
Laboratories). Samples were sequenced with an lllumina
HiSeq4000, single-end, with a read length of 125 bp.
Sequencing depth was 30-50 Mio reads. RNA-seq of sam-
ples was carried out at the Functional Genomics Center
Zurich (FGCZ) at the University of Zlirich and ETH.

Immunohistochemistry

Immunohistochemistry was performed on cryosections.
Primary antibodies used in the study are listed in
Supplementary Table 1. All secondary antibodies made in
donkey conjugated to fluorophores suitable for multiple
labeling were purchased from Jackson Immunoresearch.
Imaging was performed using a SP5 laser scanning con-
focal microscope (Leica). For image processing, Imaris
(Bitplane) software was used. Quantification of fluores-
cence images was performed using FIJI (ImageJ) software.

Bioinformatics Analysis of RNA-Seq Data

Raw reads in fastq sequencing files were trimmed and
reads were then aligned against the human reference ge-
nome (GRCh38.p10, annotation release 89, 2017-05-31).
Number of reads and gene biotypes of each sample are
listed in SupplementaryTable 2. Normalization and differen-
tial gene expression analysis were performed on the counts
data using R (v.3.5.3) and the DESeq function of the DESeq2
package for R, with default parameters. Differential expres-
sion of genes was considered significant at adjusted Pvalue
<.05. Gene set overrepresentation analysis of gene ontology
(GO) biological process gene sets was performed using the
enrichGO implemented in the clusterProfiler package.

To determine cell-type-specific enrichment in either GBM
or BM, we used smaller cell-type-specific gene sets, ap-
plying gene set enrichment analysis (GSEA). To determine
whether samples were successfully enriched with CD31-
positive EC (list of EC marker genes was extracted from
Figure 2A of Butler et al.'’), we compared our samples to
bulk brain samples available in the GTEx project (https:/
gtexportal.org/home/). Differential gene expression anal-
ysis compared each GTEx brain tissue type with our control
and tumor RNA-seq tissues by fitting a linear model using
limma. GSEA was used to calculate an enrichment score for
the EC marker gene list among or between each GTEx brain
tissue type and our control and tumor RNA-seq tissues.

Experimental details on EC isolation,
immunohistochemistry, and bioinformatics analysis are
given in the Supplementary Material.

Data Availability

RNA-seq data, both raw data and gene-by-sample matrix of
raw counts, were deposited in Gene Expression Omnibus
(GEO) under accession number GSE159851.

All data used to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Material.

Results
Isolation and RNA-seq of Brain EC

In order to investigate changes in the endothelium of brain
tumors, we performed RNA-seq of CD31* EC isolated from
GBM and adenocarcinoma BM as well as non-tumorous
brain tissue from epilepsy surgery or non-neoplastic au-
topsy cases (Supplementary Table 3, Supplementary
Figures 1 and 2A). RNA-seq reads were aligned to the
Homo sapiens genome, assembly GRCh38. Unsupervised
clustering of the dataset showed samples grouping ac-
cording to disease (GBM vs control and BM vs control)
(Supplementary Figure 2B, C). When comparing GBM and
control samples, we detected 1773 differentially expressed
genes (DEG), and when comparing adenocarcinoma BM
and control samples, we detected 2074 DEG (false dis-
covery rate [FDR] <0.05) (Figure 1A, B, Supplementary
Tables 4 and 5). Principal component analysis (PCA) using
the 1000 most variable genes showed that the first prin-
cipal component (PC) accounts for variability within tumor
samples, whereas the second PC accounts for differences
between tumor and control samples (Figure 1C, D).

We next used the GSEA to determine whether our
dataset was enriched for core EC genes. We compared the
expression of 25 core EC genes'’ in our dataset with the ex-
pression in total tissue isolated from healthy hippocampus
(Hc), cortex (Ctx), and putamen (Pt)." A significant positive
enrichment score showed that we had successfully en-
riched our tumor and control samples for ECs compared
to total brain tissue (Figure 1E, F Supplementary Figures
3and 4).

EC are difficult to isolate from other cells of the
neurovascular unit (NVU), including mural cells, perivas-
cular fibroblasts, and astrocytes. The presence of these
cell types could alter the transcriptomic profile of sam-
ples. GSEA revealed that upregulated DEG in GBM sam-
ples compared to controls were enriched for marker
genes of astrocytes and a subtype of fibroblasts (fibro-
blast type 2). Downregulated DEG in GBM samples were
enriched for marker genes of mural cells and EC (Figure
1G). This finding suggests the altered cellular composi-
tion of samples enriched for EC isolated from normal and
GBM blood vessels. Cellular composition of BM samples
was not altered significantly compared to control samples
(Supplementary Figure 2D).

In GBM samples, GO enrichment analysis revealed ex-
tracellular matrix (ECM), cell cycle-associated gene sets
within the significantly upregulated gene sets (Figure 1H,
Supplementary Table 6). Significantly downregulated gene
sets in GBM samples contained angiogenesis and vascular
development associated gene sets as well as response
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Fig.1 Differently expressed genes (DEG) in CD31* EC fraction isolated from GBM, BM, and normal brain tissue derived by RNA-seq. Volcano plot
showing DEG in GBM (A) and BM (B) samples compared to controls. Upregulated genes—in red, downregulated genes—in blue, deregulated
genes—in gray. PCA of GBM and control samples (C) and BM vs control samples (D). Dot plot showing a significant enrichment score of 25 core
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to interferon gamma and neutrophil activation (Figure 1l,
Supplementary Table 6). Analysis of DEG in lung adeno-
carcinoma BM samples revealed upregulated gene sets
similar to GBM, ie, related to the organization of ECM,
cell division, and angiogenesis (Figure 1J, Supplementary
Table 7). Downregulated gene sets were associated with
muscle cell contraction and ion transport (Figure 1K,
Supplementary Table 7). Interestingly, in GBM samples, a
gene set related to angiogenesis was significantly enriched
within both up- and downregulated genes (Figure 1H, 1).

Deregulated Expression of BBB Genes of GBM
Vasculature

Using the Ivy Glioblastoma Atlas Project (IVY GAP) RNA-
seq data obtained from anatomically different GBM
regions,?® we found that expression of DEG in GBM
blood vessels varies according to anatomical region
(Supplementary Figures 5-7, Supplementary Table 8, for a
detailed description, see Supplementary Material). We next
investigated which BBB-related genes and signaling path-
ways are deregulated in GBM EC compared to control EC.
As previously published, GBM vasculature shows dereg-
ulation of signaling pathways implicated in angiogenesis
(VEGF-, angiopoietin-, and apelin) (Figure 2A, B). In addi-
tion, several angiogenic EC marker genes are upregulated
in GBM vasculature— COL4A1, COL4A2, LAMB1 (Figure
2). Expression of PLVAP (plasmalemma vesicle-associated
protein) is upregulated in GBM vasculature (Figure 2B),
which is associated with loss of the BBB phenotype and
increased vessel permeability.?' Consistent with reported
increased vascular permeability, GBM EC showed re-
duced mRNA expression of endothelial junctional proteins
occludin (OCLN), ZO-1 (TJP1), JAM 2 (JAM?2), tricellulin
(MARVELD2), Heart of Glass (HEG1) (Figure 2B). In our
dataset, we detected reduced expression of several ar
terial EC marker genes (eg, GJA5, SEMA3G, BMX)'8%2 in
GBM vasculature (Figure 1A, Supplementary Table 4). This
could reflect changes in the organization of the vascular
network in GBM and/or loss of endothelial zonation in the
arterial-capillary-vein axis. Our analysis showed profound
changes in the expression of various transporters by GBM
vasculature (Figure 2A, C). GBM EC express higher levels
of lipid transporters ABCD1 and ABCAT. In addition, sev-
eral other ABC transporters from the “C” family, previ-
ously implicated in multidrug resistance, ABCC3 (MRP3)
and ABCC5 are upregulated in GBM vasculature (Figures
1A and 2C), whereas ABCB1 expression (P-glycoprotein) is
downregulated. Interestingly, GBM EC show upregulation
of mitochondrial transporters ABCB6, ABCB8, SLC25A39,
and SLC25A53 encoded by the nucleus (Figure 2C). Several
SLC transporters involved in pH and cell volume regula-
tion (SLC4A3, SLC4A8, SLCIA5) are upregulated in GBM

vasculature. Expression of several amino acid transporters
(SLC16A10, SLC36A1, SLC43A2) is higher in GBM vascula-
ture (Figure 2C). Neurotransmitter transporters expressed
by EC, SLC1A1, and SLC22A3 (encoding for OCT3), have
lower expression in GBM vasculature (Figure 2C). SLC1A1
expression is higher in leading edge and infiltrating tumor
regions (IVY GAP data, Supplementary Figure 2A, C),
indicating possible loss of SLCTAT expression by EC in the
microvascular proliferation (MVP) region. Surprisingly, we
found reduced expression of several glucose transporters,
including SLC2A1 (encoding for GLUT1) (Figures 1A and
2C).The reduced expression of the SLC2A1T mRNA in GBM
EC is puzzling given that GLUT1 is the main glucose trans-
porter at the BBB and angiogenic EC are glycolytic.?3?4 In
addition, GBM growth is dependent on glycolysis, which
is elevated 3-fold compared to normal brain.?> Consistent
with our data on the reduced mRNA expression of SLC2A1,
a recent proteome study of GBM vessels reported a 50%
reduction of GLUT1 protein levels in GBM vasculature.’ In
addition, GBM vasculature shows reduced expression of
several transporters that deliver substrates important for
energy metabolism (SLCA6A8, SLC19A3, transporting cre-
atine and thiamine, respectively) (Figure 2C). The expres-
sion of nucleoside transporters SLC28A1 and SLC29A4,
and nucleobase transporter SLC43A3 is higher in GBM
vasculature (Figure 2C). Out of three known riboflavin
transporters, two, SLC52A1 and SLC52A2, are upregulated
in GBM vasculature. In addition, GBM vasculature shows
deregulated expression of transporters that are mainly ex-
pressed by other vascular cells (eg, fibroblasts and mural
cells) and vessel-associated astrocytes (Supplementary
Figure 8A). These transporters are implicated in var
ious cellular processes such as acid-base homeostasis
(SLC4A3, SLC4A8) and glucose transport (SLC2A4,
SLC2A12). Another striking feature of GBM vasculature is
deregulated expression of genes encoding for ECM (Figure
2A, D, Supplementary Figure 8B), possibly reflecting an al-
tered cellular phenotype of EC (eg, angiogenic, COL4A1,
COL4A2, LAMB1) and/or an altered cellular composition
of vasculature (eg, the presence of fibroblast-like perivas-
cular cells, discussed above).

We did not detect alterations in the expression of ICAM-1
and VCAM-1, two pro-inflammatory molecules mediating
leukocyte transmigration via endothelium (Figure 2D).
Expression of MADCAM-1 and ALCAM was found to be
higher (Figure 2D), the latter reported previously in GBM
vasculature.?82°

We investigated protein expression of two upregulated
genes, SLC36A1 (encoding for a proton-dependent gly-
cine/GABA exchanger) and INSR (encoding for an insulin
receptor [IR]) (Figures 1A, 2B, C and 3E, H), which have
been exploited as a drug delivery platform for chemo-
and biotherapeutics.3%3" Both genes are preferentially
overexpressed in the MVP region in GBM (Supplementary

EC genes' in control (Ctrl) (E, F), GBM (E), and BM (F) samples compared to healthy brain GTEx expression data (Ctx: cortex, Hc: hippocampus; Pt:
putamen). (G) Dot plot showing the enrichment score of cell-type-specific genes'® in DEG in CD31* fraction isolated from GBM tissue. GO overrep-
resentation analysis of the biological process of DEG in GBM (H, 1) and in BM (J, K) vessels. Red and blue color bars show significantly regulated
biological processes among upregulated and downregulated genes, respectively. Abbreviations: BM, brain metastasis; EC, endothelial cells;
GBM, glioblastoma; GO, gene ontology; PCA, principal component analysis.
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Fig.2 Changes in the expression of genes implicated in BBB function in GBM vasculature. (A) Dot plot of GSEA analysis of key pathways regu-
lating BBB development and function (defined in Corada et al.}® in GBM vasculature. (B-D) Differential expression of selected genes linked to
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Figure 5F J). SLC36A1 protein expression showed high
variability between individual GBM samples (Figure 3F, G),
whereas INSR expression showed a higher variability in
control samples (Figure 3l, J).

We next compared DEG in GBM vasculature from our
dataset with published data where gene expression alter-
ations were identified in GBM vasculature using different
approaches (Supplementary Figure 9, Supplementary
Table 9, for a detailed description, see Supplementary
Material).5' Dusart et al. identified human malignancy-
associated EC changes in silico® and out of these 42
malignancy-associated EC genes, 41 genes were ex-
pressed in our dataset, and 9 genes were significantly
upregulated in GBM samples compared to controls
(Supplementary Figure 9A, Supplementary Table 9).
Dieterich et al. analyzed the transcriptome of vessels iso-
lated by laser microdissection from nonmalignant brain,
low-grade glioma, and GBM using Affymetrix micro-
arrays."Twenty-four genes out of 78 identified by Dieterich
et al. upregulated in GBM vessels compared to low-grade
glioma and control vessels, were significantly upregulated
also in our dataset (Supplementary Figure 9E, F).

Vessel-Associated Fibroblasts Surround GBM
Blood Vessels

Cell-type enrichment analysis revealed other vessel-
associated cell types (astrocytes, fibroblasts) than EC in the
CD31+-enriched fraction of GBM samples (Figure 1G). In ad-
dition, a GO-gene set analysis of DEG in GBM EC preferen-
tially expressed in MVP region showed profound changes
in the ECM composition (Supplementary Figure 5l). Many
of these ECM proteins are expressed in mouse brain by per-
ivascular fibroblasts (COL1A1, COL3A1, COL6A3)."8 In our
dataset, perivascular fibroblast marker genes (ADAM12,
DPEP1, FBLN2, CLEC3B) were deregulated (Figures 1A
and 3A, D, Supplementary Figure 10, Supplementary
Table 4). In mouse brain, upregulated genes Adam12 and
Dpep1, as well as downregulated genes FbIn2 and Clec3b
are markers for perivascular fibroblast subpopulation 2
(FB2) and 1 (FB1), respectively'® (Supplementary Figure
10A-D). Next, we used immunohistochemical stainings
to investigate perivascular fibroblast markers in normal
brain and GBM vasculature. In GBM samples, ADAM12
immunolabeling was detected around vessels and in tumor
tissue, but in control tissue only around vessels (Figure 3B).
Quantification of intensity of ADAM12 staining in vessel
proximity showed a significant upregulation of ADAM12
expression in GBM samples compared to controls (Figure

3C). CLEC3B Immunohistochemistry showed diffuse pos-
itivity throughout tumor tissue in contrast to localized
staining along CD31* vessels in control samples (Figure
3E). However, quantification of CLEC3B expression at the
protein level in the vicinity of blood vessels did not reflect
results seen at the RNA level (Figure 3F). We next explored
the IVY GAP in situ hybridization (ISH) data for expression
data of brain perivascular fibroblast markers. Expression
of several fibroblast markers could be detected adjacent to
blood vessels (Supplementary Figure 10G-L). Thus, we de-
tect cells expressing perivascular fibroblast marker genes
in GBM vasculature.

Deregulated Expression of BBB Genes of BM
Vasculature

We investigated the expression of genes regulating BBB
development and function in BM EC similar to that for
the GBM EC (Figure 4). Expression of angiogenesis genes
(VEGFA, ANGPT2) (Figure 4A, C) and genes encoding other
ECM proteins (laminins, nidogens, collagens) is higher
(Figure 4C, Supplementary Figure 8D) in BM vessels than
in control vessels. There were fewer changes in the ex-
pression level of genes encoding cell-cell junction pro-
teins, compared to GBM endothelium. We only detected
decreased expression of NECTIN-3, a gene encoding a
junctional protein supporting endothelial integrity in vitro
(Figure 4A). The expression of influx- and efflux trans-
porters is altered in BM vessels compared to normal ves-
sels (Figure 4B). Similar to GBM vessels, expression of
the gene encoding for the multidrug resistance protein
ABCC3 is increased. Expression of SLC transporters such
as SLCO2A1 (organic anion transporter), SLC26A6 (anion
exchanger), SLC35E4 (nucleotide sugars, for glycosylation)
is higher in BM than in control EC (Figure 4B). BM EC
show upregulated genes encoding for Na/H* exchangers
involved in intracellular pH homeostasis (SLC9A5 and
SLCI9A8) and choline transport SLC44A4. Expression of
the gene SLCO2B1, encoding a transporter (OATP2B1) for
bile salts, steroid conjugates, thyroid hormone, and many
drugs (eg, statins) is downregulated by BM EC.
Interestingly, mRNA levels of several SLC transporters
expressed by vessel-associated astrocytes are deregu-
lated (Supplementary Figure 8C). We detected significant
downregulation of SLC1A2 (EAAT2/GLT-1), an astrocyte-
specific principal glutamate transporter. NMDA (N-methyl-
p-aspartate) receptor-mediated signaling was shown to
promote colonization and growth of brain cancer cells

the development of brain vasculature and BBB function in GBM vasculature. The gene list was generated using BBB marker genes published by
Corada et al., 2 brain vascular cell-enriched genes identified by Vanlandewijck et al.,'® and the BBB dysfunction module identified by Munji et al.2’
Upregulated genes are in red, downregulated genes are in blue, White box—no change in gene expression between the GBM and normal brain
vessels. An asterisk marks genes previously reported deregulated in GBM vasculature. mRNA expression levels of SLC36A1 (E) and INSR (H)
in GBM and control samples. Immunohistochemical detection of SLC36A1 (F) and INSR (), all in cyan, in GBM, and control tissue. All samples
were co-stained for CD31 (endothelium, in red) and GFAP (in gray). Cell nuclei are visualized with DAPI (in dark blue, F and I). Quantification of
SLC36A1 (G) and INSR (J) immunohistochemistry staining. Statistical test: E, -—FDR corrected t-test. **P < .01, ***P < .001; Scale bar—30 um.
Abbreviations: BBB, blood-brain barrier; ECM, extracellular matrix; FDR, false discovery rate; GBM, glioblastoma; GSEA, gene set enrichment

analysis; LAM, leukocyte adhesion molecules.
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Fig. 3 Expression of perivascular fibroblast marker genes in normal brain and GBM vasculature. (A) mRNA expression level of ADAM12 in
GBM and control samples. (B) Representative image of ADAM12 (in cyan) expression, co-stained with vessels (CD31, in red) and GFAP (in gray)
in GBM and control brain tissue. Blue arrowheads pointto ADAM12-positive perivascular cells and yellow arrowheads point to ADAM12-positive
tumor cells. (C) Quantification of ADAM12 staining around CD31-positive vessels. (D) RNA expression level of CLEC3B in GBM and control
samples. (E) Representative image of CLEC3B (in cyan), co-stained with vessels (CD31, in red) and GFAP (in gray) in GBM and control tissue.
(F) Quantification of CLEC3B staining around CD31-positive vessels. Cell nuclei are visualized with DAPI (in dark blue, B and E). Statistical tests:
A, D—FDR corrected t-test and C, F—two-tailed unpaired t-test. Data distribution was analyzed using the Q-Q plot. *P < .05, ***P < .001. Scale

bar—30 pm. Abbreviations: FDR, false discovery rate; GBM, glioblastoma.

in the brain.%? Thus, downregulation of SLC1A2 can con-
tribute to cancer growth.

BM EC, similar to GBM EC show upregulation of INSR
(Figure 4A) and no alterations in ICAM-1 and VCAM-1 ex-
pression. Expression of mRNA encoding for MADCAM-1, a
leukocyte cell adhesion receptorinvolved in regulating pas-
sage and retention of leukocytes was upregulated in BM
EC (Figure 4C). In addition to MADCAM-1, PVR, encoding
for an adhesion receptor for natural killer cells, showed
upregulation in BM vasculature (Figure 4C). Another simi-
larity between GBM and BM vasculature is the reduced ex-
pression of CCL19, a chemokine regulating T-cell trafficking
and activation (Figure 4C).

Common Deregulated Pathways in GBM and BM
Vasculature

We next compared DEG in GBM and BM vasculature iden-
tified in our study (Supplementary Figure 11). GO overrep-
resentation analysis using genes upregulated in BM and
GBM EC showed deregulation of genes implicated in an-
giogenesis and ECM deposition Supplementary Figure
11A-D, Supplementary Table 9). We next investigated
whether GBM and adenocarcinoma metastasis EC showed
deregulation of a generic “BBB dysfunction module”?’
(Supplementary Figure 11H-K). The BBB dysfunction
module genes were significantly enriched in both datasets

(Supplementary Figure 11J, K). Thus, both GBM and BM
blood vessels show alterations in genes defining the “BBB
dysfunction module” indicating changes in cellular and
ECM composition and cell quiescence.

Discussion

We performed genome-wide transcriptomics using RNA-
seq in EC isolated from normal human brain, primary
GBM, and brain lung cancer metastases in order to ex-
plore differences in tumor vasculature. An additional aim
was to compare vascular changes specific for tumors of
CNS origin (gliomas) to tumors of CNS-extrinsic origin
(metastases).

Our data point to profound differences in ECM compo-
sition in brain tumor vessels compared to normal blood
vessels. Brain tumor vessels upregulated the expression
of genes encoding for laminins, collagens, nidogens,
and integrins. EC and mural cells secrete vascular base-
ment membrane. In addition, we detected upregulation
of genes encoding for collagens and matrix modifying
enzymes (eg, LOXL2) not expressed by these cells in
normal brain. In peripheral organs, fibroblasts deposit
ECM rich in collagen in an organ- and region-specific
manner.3® Brain parenchyma is devoid of fibroblasts;
however, brain vasculature harbors a specific type of
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Fig. 4 Changes in the expression of genes implicated in blood-brain barrier (BBB) function in adenocarcinoma brain metastasis (BM) vascula-
ture. (A-C) Differential expression of selected genes linked to brain vasculature development and BBB function in BM vasculature. The selected
gene list was generated as described in Figure 2. Upregulated genes are in red, downregulated genes are in blue. White box—no change in
gene expression between the BM and normal brain vessels. *Black box—the Pvalue was not calculated by DESeq2. The log, fold changes for
these genes are: SLC43A2—2.14, SLC16A6—3.26, SLC16A10—4.52, SLC28A1—A4.21, CEACAM3—2.13, ICAM 1—0.93, TICAM 1—1.03,

CCL25—not applicable.

fibroblast— “vessel-associated fibroblast” '8 It is therefore
plausible that these cells become activated in malignant
conditions with deposition of ECM in brain tumor vascu-
lature similar to that described in other tumors.®* In the
mouse, two populations of vessel-associated fibroblasts
(FB1 and FB2) have been defined based on their gene ex-
pression profile.”® We found evidence that the GBM EC
transcriptome was enriched for vessel-associated FB type
2 genes. Immunohistochemical analysis also showed an
increased expression of ADAM12 (a marker for FB2) along
GBM vessels. Cancer-associated fibroblasts (CAF) are the
most prevalent cell type in many cancers. In the GBM mi-
croenvironment, these cells have not been reported and

thus their function is not discussed.? However, Clavreul
et al. have reported the presence of GBM-associated
stromal cells with phenotypic and functional properties
similar to those of CAF2®The cellular origin of these dip-
loid cells is not known but it is plausible that these cells
originate from vessel-associated fibroblasts. Interestingly,
comparison of gene expression profiles from low- and
high-ADC GBMs led to the identification of these 13 genes
higher expressed in the high-ADC (poor survival) group.3®
Eight out of these 13 genes (COL1A1, COL3A1, COL6A3,
COL11A1, CYP1B1, DCN, LUM, MYLK) are enriched in or
are marker genes for vessel-associated fibroblasts in the
mouse brain."® Single-cell RNA-seq studies performed
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on GBM have detected tumor cells as well as other cell
types including myeloid cells and EC. However, fibro-
blasts have not been previously reported. CAF not only
regulate cancer cell proliferation and migration but also
responsiveness to therapy.3* In addition to limiting drug
access by an excessive ECM deposition, CAF mediate re-
sistance to various anti-cancer therapies, including im-
munotherapy.3* Understanding the origin, heterogeneity,
and role of fibroblasts in GBM tissue might lead to addi-
tional therapeutic strategies to target brain tumors.

The BBB hinders the transport of most drugs into the
brain parenchyma, posing an obstacle to therapeutic in-
tervention. Although tumor vessels are thought to have
compromised BBB, therapeutic targeting of primary and
secondary brain tumors remains challenging. Upregulated
ABCC3 (MRP3) is found in both GBM and BM vascula-
ture, which is associated with resistance to cisplatin,
methotrexate, vincristine, and epipodophyllotoxin che-
motherapy.3’” Expression of MRP3 in GBM tissue and
GBM EC has been reported previously.®® Surprisingly,
we found the downregulated expression of ABCB1
(P-glycoprotein) in GBM vasculature, also reported by
Dusart et al.’> Interestingly, in a recent proteomic study
of GBM vasculature, Bao et al. reported reduced protein
level of ABCB1." GBM vasculature upregulates expres-
sion of genes encoding amino acid (SLC16A10, SLC36A1,
SLC43A2 [LAT 4]), nucleobase and nucleoside transporters
(SLC28A1, SLC29A4, SLC43A3), which could indicate al-
tered metabolic requirements of GBM EC or metabolic
cooperation between EC and tumor cells. Regardless,
GBM endothelium may possess an increased capacity to
transport nucleobase and nucleoside antimetabolites,
commonly used anti-cancer drugs or amino acid-based
prodrugs. Of note, SLC43A3 was defined as a BBB dysfunc-
tion module gene in mice.?’

A subset of SLC transporters is important for cellular
uptake of cancer therapeutics.3® We have found dereg-
ulation of the expression in brain tumor vasculature of
several SLC transporters implicated in drug transport
(eg, SLC22A3, SLC36A1, SLC28A1, SLC29A4, SLC43A3).
Interestingly, we have detected upregulated expression
of SLC36AT mRNA in GBM EC. SLC36A1 is a low-affinity,
high-capacity amino acid transporter that transports
several CNS therapeutics (eg, vigabatrin) and diag-
nostic substrates (eg, 5-ALA).3'" Immunohistochemical
analysis showed that SLC36A1 was expressed by GBM
tumor cells as well as endothelium. Protein expres-
sion of SLC36A1 by GBM EC showed high variability.
Accordingly, further studies should be performed to
characterize the variable SLC36A1 expression by GBM
EC. Since GBM tissue also showed high expression of
SLC36A1, it could potentially be used as a drug shuttle
platform into tumor cells.

Receptor-mediated transcytosis by brain EC has been
used to deliver biopharmaceutical agents into the brain.*°
INSR is expressed at high levels by brain EC."® The hu-
manized anti-IR antibody HIRMAb shows a good brain
penetration*’ and HIRMAb-protein fusions have been
tested to deliver several large therapeutic proteins into
the brain (eg, glial cell derived neurotrophic factor, eryth-
ropoietin). Our analysis identified upregulation of INSR

mRNA in GBM and BM EC, suggesting that INSR-mediated
transcytosis might be exploited to deliver biopharmaceut-
icals to brain tumors.

Immunotherapy of brain tumors holds therapeutic
promise.*? Clinical effects of T-cell-based checkpoint in-
hibition therapy have been observed in patients with
BM from melanoma and non-small-cell lung cancer.®?
However, a clinical benefit has not yet been observed
in patients with primary brain tumors.* Tumor cell het-
erogeneity may partially account for the distinct clin-
ical response between GBM and BM. However, the
distinct immune microenvironment® and vascular prop-
erties might contribute as well. We could not detect any
increase in transcript levels of various leukocyte ad-
hesion molecules implicated in leukocyte transmigra-
tion via brain endothelium (/ICAM1, VCAM1). However,
MADCAM-1 expression was upregulated in GBM and BM
EC. GBM vasculature also upregulated ALCAM, as pre-
viously reported.?82® CCL19, a chemoattractant to CCR7-
expressing T cells was downregulated by GBM and BM
vasculature. Decreased expression of chemotactic fac-
tors that promote immune cell infiltration is reported in
IDH-1-mutated tumors.*?Thus, understanding alterations
in brain tumor vasculature could facilitate the develop-
ment of successful immunotherapeutic strategies.

In summary, we have identified common and dis-
tinct changes in the BBB of GBM and adenocarcinoma
BM (Supplementary Figure 12A-C). We identified SLC
transporters and receptors more abundantly expressed
by tumor vasculature, which could be exploited for ef-
ficient drug delivery across the BBB into the tissue
(Supplementary Figure 12D). In addition, we have de-
tected fibroblast-like cells in GBM tissue (Supplementary
Figure 12D). Future studies should be directed toward
understanding the role of these cells in GBM growth and
treatment.

Supplementary Material

Supplementary material is available at

Neuro-Oncology online.
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