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Molecular Signature of Tumor-Associated High
Endothelial Venules That Can Predict Breast Cancer
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High endothelial venules (HEV) are specialized post-capillary
venules that recruit naive lymphocytes to lymph nodes. HEVs are
essential for the development of adaptive immunity. HEVs can also
develop in tumors where they are thought to be important for
recruiting naive T cells and B cells into the tumors and locally
enhancing antitumor immunity by supporting the formation of
tertiary lymphoid structures. Herein, we used comparative tran-
scriptome analysis of human breast cancer to investigate genes
differentially expressed between tumor-associated HEVs and the
rest of the tumor vasculature. Tumor vessels highly expressing
HEV-upregulated genes, such as the homeobox gene MEOX2 and

Introduction

The development of immune-checkpoint inhibitors has revolu-
tionized cancer treatment as these drugs have remarkable efficacy
in some patients. However, only a subset of patients respond to
these therapies at present. Overcoming this limitation has become
an important challenge in cancer treatment today. A substantial
body of clinical evidence indicates that abundant tumor infiltration
by effector T cells as well as B cells is a prerequisite for successful
immune-checkpoint inhibition therapy (1-6). However, these
lymphocytes are largely excluded from many patients’ tumors (7-9).
Both T cells and B cells are recruited from the blood circulation,
suggesting a critical role of the tumor vasculature in antitumor
immunity.

High endothelial venules (HEV) are post-capillary venules spe-
cialized for recruiting naive T cells and B cells from the circulation
into secondary lymphoid organs such as lymph nodes, tonsils, and
Peyer’s patches. Thus, HEVs function as the entry gates for these
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the tetraspanin gene TSPAN7, were associated with extensive
infiltration of T and B cells and the occurrence of tertiary
lymphoid structures, which is known to predict therapeutic
responses to immune-checkpoint inhibitors. Moreover, high
transcript counts of these genes in clinical tumor specimens
were associated with a significant survival benefit in advanced
breast cancer. The molecular signature of HEV's identified herein
may be useful for guiding immunotherapies and provides a new
direction for investigating tumor-associated HEVs and their
clinical significance.
See related Spotlight by Gallimore, p. 371.

lymphocytes (10, 11). HEVs are also found at sites of chronic
inflammation (12-14) and in malignant tumors (15-17). In many
tumors, there are lymph node-like structures called tertiary lym-
phoid structures (TLS) inside or at the periphery (18). TLS are
composed of clusters of accumulating immune cells that contain
T cells, B cells, and dendritic cells surrounding HEVs. It is thought
that the HEVSs serve as gateways for the recruitment of T cells and B
cells to the TLS, and that once recruited, naive lymphocytes become
activated locally by tumor antigens. The high density of TLS in
tumors correlates with favorable prognosis in various types of
cancers, suggesting the existence of antitumor immunity within
TLS (16, 18-20). Data from three clinical studies show that the
presence of B-cell clusters in TLS predicts a significant response to
anti-PD-1 therapy (4-6). Studies of different cancer types have
revealed lymphocyte infiltration specifically at HEV-rich areas of
the tumors and a strong association between HEV density and
T-cell/B-cell densities in these tumors (15, 21). Mature dendritic
cells were also reported to be present around these HEVs. High
HEV density correlates with favorable clinical parameters such as
tumor regression and low invasion levels (15, 21). These clinical
observations suggest tumor HEV's have a crucial role in lymphocyte
recruitment that is necessary for successful cancer immunotherapy.
Supporting this idea, increased HEV formation correlates with
improved responses to anti-PD-L1 therapy in a mouse mammary
tumor model (22).

The genes responsible for the formation of tumor-associated HEV's
are largely unknown. Endothelial cells (EC) of HEV's typically exhibit a
tall, plump shape (hence the name “high” endothelial venules), and
they are morphologically distinct from the thin, flat ECs typical of
other blood vessels. The ECs of HEVs are functionally adapted for
facilitating leukocyte entry. Therefore, it is conceivable that the HEVs
that develop in tumors express a set of genes that are different from the
genes expressed by the rest of the blood vessels in the tumor vascu-
lature. In this study, we tested this hypothesis by comparing the
transcriptomes of HEVs and non-HEVs in clinical breast cancer
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specimens and identified a molecular signature for HEV's within the
tumor vasculature.

Materials and Methods

Clinical breast cancer specimens

Informed written consent was obtained from all participants
involved in the study, and all clinical investigations were conducted
in line with the principles of the Declaration of Helsinki. The use of the
cancer specimens was approved by the Institutional Review Board
(IRB protocol# 2005-077) at the National Cancer Center Hospital,
Japan. Tumor tissue samples were obtained from 101 patients, ages 38
to 71, with untreated stage I-III breast cancer, invasive ductal ade-
nocarcinoma, during surgical resection of the tumors in 2017. The
samples were immediately fixed with formalin and paraffin embedded
for archiving. Histologic sections of these samples were analyzed.

Immunostaining of tumor and lymphoid tissues

Human tonsils were obtained from tonsillectomies through the
Cooperative Human Tissue Network (CHTN) Southern Division,
Department of Pathology at Duke University. Human lymph node
FFPE sections were purchased from BioChain (cat. #T223416, Lot.
C304112). IHC of breast tumor tissues, tonsils, and lymph nodes was
performed using Leica BOND RX (Leica Biosystems), Bond Polymer
Refine Detection, and Bond Polymer Refine Red Detection. The
following primary antibodies were used to detect immune cells: CD8
(4B11, Leica PA0183), CD20 (L26, Leica PA0200), CD3 (LN10, Leica
PA0553), Foxp3 (Novus Biological, NB100-39002), and DC-LAMP
(1010E1.01, Novus DDX0191P-100). For staining HEVs, we used
BLOXALL (Vector Laboratories, SP-6000) blocking solution,
MECA-79 (BioLegend 120802, 1:100 dilution), MECA-79 Alexa Fluor
488 conjugate (Santa Cruz Biotech, sc-19602 AF488, 1:100), Imm-
PRESS-AP Goat Anti-Rat IgG (Vector Laboratories, MP-5444),
ImmPACT Vector Red Alkaline Phosphatase (AP) Substrate (Vector
Laboratories, SK-5105), and VECTOR Hematoxylin (Vector Labora-
tories, H-3401). Other antibodies used were specific for TSPAN7
(Sigma-Aldrich AMAB90624 and Thermo Fisher, MA5-24593),
ANKRD53 (Sigma-Aldrich, HPA049574), MEOX2 (Sigma-Aldrich,
HPA053793), ZNF280C (Sigma-Aldrich, HPA051494), MAdCAM-1
(LSBio, LS-C313201-100), UNC5B (Thermo Fisher, PA5-67631),
SEMA3G (Abcam, ab197108), POSTN (Proteintech, 19899--1-AP),
CD31 (Leica Biosystems, PA0250, or Novus Biologicals, NB100-2284),
collagen IV (LSBio, LS-B16212-0.1), and laminin (Novus Biological,
NB300-144SS). Purified Rabbit Polyclonal Isotype Ctrl Antibody
(BioLegend, 910801) and mouse IgGl isotype control antibody
(Cell Signaling Technology, 5415) were used for control staining.
F2 antibody to detect the sialyl Lewis X carbohydrate structure was
described previously (23). The following Alexa Fluor-conjugated
secondary antibodies were obtained from Thermo Fisher Scientific:
Alexa Fluor 555 goat anti-rabbit IgG (A21429), Alexa Flour 488 anti-
mouse IgG (A11029), Alexa Fluor 647 anti-mouse IgG (A21236), and
Alexa Fluor 555 anti-mouse IgG (A32727).

For immunofluorescence staining, FFPE specimens were depar-
affinized, and antigen retrieval was performed at 120°C for 20
seconds and 90°C for 15 seconds by Decloaking Chamber (BioCare
Medical, DC2002). Citrate Buffer pH 6 (Sigma-Aldrich, C9999) was
used for antigen retrieval for TSPAN7, ANKRD53, MEOX2,
ZNF280c, UNC5B, SEMA3G, POSTN, MADCAM-1, DC-LAMP,
and F2 antibody staining. EDTA Buffer pH 8.5 (Sigma-Aldrich,
E1161) was used for collagen IV, Laminin, and MAdCAM-1
antibody staining.
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HEVs, CD3, CD8, CD20, and dendritic cells were identified in
tumor sections by immunostaining, and the slides were scanned by
Aperio Digital Pathology Slide Scanner. HEVs and immune cells were
quantified in the scanned images using HALO software with Object
Colocalization v1.3 module and CytoNuclear v2.0.5, respectively
(Indica Labs). TSPAN7" or MEOX2" area was quantified with Area
Quantification v2.13. The entire tumor area or region of interest (ROI)
was analyzed in each tumor section. Image deconvolution of color-
imetric staining was carried out using Deconvolution v1.0.0. module
(Indica Labs). Fluorescence pictures were taken by Nikon ECLIPS 90i
or Nikon ECLIPS Ti. Confocal images were taken by Nikon AIR
confocal microscope.

Laser-capture microdissection and RNA isolation

FFPE breast tumor specimens were sectioned at 7 pwm thickness,
prepared on membrane slides (ZEISS, 415190-9041-000), and kept at
4°C. The sections were deparaffinized by 5 minutes in xylene two
times, and 30 seconds each of 100%, 95%, 70% ethanol, and distilled
water. For antigen retrieval, tumor sections were treated with sodium
citrate buffer solution pH 4 at 70°C for 15 minutes (ACS HybEZTM
Hybridization system). The sections were further incubated for 15
minutes with Animal-Free Blocker (Vector Laboratories, SP-5030)
diluted with 200 pL. BLOXALL, a peroxidase and AP blocking solution
(Vector Laboratories, SP-6000) containing 10 UL of RNase inhibitor
(Protector RNase inhibitor, Roche, 03335402001) at room tempera-
ture. Anti-CD31 (Novus Bio, NB100-2284) or MECA-79 (BioLegend,
120802) antibody was diluted at 1:20 in 200 uL blocking buffer
containing 10 UL of RNase inhibitor and applied to the tissue sections
for 20 minutes. After rinsing with PBS for 30 seconds, the secondary
antibody (ImmPRESS-AP Goat Anti-Rat IgG, Vector Laboratories,
MP-5444) was applied for 15 minutes. The slides were then washed in
PBS for 1 minute and treated with InmPACT Vector Red Alkaline
Phosphatase (AP) Substrate (Vector Laboratories, SK-5105) for 2
minutes. The slides were dehydrated by a series of 3 seconds each of
PBS, and 100% ethanol 2 times. Immediately after quick drying with
compressed air, the slides were used for laser-capture microdissection.

To avoid RNA degradation, one tumor section was stained at a time,
and one session of laser-capture microdissection was performed for up
to 2 hours. MECA-79 or CD31-positive objects were captured either
under bright-field or fluorescence microscopy (ZEISS PALM
MicroBeam) with a 20 x objective lens. The catapulted tissues were
collected into AdhesiveCap opaque (Zeiss). The HEV endothelium
was isolated from TLS-rich tumors. The non-HEV endothelium was
isolated from either TLS-rich or TLS-free tumors and analyzed
separately. Four cases of breast cancer were examined for each
tumor type. The total captured tissue area was 220,000-260,000
um? for all three types of endothelium.

Total RNA was isolated from the samples using NucleoSpin
totaRNA FFPE (Clontech 740969.10). The concentration of isolated
total RNA was estimated by smear analysis using an Agilent 2100
Bioanalyzer system, and 5 ng of RNA was used for RNA-seq analysis of
each endothelium type. RNA quality was validated by DV200%
(percentage of RNA fragments larger than 200 nucleotide-length).
RNA samples that yielded DV200% between 42% and 71% were used
for library generation.

Library generation

To construct libraries for RNA sequencing (RNA-seq), we used 5 ng
total RNA from each microdissected endothelium type from each
tumor sample. RNA amplification from FFPE samples was carried out
by Single Primer Isothermal Amplification method using NuGEN
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TRIO RNA-seq Library Preparation kit (Part #0506). The quality and
quantity of the libraries were analyzed using the Agilent Bioanalyzer
(Agilent Technologies) and Kapa Biosystems qPCR (Sigma-Aldrich).
Multiplexed libraries were pooled, and single-end 50 base-pair
sequencing was performed on the Illumina HiSeq 2500.

RNA-seq analysis of samples obtained through laser-capture
microdissection

Sequence reads were subjected to a variety of pre-and post-
alignment quality control measures before being mapped against the
reference genome, hgl19, using STAR-2.5.3a. Gene-level quantification
was determined using HTSeq 0.6.1 by summation of raw counts of
reads aligned to the region associated with each gene. The average read
count was 47 million reads. Differential expression analysis was
performed using DESeq2_1.6.3 with batch correction. Principal
component analysis (PCA) was conducted by using significantly
differentially expressed genes in the comparison between the ECs of
three different vessel types: HEV versus non-HEV vessels in TLS-
rich or TLS-free tumors. A heat map was generated for the top 1,000
significantly differentially expressed genes between ECs of the three
vessel types.

Comparison of our finding with previous transcriptome analyses of
mouse HEV (24-26) was carried out as follows. The single-cell RNA-
seq data of mouse lymph node ECs reported by Brulois and collea-
gues (24) was downloaded from the Gene Expressed Omnibus (GEO)
database through the accession number GSE140348. Cell-type clusters
and differentially expressed genes (P,g; < 0.05) were identified using
the FindClusters (resolution = 0.6) and FindMarkers functions of
Seurat (V3.2.0) with the default setting. The differentially expressed
genes were compared with those of human cancer HEVs from our
study. For the comparison with single-cell RNA-seq data reported by
Veerman and colleagues (25), the list of genes differentially expressed
between homeostatic high endothelial cells (hHEC) and blood EC was
downloaded. The genes with P < 0.05 statistical significance were used
for comparison. For the comparison with microarray data reported by
Lee and colleagues (26), a list of genes that have 1.5-fold or larger
difference in the level of expression between high endothelial cells and
capillary ECs (CAP EC) was analyzed. The differentially expressed
genes commonly found in these previous mouse studies and in the
current study were identified by using the LOOKUP function in
Microsoft Excel.

Analysis of Human Protein Atlas data

THC images publicly available at the Human Protein Atlas (pro-
teinatlas.org; ref. 27) were examined to evaluate the expression of
proteins of interest in human lymph node as well as breast cancer.
Digital histology images of the following protein staining were eval-
uated: TSPAN7 antibody ID#HPA003140 (lymph nodes n = 3,
breast cancer n = 11), MEOX2 antibody ID# HPA053793 (lymph
nodes n = 3, breast cancer n = 11), ANKRD53 antibody ID#
HPA049574 (lymph node n = 1, breast cancer n = 10), ZNF280C
antibody ID # HPA051494 (lymph node n = 2, breast cancer n = 11),
UNCS5B antibody ID #HPA076687 (lymph node n = 2, breast cancer n
= 10), POSTN antibody ID #HPA012306 (lymph node n = 2, breast
cancer n = 11), ZFHX4 antibody ID #HPA023837 (lymph node n = 3,
breast cancer n = 12),and SEMA3G antibody ID #HPA001761 (lymph
node n = 2, breast cancer n = 12).

TCGA data and survival analysis
Genomic Data Commons Data Portal (GDC; https://portal.gdc.
cancer.gov) was used to download RNA-seq data and relevant clinical
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data from The Cancer Genome Atlas Breast Invasive Carcinoma
(TCGA-BRCA) data set. Data from 263 patients with stage III or IV
breast cancer were analyzed to determine the correlation between
survival and the expression of the genes of interest. Patients were
classified into two groups based on the fragments per kilobase of
transcript per million mapped reads (FPKM) value of each gene,
and survival curves were plotted using Kaplan-Meier method as
described before (28). Briefly, an FPKM cutoff was set for grouping
patients using all FPKM values from the 20th to 80th percentiles.
Significant differences between the survival outcomes of the high
and low FPKM groups were examined, and the FPKM cutoff
yielding the lowest log-rank P value was selected. The analysis
was performed using R package survival (https://cran.r-project.org/
web/packages/survival/index.html). A correlation matrix of HEV-
associated genes and T-cell/B-cell markers was created using the
data of 263 stage III and IV breast cancer patients in the TCGA
database. Correlations were calculated with the Pearson method
using the R stats package.

Statistical analysis for immunostaining

Differential analysis for two-group comparison was performed by
Student ¢ test using GraphPad Prism8 for quantitative immunostain-
ing analyses.

Data availability statement

The raw data from the RNA-seq analyses were generated at the
Genomic Core of the Sanford Burnham Prebys Medical Discovery
Institute. Data analyses were conducted at the Biostatistics and Bio-
informatics core of the Moffitt Cancer Center. The RNA-seq data are
deposited in NCBI's Gene-Expression Omnibus and are accessible
through GEO Series accession number GSE196703.

Results

HEVs are found in breast cancer exhibiting TLS

HEVs are typically found in the TLS that develop in malignant
tumors. To investigate the relationship between tumor-associated
HEVs and the immune environment in breast cancer, we analyzed
101 archived specimens of untreated invasive breast cancer for the
presence of TLS. Histologic examination identified TLS in 49 of the 101
specimens. TLS were found in all subtypes of breast cancer we
examined (luminal, HER2", and triple-negative) regardless of hor-
mone receptor expression, tumor grade, and tumor stage (Supple-
mentary Table S1), but were found more frequently in hormone
receptor-negative and triple-negative tumors. In addition, TLS were
found more frequently in grade 3 tumors than in grade 1 or grade 2
tumors. The frequency of TLS formation did not appear to be affected
by the cancer stage.

We further analyzed the 10 specimens with the most abundant TLS
(TLS-rich tumors) and the 10 specimens with no TLS (TLS-free
tumors). The pathologic evaluation of these tumors is reported with
patient ID numbers in Supplementary Table S2. We then determined
the density of HEVs in each sample. HEVs specifically express
peripheral node addressin (PNAd), which can be detected using the
MECA-79 antibody that binds the carbohydrate epitope 6-sulfo N-
acetyllactosamine on extended core 1 O-glycans (29, 30). Immunos-
taining of FFPE sections for MECA-79 found MECA-79" HEVs only
in the TLS-rich specimens (Fig. 1A and B). We observed considerable
heterogeneity in the patterns of MECA-79 staining in tumor HEVs
compared with lymph node and tonsil HEV's (Supplementary Fig. S1).
The ECs of both lymph node and tonsil HEVs showed prominent
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Figure 1.

IHC analyses of tumor HEVs and immune-cell infiltration. A, Immunostaining of TLS-rich and TLS-free tumors for MECA-79 (magenta) and CD3 (dark
brown) was performed to determine the abundance of HEVs and T cells. The dotted line shows the edge of each tumor. Arrowheads indicate the MECA-79"
HEVs. The higher magnification of each left panel (black square) is shown on the right. Scale bar, 500 um. B, HEV and CD3™" T-cell densities were quantified
in specimens of 10 patients for each tumor type (TLS-rich and TLS-free). C, Immunostaining of CD3 and MECA-79. Green arrowheads indicate several CD3*
cells on or in the endothelial wall of HEVs. Scale bar, 50 um. D, Comparison of CD8" T-cell, CD20™" B-cell, and DC-LAMP™ dendritic-cell densities between the
two tumor groups analyzed in B. Error bar; SEM. E, Immunofluorescence detection of HEVs associated with lymphocyte clusters in TLS-rich tumors.
Consecutive sections of the same tumors were stained for CD31/MECA-79 (immunofluorescence), CD8, or CD20 (dark brown) to orient the positions of

immune cells and blood vessels. A representative TLS is shown here for TLS-rich tumors. CD31, EC marker (red). Scale bar, 100 um. P value was calculated by
Student t test.
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accumulation of PNAd (MECA-79) on the luminal surface, whereas
weak staining was detected on the abluminal side of lymph node HEV,
indicating polarity. In contrast, MECA-79 staining was found on the
luminal and basal sides as well as in the cytoplasm of tumor HEV ECs,
whereas some tumor HEVs exhibited mainly luminal MECA-79
staining. We also observed diffused staining of MECA-79 around
some tumor HEVs, which may be due to the shedding of PNAd. The
basement membrane components, laminin and collagen IV, were
detected in tumor HEVs as well as in lymph node and tonsil HEVs
(Supplementary Fig. S1).

Tumor HEVs were observed together with significant infiltration of
CD3™" T cells in all 10 cases of TLS-rich breast cancer (Fig. 1A and B).
We also observed many CD3" T cells trapped on or within the
endothelial wall of tumor HEVs, suggesting that the extravasation of
T cells is taking place through the HEVs (Fig. 1C). The overall
abundance of CD3" T cells was greater in the TLS-rich tumors
compared with the TLS-free tumors, which exhibited only sporadic
T cells without clustering (Fig. 1A and B). THC of the same sets of
tumors for CD8" T cells, CD20" B cells, and DC-LAMP™" dendritic
cells, with costaining using MECA-79, demonstrated that the infil-
tration of these immune cells was significantly greater in TLS-rich
tumors than in TLS-free tumors: CD8" T-cell density, 836 versus 135
cells/mm?; B-cell density, 577 versus 24 cellssfmm? dendritic-cell
density 6.63 versus 0.16 cells/mm” (Fig. 1D and E). These results
suggest tumor-associated HEV's have an important role in shaping the
tumor immune landscape.

Gene-expression profiling of tumor-associated HEVs

We hypothesized that HEV's in tumors express a unique set of genes,
one that is distinct from the genes expressed by non-HEV tumor
vessels, and that the expression of these genes confers the specialized
function of HEV's as lymphocytes’ gateways to the tumor interior. To
identify such genes, we compared the transcriptome of HEV versus
non-HEV tumor vessels in clinical breast cancer specimens. The
endothelium of each vessel type was isolated by laser-capture micro-
dissection from tumor sections following the identification of MECA-
79" HEVs in TLS and MECA-79"CD31" non-HEV vessels outside
TLS by immunofluorescence staining. The differentially expressed
genes in ECs were determined by RNA-seq. Four cases of breast cancer
were examined for each tumor blood vessel type (HEVs from TLS-rich
tumors and non-HEV vessels from TLS-rich tumors or TLS-free
tumors). Each of the four breast cancer cases provided over 220,000
;.Lm2 of microdissected tissue of the HEV or non-HEV endothelium,
which were individually used for RNA-seq analyses. Several random
areas in TLS outside of HEV's (mostly containing lymphocytes) were
also captured by LCM to provide negative control samples represent-
ing non-EC types. The RNA-seq yielded 60,658 total transcripts, of
which 20,296 encoded genes. The analysis of these genes demonstrated
distinct gene-expression patterns between ECs of HEV and non-HEV
tumor vessels (Fig. 2A). PCA of the top 1,000 expressed genes showed
a clear separation of the HEV cluster from the clusters of non-HEV
tumor vessels and non-EC types (Fig. 2B), corroborating that ECs of
intratumoral HEVs express a distinct set of genes. In addition, we
found a marked difference in the gene-expression patterns between the
non-HEV vessels of TLS-rich tumors and TLS-free tumors, suggesting
that different blood vessel phenotypes develop in these tumor types
(Fig. 2A and B).

It is known that CHST4 and IL33 are upregulated in HEV's of lymph
nodes (31, 32). CHST4 is a sulfotransferase responsible for the
synthesis of the MECA-79 antigen/L-selectin ligand, 6-sulfo-sLe*
motif (32). IL33, originally known as NF-HEV, is an IL1-like cytokine
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that also acts as a nuclear factor and is preferentially expressed in HEV's
of secondary lymphoid organs (33, 34). Our RNA-seq analysis of the
ECs from the different tumor vessel types showed that IL33 was
significantly upregulated in tumor HEVs compared with non-HEV
tumor vessels (Fig. 2C). There was also a trend of CHST4 upregulation
(Fig. 2C). CCL21 and CCL19 are chemokines that facilitate the
recruitment of CCR7" leukocytes such as naive/memory T cells and
dendritic cells (31). These chemokines are abundant in lymph nodes
and predominantly produced by fibroblastic reticular cells (35, 36). It
has been reported that CCL21 is also expressed by HEVs in mouse
lymph nodes (37). We detected high expression of CCL21 and CCL19
in HEVs in human breast cancer (Fig. 2C). GLYCAM1 is reported to be
expressed in mouse but not human lymph node HEV's (25, 38). NKX2-
3 is a transcription factor highly expressed in HEV's of Payer’s patches
and mesenteric lymph nodes in mice (26). However, a previous study
showed a lack of NKX2-3 expression in mouse peripheral lymph node
HEV transcriptome (25). Our RNA-seq analysis showed that neither
GLYCAMI nor NKX2-3 was expressed in intratumoral HEV's of breast
cancer (Fig. 2C). A tendency was observed for higher expression of
ICAMI in HEVs than in non-HEV tumor vessels. CD34, E-selectin
(SELE), and VE-cadherin (CDH5) were expressed in all three types of
tumor vessels. Taken together, some known marker genes of HEV's of
secondary lymphoid organs were expressed by tumor HEVS, but other
HEV-associated genes were absent in these vessels. These results
demonstrate the feasibility of the laser-capture microdissection—
RNA-seq method for identifying different gene-expression patterns
in HEVs and non-HEV tumor vessels.

Identification of novel HEV-associated genes

We further analyzed our laser-capture microdissection-RNA-seq
data to characterize the gene-expression signature of intratumoral
HEVs. The gene-expression profiles of non-HEV tumor vessels from
TLS-rich and TLS-free tumors were combined and compared with the
profile of HEVs from TLS-rich tumors. Genes with statistically sig-
nificant >2-fold difference in expression level were identified (Fig. 3A).
Because lymphocytes are recruited through HEVs, there may be
lymphocytes captured in some laser-dissected HEV samples. More-
over, it is known that HEVs hold transmigrating lymphocytes in the
vessel wall (39, 40); therefore, these lymphocytes could cause cell
contamination in the laser-capture microdissection process and the
subsequent gene-expression analysis. To eliminate data due to lym-
phocyte contamination, we looked at the expression profile of the non-
EC cell types, which mostly consist of lymphocytes (Fig. 3B). We then
identified the putative HEV-upregulated genes (genes on the right side
of the volcano plot) that are expressed higher in the non-EC samples
than in the HEV samples (Fig. 3B). TCF7, TCL1A, and CD3E, for
example, met the criteria for such genes. We confirmed that the
proteins encoded by these three genes were not expressed in human
lymph node HEVs according to IHC data available at the Human
Protein Atlas (Supplementary Fig. S2). These genes were eliminated
from the final list as potential contaminants (Fig. 3B). After this data
processing, we identified 35 statistically significantly upregulated and
41 statistically significantly downregulated genes in HEVs compared
with non-HEV tumor vessels. This represents the gene-expression
signature of intratumoral HEVs (Fig. 3B).

We analyzed the expression of these 76 genes in the IHC data
available at the Human Protein Atlas. We found that four of the genes
we found to be upregulated in tumor HEVs, MEOX2, TSPAN7,
ANKRD?53, and ZNF280C (Fig. 4A), were also expressed in HEV's of
human lymph nodes (Fig. 4B). We then confirmed the expression of
these proteins in HEVs of TLS-rich breast cancer by costaining of
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Comparative transcriptome analysis of HEV vs. non-HEV tumor vessels. Tumors of four breast cancer patients exhibiting abundant TLS (TLS-rich tumors) and four
exhibiting no TLS (TLS-free tumors) were examined. TLS-rich tumors were stained for MECA-79 to identify ECs of HEVs, and these ECs were isolated by laser-
capture microdissection. ECs of non-HEV vessels were identified by CD31 staining in the HEV-free areas of each tumor type and isolated by laser-capture
microdissection. RNA-seq was conducted for all three types of ECs. Non-EC: the areas outside of HEVs (mostly containing lymphocytes of TLS) were
also examined in the same way to evaluate potential cell contamination during the laser-capture microdissection process. A, A heat map of the top
1,000 differentially expressed genes between the three different types of ECs. B, PCA shows clear separations of gene-expression patterns between different
EC types as well as TLS lymphocytes (non-EC cells). C, Expression patterns of known HEV-associated genes in different EC types. Y-axis, normalized read

count x 1/100. Data are presented as means + SEM. *, P < 0.05.

MECA-79 (Fig. 4C and D). We examined 10 cases of breast cancer for
each tumor type to confirm consistency among patients with the same
tumor type. The expression patterns of TSPAN7 and MEOX?2 in the
TLS-rich and TLS-free breast cancer specimens were further con-
firmed by IHC staining (Supplementary Fig. S3A-S3C). The majority
of MECA-79" HEVs were costained with TSPAN7 and MEOX2:
96.1% (£1.9 SEM) of MECA-79" vessels were TSPAN7™, and
95.7% (£2.0 SEM) were MEOX2". The coexpression of these two
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proteins in MECA-79" HEVs was further demonstrated by triple-
immunofluorescence staining (Supplementary Fig. S3D). Among the
41 genes significantly downregulated in intratumoral HEVs compared
with non-HEV tumor vessels were UNC5B, POSTN, SEMA3G, and
ZFHX4 (Fig. 4A). The protein expression of these genes was not
detected in tumor-associated HEV's or normal lymph node HEVs, but
they were readily detected in non-HEV tumor vessels (Supplementary
Fig. S4A and S$4B). These results suggest that the expression pattern of
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Figure 3.

Gene-expression signature of intratumoral HEVs. The RNA-seq data generated
as outlined for Fig. 2 were further analyzed to identify differentially expressed
genes. A, Volcano plot of >2-fold upregulated or downregulated genes in ECs of
intratumoral HEVs compared with non-HEV blood vessels of TLS-rich and TLS-
free tumors combined. Red dots, genes with adjusted P values (P,q) < 0.05.
B, Flowchart of RNA-seq data processing for the identification of differentially
upregulated or suppressed genes and a list of 35 upregulated and 41 down-
regulated genes in intratumoral HEVs compared with non-HEV tumor vessels.
FC, fold change; VY, Yes; N, No.

these genes—high expression of MEOX2, TSPAN7, ANKRD53, and
ZNF280C and the lack or minimal expression of UNC5B, POSTN,
SEMA3G, and ZFHX4—represents a molecular signature of HEVs.
MEOX2 (also known as GAX) is a homeobox gene encoding a
transcription factor that suppresses the angiogenic activity of
ECs (41-43). Because HEV formation appears to require suppression
of angiogenic activation of ECs (22), MEOX2 is an interesting can-
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didate marker for HEVs. Tetraspanins (TSPAN) are known to regulate
transendothelial migration of leukocytes (44). Upregulation of
TSPAN7 in ECs may be involved in diapedesis of lymphocytes.
ANKRD53 is a poorly characterized ankyrin repeat-containing pro-
tein (45). ZNF280C is a putative zinc finger transcription factor with an
unknown function. On the other hand, UNC5B, POSTN, and SEMA3G
encode known angiogenesis activators/regulators (46-48). ZFHX4 is a
homeodomain-zinc finger transcription factor involved in neural and
muscle differentiation (49) that also regulates the maintenance of
tumor-initiating stem cells in glioblastoma (50).

Comparison with previous transcriptome analyses of HEVs

Next, we compared our data with data previously obtained by three
independent studies of mouse lymph node HEVs. Lee and colleagues
investigated differential gene expression between HEVs and capillary
blood vessels in mouse lymph nodes using microarray expression
profiling (26), identifying 570 upregulated and 465 downregulated
genes in HEVs compared with capillary vessels (Supplementary
Fig. S5). The study by Veerman and colleagues determined differen-
tially expressed genes using single-cell RNA-seq (25). This study
identified 1,189 upregulated and 368 downregulated genes in HEV's
compared with capillary vessels (Supplementary Fig. S5). The study by
Brulois and colleagues also used single-cell RNA-seq. According to
their data set, which is available at the GEO data repository, there were
235 upregulated and 309 downregulated genes in HEVs (24). We
compared these data with the 35 upregulated and 41 downregulated
genes from our laser-capture microdissection—RNA-seq analysis.
This comparison identified two genes (TSPAN7 and SERPINBY)
commonly upregulated and two genes (SEMA3G and CXCL12) com-
monly downregulated in all four studies (Supplementary Fig. S5B). In
this study, we also identified 58 differentially expressed genes (26
upregulated and 32 downregulated genes) in HEV versus non-HEV
tumor vessels that were not observed in the studies of mouse lymph
node (Supplementary Fig. S5B). These genes included CCLIY,
ANKRD53, ZNF280C, and ZFHX4. The upregulation of MEOX2 was
observed in the microarray analysis (26) and one of the single-cell
RNA-seq analyses (24) of mouse lymph node HEVs.

T-cell and B-cell clusters surround tumor vessels expressing
HEV signature genes

To understand the immune landscape surrounding the blood
vessels expressing the HEV-associated genes we identified, we con-
ducted immunostaining of breast cancer tissues for different lympho-
cyte markers and determined their spatial relationship with the tumor
blood vessels expressing these genes. We examined 10 breast cancer
specimens for each tumor type to confirm the consistency among the
patients with the same tumor type (Supplementary Table S2). We
found that MECA-79" HEVs coexpressing  TSPAN7, MEOX2,
ANKRD53, and ZNF280C were associated with extensive accumula-
tion of CD3 " and CD8™ T cells as well as B cells in TLS (Figs. 5 and 6A;
Supplementary Figs. S6 and S7). In contrast, Foxp3* Tregs were rarely
detected around these vessels in TLS of breast cancer, but they were
readily detected in the tonsil, a secondary lymphoid organ (Fig. 5;
Supplementary Figs. S6-S8). In the lymph node, cytokines derived
from dendritic cells are crucial for the development and function of
HEVs (51). In our tumor study, a higher density of dendritic cells
was observed in TLS compared with the tumor area outside of TLS
(Supplementary Fig. S9), consistent with the idea that cytokines
from dendritic cells, such as lymphotoxin B, play an important role
in the formation and/or maintenance of tumor-associated HEVs
and TLS.
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We observed that there were TSPAN7" vessels that were MECA-
79'% or MECA-79". These blood vessels were highly enriched in
TLS compared with the stroma or tumor areas of breast cancer
specimens (Supplementary Fig. $10). TSPAN7highMECA-79" ves-
sels were more abundant than MECA-79" vessels in TLS, and they
were closely associated with clusters of T cells and B cells (Fig. 6A).
In addition, we observed the presence of leukocytes engrafted in the
endothelium of these vessels, similar to what was observed for
TSPAN7""MECA-79" HEVs, suggesting that leukocyte transmi-
gration is taking place across the vessel wall (Fig. 6B; Supplemen-
tary Fig. S11). The sialyl Lewis X (sLe") tetrasaccharide structure is
an L-selectin ligand that allows blood vessels to recruit lymphocytes.
sLe™ is a part of the MECA-79 epitope, but it can also be in glycan
configurations that do not contain the MECA-79 epitope (52).

AACRJournals.org

A-79 H ‘il“
a

ZNF280C

Cont. 1gG D TSPANT

iNKRHIﬂ

ZNF280C

TSPAN7T Cont. IgG/MECA-7¢

Cont, IgG/MECA-79  Cont. lIgG

MEOX2

Cont. IgG/h 79 Cont. IgG

Cont. 1gG/1 9 Cont. 1gG

Therefore, we assessed sLe® expression in TSPAN7TMECA-79"
and TSPAN7"MECA-79~ vessels in breast cancer TLS. Both types
of vessels were strongly stained by the F2 antibody that recognizes
sLe® (23), suggesting that these vessels can facilitate lymphocyte
homing and recruitment (Fig. 6C).

During embryonic development, immature HEVs express mucosal
addressin cell adhesion molecule-1 (MAdCAM-1; ref. 53). We ana-
lyzed MAACAM-1 expression in the TSPAN7 "MECA-79" vessels to
see whether these vessels are similar to the developmentally immature
HEVs. The majority of these vessels were MAACAM-17, suggesting
that they are different from early HEVs in the developing lymph node.
In contrast, some HEVs of the adult lymph node were MAdCAM-1"
(Supplementary Fig. S12), as reported in a single-cell analysis in
mice (25).
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Expression of MEOX2 and TSPAN7 correlates with prolonged
survival in breast cancer

Molecular markers to detect TLS-associated blood vessels in RNA
from a patient’s tumor may be useful for prognostic purposes. To
explore this possibility, we analyzed TCGA data to determine the
relationship between breast cancer survival and expression of TSPAN7
or MEOX2. We chose these two genes because we observed high
expression of them in the ECs of TLS-associated MECA-79" and
MECA-79™ blood vessels, whereas minimal or no expression was
found in cancer cells or other stromal cells in breast cancer (Figs. 5
and 6; Supplementary Fig. S10). IHC of several cases of breast cancer
presented in the Human Protein Atlas database also indicated no
staining of TSPAN7 and MEOX2 in cancer cells and stromal cells
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CD20 B cell ) Immunostaining of MEOX2 identi-
= : fies tumor HEVs associated with TLS
in human breast cancer. IHC stain-
ing of different lymphocyte mar-
kers was conducted in serial tumor
sections to visualize infiltration
of T cells, B cells, and Tregs in
TLS-free and TLS-rich breast can-
cer (brown staining, top). Tumor
specimens of 10 patients were
examined for each tumor type
(TLS-rich and TLS-free). These
tumor specimens were from the
same patients assessed in Fig. 1.
Tumor sections were also cost-
ained with MECA-79 antibodies
(white) to highlight HEVs. The
consecutive sections of the same
tumors were analyzed by immuno-
fluorescence of MEOX2, MECA-79,
and CD31 (center and bottom).
Hoechst, nuclear staining (blue).
The data shown are for 1 patient
representative of each tumor type.
Scale bar, 200 um. Areas in the
white squares are enlarged in the
bottom plots.

supporting this idea. We classified the TCGA survival data of stage III
and IV breast cancer (n = 263) into two patient groups based on the
abundance of TSPAN7 or MEOX2 transcript determined by bulk
RNA-seq analysis. We found a significant survival advantage for the
TSPAN7"8" and MEOX2"#" patient groups compared with the
TSPAN7°Y and MEOX2'" groups (Fig. 7A). The 5-year survival of
the TSPAN7"'®" patient group was 71%, compared with 48% for the
TSPAN7 group (Fig. 7A). Likewise, the 5-year survival of the
MEOX2"#" group was 72%, compared with 48% for the MEOX2'™
group (Fig. 7A). Bight-year survival of the TSPAN7"" group and
MEOX2"#" group was 63% and 64%, respectively, compared with 13%
and 25% for their respective low-expressing groups. These findings
suggest that TSPAN7 and MEOX2 could serve as prognostic

CANCER IMMUNOLOGY RESEARCH
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TSPAN7"MECA-79" tumor vessels are associated with lym-
phocyte clustering and found in TLS. A, IHC staining of different
lymphocyte markers was conducted in serial tumor sections to
visualize infiltration of T cells, B cells, and Tregs in TLS-free and
TLS-rich breast cancer. Tumor specimens of 10 patients were
examined for each tumor type (TLS-rich and TLS-free). These
tumor specimens were from the same patients assessed
in Fig. 1. The consecutive sections of the same tumors were
analyzed by immunofluorescence for TSPAN7, MECA-79, and
CD31 (lower panels). TSPAN7TMECA-79" double-positive
HEVs (arrows) and TSPAN7T™MECA-79" vessels (arrowheads)
are both localized in TLS. For the IHC image of the TLS-free
tumor, a lower magnification of Fig. 1E is shown. The data
shown are for 1 patient representative of each tumor type.
Scale bar, 200 um. B, Immunostaining of MECA-79 (red) and
TSPAN7 (brown) in a TLS-rich breast cancer specimen. Leu-
kocytes engrafted in the endothelial wall of TSPAN7"S"MECA-
79" and TSPAN7"9"MECA-79" blood vessels are shown. Scale
bar, 20 um. C, Immunostaining of TSPAN7, MECA-79, and sLeX
(by F2 antibody) in TLS-rich tumor sections. Arrows show
TSPAN7"MECA-79™ vessels detected by the F2 antibody.
Arrowhead, TSPAN7TMECA-79" vessels. A representative
image of four TLS-rich tumor samples is shown. Scale bar,
100 um.
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markers for breast cancer survival. High transcript counts of other
HEV-associated genes found in breast cancer, CCL19 and CCL2I,
also correlated with similar improved breast cancer survival
(Fig. 7A). Similar shifts of survival curve were found in the patient
group with high transcript counts of CD3E or MS4A1 (CD20 gene),
correlating the T-cell or B-cell abundance in tumors with prolonged
survival (Fig. 7A).

We next used the TCGA data to examine whether the abundance
of the transcripts of these genes in tumor RNA correlated with the
abundance of T cells and B cells. Plotting the transcript counts of
two genes in each tumor sample onto X-Y axes demonstrated a
strong linear correlation between TSPAN7 and MEOX2 (correlation
coefficient: 0.823), consistent with the observation that both genes
are upregulated in HEV's (Fig. 7B). In addition, these two genes also
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correlated with other tumor HEV-upregulated genes, CCL19 and
CCL21 (correlation coefficient: 0.713 and 0.686 with TSPAN7,
respectively; 0.574 and 0.583 with MEOX2, respectively). TSPAN7
and MEOX2 also showed statistically significant correlations with
CD3E, CD8B, and MS4A1 (0.507, 0.438, and 0.446, respectively),
suggesting correlations with the T-cell and B-cell abundance in each
tumor (Fig. 7B). These results are consistent with our histologic
observations that the expression of MEOX2 and/or TSPAN7Y in
tumor vessels coincided with T-cell and B-cell accumulation around
these vessels (Figs. 5 and 6). CCLI9 and CCL21 also correlated with
T-cell and B-cell markers (Fig. 7B). In particular, CCLI9 strongly
correlated with CD3E and MS4Al. On the other hand, CHST4,
which is the gene responsible for the MECA-79 epitope, showed no
correlation with tumor HEV markers or lymphocyte markers, likely
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due to its low FPKM values detected in the tumors. Thus, we
conclude that CHST4 is not a suitable marker for predicting HEV
formation from tumor RNA analyses.

Discussion

At present, the molecular characteristics of tumor-associated
HEVs are largely unknown. In this study, we took an unbiased
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approach of comparative transcriptome analysis for identifying the
gene-expression signature of these blood vessels. We found genes
that were differentially regulated between ECs of TLS-associated
HEVs and ECs of non-HEV tumor blood vessels outside TLS.
Among 35 genes significantly upregulated in TLS-associated HEVSs,
at least four genes, TSPAN7, MEOX2, ANKRD53, and ZNF280C,
were also found to be upregulated in HEVs of the tonsil and lymph
nodes compared with capillary vessels in these secondary lymphoid
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organs. Immunostaining of the corresponding proteins detected
HEVs within or closely associated with TLS in clinical specimens of
invasive breast cancer.

TSPANY is a member of the tetraspanin family of proteins, which
compartmentalize plasma membrane microdomains to regulate var-
ious cellular signaling and functions (54, 55). In addition, tetraspanins
are involved in tension control of the plasma membrane (56) and
endocytosis of viral particles (57). ECs express several tetraspanins
including TSPAN5, TSPAN17, CD9, CD63, CD81, and CDI151.
Lymphocyte migration across the blood vessel wall during diapedesis
involves a dynamic regulation of the EC plasma membrane. Tetra-
spanins are known to contribute to the formation of adhesive plat-
forms during transendothelial migration of leukocytes (44). The
finding that TSPAN7 is highly upregulated in TLS-associated blood
vessels suggests a role for this tetraspanin in diapedesis of lymphocytes
and the function of these blood vessels as the gateways for lymphocyte
recruitment. The homeobox gene MEOX2 encodes a transcription
factor that negatively regulates the angiogenic activity of ECs (41) and
upregulates the expression of cyclin kinase inhibitor p21"VAF/C™P! in
ECs (43). On the other hand, the expression of MEOX2 is negatively
regulated by an epithelial-mesenchymal transition mediator ZEB2 in
ECs (42). It is thought that suppression of angiogenic stimuli in the
tumor microenvironment is important for HEV formation, as exem-
plified by the observations that VEGF receptor-2 inhibition promotes
HEV formation in mouse mammary tumors (22), and tumor vascular
normalization is associated with TLS formation in pancreatic can-
cer (16). This idea is consistent with our observation that an anti-
angiogenic transcription factor, MEOX2, is highly upregulated in
tumor HEVs.

ANKRD53 is an ankyrin repeat-containing protein (45), and
ZNF280C is a putative zinc finger transcription factor. There is one
report that ANKRD53 is a microtubule-associated protein involved
in microtubule stabilization during mitosis (45). However, the
functions of ANKRD53 and ZNF280C are both unknown other-
wise, at present. Neither ANKRD53 nor ZNF280C was detected as
an HEV-upregulated gene in the previous single-cell analyses or
microarray analysis of mouse lymph node HEVs (24-26). In
contrast, immunostaining of clinical breast cancer specimens and
human lymph nodes both indicated the upregulation of these genes
in HEVs. The roles of ANKRD53 and ZNF280C in HEVs warrant
future studies.

We also identified 41 genes that were significantly downregulated in
ECs of HEV in comparison with non-HEV tumor vessels. Some of
these genes are known regulators of angiogenesis such as UNC5B,
SEMA3G, and DCN. UNC5B is a vascular receptor of netrin that
induces cell repulsion (46). SEMA3G is a class 3 semaphorin and a
neuropilin ligand that regulates ECs and smooth muscle cell func-
tions (48). DCN is a TGFp-regulating proteoglycan decorin (58). The
strong downregulation of these genes in HEVs suggests that repression
of these genes in ECs may be necessary for the formation, maintenance,
and/or function of HEVs. Compared with ECs of other venules, ECs of
HEVs have markedly different cell morphology and are specialized for
facilitating T-cell and B-cell extravasation. At present, the pattern of
EC gene expression that allows tumor blood vessels to become HEV's
or create new HEVs de novo is unknown. However, the gene-
expression signature we identified in this study may hold a critical
set of genes that need to be expressed or repressed. In this regard, it is
interesting that we found transcription factors such as MEOX2,
ZNF280C, ZFHX4, and ZNF670 were differentially regulated between
HEVs versus non-HEV tumor vessels. These HEV-associated tran-
scription factors may also control the expression of other HEV-
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associated genes. Future studies will determine the precise role of
these genes in the regulation of HEVs.

At present, the detection of TLS or HEVs in patients’ tumors
requires histologic examination. A molecular detection method would
be useful for the prognostic assessment of cancer. Our study suggests
that the abundance of TSPAN7 and MEOX2 transcripts in bulk tumor
RNA from clinical specimens can be used for predicting breast cancer
survival. Other marker genes we identified in tumor HEVs, such as
CCL19, also correlated with breast cancer survival. The chemokines
CCL19 and CCL21 are crucial for the recruitment of naive T cells.
However, a previous in situ hybridization study demonstrated the lack
of CCL19 mRNA expression in HEV's of the tonsils (59), and there has
been no clear evidence for CCL19 expression in lymph node HEV's (60).
Instead, fibroblastic reticular cells provide CCL19 for T-cell chemo-
taxis in these lymphoid organs (61). Therefore, it is interesting that we
found ECs of HEVs upregulate CCL19 expression in tumor TLS,
presumably to promote naive T-cell recruitment. Although CHST4
was upregulated in HEVs, its expression level was 25- to 40-fold lower
than the levels of TSPAN7, MEOX2, and CCL19, and it is not suitable
for a similar correlative analysis to predict cancer survival.

TSPAN7 is particularly interesting because high TSPAN7 protein
expression was also found in many TLS-associated MECA-79™ vessels.
These blood vessels lack the MECA-79 epitope, the classic HEV
marker PNAd, 6-sulfo N-acetyllactosamine on the extended core 1
O-glycan (30). However, the L-selectin ligand 6-sulfo sLe* structure
can also form on the core 2 O-glycan without the MECA-79 epi-
tope (29, 30). We found that TSPAN7"M8"MECA-79~ vessels were
positive for sLe* expression, and they appeared to be actively
recruiting T cells and B cells based on the extensive accumulation
of lymphocytes associated with them and the presence of lympho-
cytes in the endothelial wall. These findings suggest heterogeneity
of blood vessels in TLS that are capable of active lymphocyte
recruitment. This is an important observation as clinical studies
have demonstrated that the presence of B cell-rich TLS is the
strongest prognostic factor for a high response rate to PD-1
blockade (4-6). In addition, studies in mice show that the induction
of MECA-79" (PNAd™") HEV-like blood vessels enhances tumor
immunity (62, 63). However, the classic PNAd" HEVs may not be
the sole key players of the TLS vasculature. The precise role of the
TLS-associated PNAd"TSPAN7"" vessels in tumor immunity and
cancer immunotherapy warrants further investigation.

Predicting the abundance of TLS-associated blood vessels from
tumor RNA based on TSPAN7 and MEOX2 expression would give a
considerable advantage in analyzing clinical specimens. Overall, our
findings provide potential new prognostic molecular markers,
which may be useful in selecting appropriate therapies for patients
with breast cancer.
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