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Abstract

The immature and dysfunctional vascular network within solid tumors poses a substantial
obstacle to immunotherapy because it creates a hypoxic tumor microenvironment that actively
limits immune cell infiltration. The molecular basis underpinning this vascular dysfunction

is not fully understood. Using genome-scale receptor array technology, we showed here that
insulin-like growth factor binding protein 7 (IGFBP7) interacts with its receptor CD93, and we
subsequently demonstrated that this interaction contributes to abnormal tumor vasculature. Both
CD93 and IGFBP7 were up-regulated in tumor-associated endothelial cells. IGFBP7 interacted
with CD93 via a domain different from multimerin-2, the known ligand for CD93. In two mouse
tumor models, blockade of the CD93/IGFBP7 interaction by monoclonal antibodies promoted
vascular maturation to reduce leakage, leading to reduced tumor hypoxia and increased tumor
perfusion. CD93 blockade in mice increased drug delivery, resulting in an improved antitumor
response to gemcitabine or fluorouracil. Blockade of the CD93 pathway triggered a substantial
increase in intratumoral effector T cells, thereby sensitizing mouse tumors to immune checkpoint
therapy. Last, analysis of samples from patients with cancer under anti—programmed death 1/
programmed death-ligand 1 treatment revealed that overexpression of the IGFBP7/CD93 pathway
was associated with poor response to therapy. Thus, our study identified a molecular interaction
involved in tumor vascular dysfunction and revealed an approach to promote a favorable tumor
microenvironment for therapeutic intervention.

INTRODUCTION

Abnormal vasculature is a key pathological feature facilitating tumor outgrowth and
metastasis (1, 2). Although normal vascular angiogenesis is required to support tissue
homeostasis, the formation of structurally altered blood vessels in tumors often leads to
tumor hypoxia, low pH, and decreased drug penetration into the tumor microenvironment
(TME) (3, 4). Abnormal tumor vasculature poses a substantial obstacle to immunotherapy
as it actively limits effector T cell infiltration into the TME by down-regulating adhesion
molecules including intercellular adhesion molecule 1(ICAM1) and vascular cell adhesion
molecule 1 (VCAML) and by increasing the expression of inhibitory molecules such as
programmed death-ligand 1 (PD-L1) [also known as B7 homolog 1 (B7-H1)] and Fas ligand
(5). Hypoxia and subsequently reprogrammed energy metabolism within tumors limit the
survival and effector functions of CD8* T cells (6). In addition, hypoxia and low pH in
the TME may promote regulatory T cell (T eq) development and recruitment and drive
tumor-associated macrophages to their suppressive form (7, 8). Therefore, targeting the
tumor vasculature represents a major effort for the development of cancer therapy.

The vascular endothelial growth factor (VEGF) family represents one of the most well-
validated signaling pathways in tumor angiogenesis (9). In addition to driving angiogenesis,
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excessive VEGF promotes permeability in vasculature and leads to chaotic, leaky blood
vessels in tumors (10). VEGF inhibitors, including monoclonal antibodies (mAbs) or
targeting small molecules, were believed to suppress tumor angiogenesis, but several studies
have also shown that low doses of anti-VEGF receptor (VEGFR) therapy can normalize
immature, leaky tumor blood vessels (11, 12). Distinct from the inhibition of angiogenesis,
vascular normalization promotes the formation of a functional vascular network in tumors,
reverses hypoxia and increases vascular perfusion (13, 14), and enhances immune cell
infiltration within tumors (15). A positive feedback loop between vascular normalization and
T cell-mediated immunotherapy exists, as interferon-y (IFN-y) produced by intratumoral

T cells increases the expression of adhesion molecules on the endothelium for immune

cell infiltration (16). VEGF blockade improves the efficacy of immunotherapy including
vaccines, anti-programmed death 1 (PD1)/PD-L1 mAb therapy (anti-PD therapy), and
adaptive cellular therapy (17) in a variety of preclinical tumor models. Improved clinical
outcomes have been observed using a combination of VEGF inhibitors and anti-PD therapy
in several cancer types, including endometrial cancer (18), renal cell cancer (19), non-small
cell lung cancer (20), ovarian cancer (21), and hepatocellular carcinoma (22).

Because VEGF signaling is essential for normal tissue vascular angiogenesis, VEGF
inhibitors in cancer therapy is often associated with hypertension and nephrotoxicity (23,
24). We reasoned that excessive VEGF signaling in tumors activates distinct downstream
pathways to promote vascular abnormalities. If this is the case, then it would be beneficial
to identify pathways underlying tumor vascular abnormalities, which may not be essential
for normal tissue vessel homeostasis (25). Here, we compared gene expression profiles

in tumors under the treatment of VEGF inhibitors (26-28). We identified CD93 as a
candidate receptor that was down-regulated in the setting of VEGF inhibition and a potential
target that mediates vascular normalization. CD93—a C-type lectin transmembrane protein
primarily expressed in endothelial cells (ECs), immature B cells, and monocytes—has been
widely reported to play important roles in vascular angiogenesis (29-31). Using a genome-
scale receptor array system (GSRA) (32), we identified insulin-like growth factor binding
protein 7 (IGFBP7), an extracellular matrix (ECM) protein on tumor vasculature, as a ligand
for CD93. These findings permitted further exploration of the mechanisms of action and
manipulation of this pathway to improve cancer therapy.

CD93 on tumor vasculature is up-regulated by VEGF

To identify new targets that could be responsible for VEGF inhibitor— induced vascular
normalization, we studied gene expression profiles in tumors under the treatment of VEGF
inhibitors in vivo from four recently published gene expression datasets (26—28). Among
them, three databases were from human tumor xenograft models, whereas the fourth was
from a transgenic mouse model of pancreatic neuroendocrine tumors (PNETS) (table S1).
We identified genes that were consistently reduced across multiple datasets with a cutoff
log, fold change < —0.5. We identified 11 genes whose expressions were greatly reduced
by VEGF inhibitors in at least three datasets (fig. S1A). We selected five candidate genes
known to be up-regulated in tumor ECs and tested their roles in angiogenesis using a tube
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formation assay with human umbilical vein ECs (HUVECSs). Among them, knockdown
of CD93 genes led to the greatest reduction in tube formation (fig. S1B), confirming a
proangiogenetic role for CD93 in ECs.

CD393is one of the top genes in a previously reported human primary tumor angiogenesis
gene signature (26), and CD93 overexpression in tumor vasculatures has been observed in
many solid tumors (29, 33). Immunohistochemistry staining indicated that CD93 protein
was up-regulated in pancreatic adenocarcinoma (PDA) and PNET, the two main tumor types
in the pancreas (fig. S1C). Immunofluorescent (IF) staining of human kidney cancer, head
and neck cancer, and colon cancer revealed that CD93 was mainly expressed in tumor
vasculature (fig. S1D). Supporting that, analysis of published single-cell RNA sequencing
(scCRNA-seq) datasets of multiple human tumor tissues revealed that ECs are the primary cell
type expressing CD93 (fig. S1E).

We also evaluated CD93 expression in mouse normal tissues and tumors. Surface CD93

in mouse aortic ECs (MAECs) was negligible, but its expression could be up-regulated by
incubation with mouse VEGF-A, confirming that VEGF signaling directly regulates CD93
expression (fig. S1F). In normal mouse pancreas and skin, blood vessels express very low
CD93; CD93 in tumor vasculature was substantially increased in an orthotopic murine PDA
model, using a mouse tumor line derived from the LSL-KrasG2D/*: [ SL - Trp53R172H/*:
Pdlx-1-Cre (KPC) mice (34), and in a subcutaneous B16 melanoma model (fig. S1, G and
H). Together, our results indicate that CD93 is selectively up-regulated in tumor vasculature
that may be due to VEGF exposure in the TME.

CD93 antibody normalizes tumor vasculature and suppresses tumor growth in mice

To evaluate the possible effect of CD93 in vivo, we generated a mAb [clone 7C10, rat
immunoglobulin G (IgG)] against mouse CD93 (mCD93) by immunizing a rat with mouse
CD293 fusion protein. The specificity of 7C10 was validated by its specific interaction with
mCD93-expressing human embryonic kidney (HEK) 293T cells (fig. S2A), with affinity
measured at dissociation constant (Ky) = 2.524 x 10710 M (fig. S2B). 7C10 stained CD11b*
monocytes in peripheral blood from wild-type (WT) but not CD93~/~ mice (fig. S2C).
When the antibody was intraperitoneally injected into mice with established B16 tumors,
7C10 strongly stained tumor vasculature of WT but not CD93~/~ mice (fig. S2D), further
supporting its specific binding to mCD93.

When we administrated this CD93 mAb into WT B6 mice implanted with KPC tumor cells,
7C10 alone was able to reduce KPC tumor growth by about 60% (Fig. 1A). Treatment

with anti-CD93 mAb also inhibited the progression of subcutaneous B16 melanoma in mice
(Fig. 1B). IF staining of KPC tumor tissues did not show a clear change in CD31" vessel
density upon anti-CD93 treatment (Fig. 1C). Pericytes and vascular smooth muscle cells
supporting the endothelial layer of blood vessels play key roles in blood vessel maturation
and function (35, 36). Upon anti-CD93 treatment, there was an about fourfold increase

in the percentage of pericyte-covered blood vessels, based on costaining of neural/glial
antigen 2 (NG2) and CD31, compared to control tumors (Fig. 1D). In line with this
observation, there were about four times as many blood vessels with a—smooth muscle
actin (aSMA)-positive staining within 7C10-treated tumors (Fig. 1E). We isolated tumor
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ECs and performed RNA-seq to investigate genome-wide expression changes in response

to the treatment of anti-CD93. Many of the genes affected by anti-CD93 were functionally
related to cell adhesion, angiogenesis or vasculature development, including bc/-2 and 19-
kDa interacting protein-3 (BNIP3) (37), MAF bZIP transcription factor A (MAFA) (38),
hydroxymethylglutaryl (HMG)—-CoA synthase 2 (HMGCS2) (39), aldehyde dehydrogenase
1 family member A3 (ALDH1A?3) (40), secreted frizzle-related protein 2 (SFRP2) (41),

and GATA binding protein 1 (GATAI) (Fig. 1F) (42). Gene Ontology analysis confirmed
that the transcriptomic changes by anti-CD93 treatment were mainly related to biological
pathways of angiogenesis, cell adhesion, or vasculature development (Fig. 1G). We validated
changes in gene expression by quantitative polymerase chain reaction (QPCR) (Fig. 1, H and
1). The up-regulations of BNIP3, ALDH1A3, and MAFA proteins in tumor vasculature by
anti-CD93 were able to be further confirmed by IF staining (fig. S3A).

Next, we examined whether the structural changes in tumor vasculature in response to
CD93 blockade could translate into functional improvements. The KPC tumor-bearing mice
mentioned above underwent 1 week of antibody treatment before receiving intravenous
injection of fluorescein isothiocyanate—lectin (FITC-lectin) or FITC-dextran. We found that
in control (untreated) tumors, only a few blood vessels located at the edge of the tumors
were FITC positive, whereas in tumors treated with 7C10, most vessels in both the center
and at the edge of the tumor were stained with FITC-lectin. Overall, there were more than
threefold more perfused blood vessels (FITC-lectin positive) in 7C10-treated tumors than in
the control (Fig. 1J). Consistently, anti-CD93 treatment reduced the leakage area (dextran
positive) of tumors by about 50% (Fig. 1K). Treatment with anti-CD93 also improved tumor
vascular maturation and increased blood perfusion in B16 melanoma mice (fig. S3, B and
C).

CD93 is also expressed on several immune cell types, including monocytes, immature B
cells, and platelets (43). To further support that the CD93 mADb targets blood vessels, we
constructed CD93 chimeric mice by reconstituting lethally irradiated WT B6 mice with
bone marrow (BM) cells from CD93~~ mice. When we inoculated chimeric mice with B16
tumors, tumor growth was similar between mice reconstituted with CD93~/~ BM cells and
control mice reconstituted with WT BM cells, implying a nonessential role of hematopoietic
CD93 on antitumor response. Treatment with CD93 mAb inhibited tumor growth in both
mice to a similar extent, further supporting that anti-CD93 likely works to target CD93 on
tumor vasculature (Fig. 1L).

We attempted to exclude the possible impact of reduced tumor size by anti-CD93 on

tumor perfusion and hypoxia. We injected FITC-lectin and pimonidazole to compare tumor
vasculature between control tumors implanted for 6 and 10 days and CD93 mAb-treated
tumors implanted for 10 days. Tumor sizes were comparable between the 6-day control
group (control D6) and the 10-day anti-CD93 group (anti-CD93 D10). Only about 25 to
30% of tumor vasculature in control groups stained for FITC-lectin, whereas more than
60% of blood vessels in anti-CD93-treated tumors were FITC-lectin—positive (fig. S3D);
consistently, anti-CD93 treatment reduced tumor hypoxia from 20% pimonidazole staining
in control groups to 10% in anti-CD93-treated tumors (fig. S3D).
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We compared the vascular effects between the anti-CD93 and VEGFR2 mAb (clone
DC101), a mAb commonly used to block VEGF signaling in mice (11). In the KPC tumor
murine model, CD93 and VEGFR?2 antibodies exhibited comparable antitumor activity (fig.
S4A). Both antibodies led to tumor vascular maturation, whereas only the treatment of
VEGFR2 mAb displayed anti-angiogenetic effect to markedly reduce blood vessels within
tumors (fig. S4B). We further treated naive healthy mice with antibodies to evaluate for
potential vascular changes in healthy tissues. The treatment of anti-CD93 revealed no clear
effect on tissue blood vessels; however, a similar treatment with anti-VEGFR2 systemically
inhibited normal vascular homeostasis in many healthy tissues and organs (fig. S4C), which
is consistent with a previous report (44). In a skin wound healing mouse model, CD93 mAb
did not interfere with vascular angiogenesis to slow down wound healing, which was in
sharp contrast to anti-VEGFR2 (fig. S4, D to F). These results support that targeting CD93
by mAb in vivo have a minor anti-angiogennic effect compared to anti-VEGF/VEGFR
drugs.

IGFBP7 is a ligand for CD93

IGFBP7 and

To facilitate our research into CD93, a GSRA system was used to search for a counter-
receptor to CD93. The GSRA is a high-throughput gene expression system with the capacity
to display thousands of transmembrane and secreted proteins to study protein-protein
interactions (32). IGFBP7, a secreted protein of the IGFBP family, was the only positive

hit out of ~6600 human transmembrane and secreted proteins in the library (Fig. 2A).

We confirmed their specific interaction by flow cytometry; as expected, the addition of a
human CD93 mAb or IGFBP7 mAb markedly reduced the binding of IGFBP7 protein to
CD93-transfected HEK293T cells (Fig. 2B). Recombinant IGFBP7 protein bound HUVEC
cells positively and the CD93 mAb completely eliminated this binding activity (Fig. 2C),
demonstrating that CD93 mediates the binding of IGFBP7 to HUVEC cells. Affinity
measurement of the IGFBP7/CD93 interaction by microscale thermophoresis (MST) showed
a Ky value at 53.13 + 20.19 nM (Fig. 2D). When we screened a library containing about
5600 transmembrane proteins with IGFBP7 protein, CD93 was the only identified binding
partner for IGFBP7, further demonstrating the specific interaction between CD93 and
IGFBP7 (fig. S5, A and B). Human and mouse CD93 proteins share about 70% amino acid
sequence identity, whereas IGFBP7 protein is relatively more conserved (90% amino acid
sequence identity between human and mouse). The interaction between CD93 and IGFBP7
was conserved in mouse, and this binding could be blocked by an anti-mouse IGFBP7 mAb
(clone 2C6) or an anti-mouse CD93 mAb (clone 7C10) (Fig. 2E), which we used in the in
vivo studies mentioned above. Thus, our results suggest that CD93 mAb 7C10 executes its
effect in the tumor vasculature by blocking the IGFBP7/CD93 interaction.

multimerin-2 interact with different domains of CD93

In addition to IGFBP7, multimerin-2 (MMRNZ2), an ECM protein that happens to be absent
in our GSRA library (32), is another known ligand for CD93 (45, 46). Unlike MMRNZ2
that binds multiple members of the group 14 C-type lectin family, IGFBP7 interacted with
CD93 only (fig. S5C). Knockdown of IGFBP7 in HUVEC cells did not reduce surface
CD93 expression (fig. S5D), which is different from MMRN2, whose interaction stabilizes
cell surface CD93 by protecting it from cleavage (31). MMRN2 and IGFBP7 did not
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compete for CD93 binding, because the addition of IGFBP7 did not interfere with the CD93
binding by MMRN2 (Fig. 2F) and vice versa (Fig. 2G). In an enzyme-linked immunosorbent
assay (ELISA) assay, the preincubation of CD93 protein in IGFBP7-coated wells led to

the binding of MMRNZ2 (Fig. 2H), suggesting that CD93 can bind to its two ligands to

form a complex together. When we examined the binding of these two ligands to mouse
CD93 proteins with various point mutations, two mutants within the long loop region of the
C-type lectin-like domain (CTLD) of CD93 (C103S and C135S) lost binding to MMRN2
(45) but still bound to IGFBP7 (fig. S5E). To specify the binding site on CD93 for IGFBP7
binding, we generated two chimeric proteins by exchanging the CTLD domain between
CD93 and CD141; both chimeric molecules minimally interacted with IGFBP7, suggesting
that both the CTLD domain and the non-CTLD fragment of CD93 are required for IGFBP7
interaction (fig. S5F). We made several truncated CD93 proteins to further determine the
binding site for IGFBP7; as shown in Fig. 21, IGFBP7 binding to CD93 required the

first two epidermal growth factor (EGF)-like domains. Our mouse CD93 antibody 7C10
happened to bind the CTLD domain of CD93 (Fig. 2I) and was able to block the CD93
binding by MMRN2 (Fig. 2J).

IGFBP7 contains an IGF-binding (IB) domain at its N terminus, a Kazal-type serine
proteinase inhibitor domain (Kazal) in its central region, and an Ig-like C2-type (1gC2)
domain at its C terminus (47). To investigate the binding interaction between IGFBP7 and
CD93, we generated a series of chimeric proteins by replacing each domain of IGFBP7 with
a corresponding portion from IGFBPL1 (48), an IGFBP-related protein that does not bind
CD93. Chimeric IGFBP7 proteins with the replacement of the IB domain lost the ability

to bind CD93* 293T cells, whereas replacement of the Kazal or IgC2 domain had either
minimal or no effect (Fig. 2K). These results demonstrated that the IB domain of IGFBP7
mediates the interaction to CD93. No IB-containing human proteins other than IGFBP7
could interact with CD93 (fig. S5G). Therefore, the IB domain of IGFBP?7 is specific for the
interaction with CD93.

IGFBP7 expression in tumor vasculature can be induced by hypoxia and VEGF

We analyzed IGFBP7 expression in tissue samples from patients with PDA by IF staining.
In adjacent normal pancreas tissues, few blood vessels had detectable IGFBP7 protein;
CD31 staining was scarce in human PDA tissues. However, there were over twice as

many blood vessels that were IGFBP7 positive in PDA compared to adjacent normal
pancreas (Fig. 3A). Likewise, analysis of The Cancer Genome Atlas (TCGA) and the
Genotype-Tissue Expression (GTEX) datasets revealed that /GFBP7transcription was
greatly up-regulated in human PDA (fig. S6A). /GFBP7 gene expression in PDA correlated
well with EC signature genes, supporting /GFBP7 as a gene enriched in tumor-associated
ECs (fig. S6B). Meta-analysis of an online endothelial cell database (EndoDB) (https://
endotheliomics.shinyapps.io/endodb/) further supported that /GFBP7 is up-regulated in
tumor-associated ECs (fig. S6C). IGFBP7 protein was barely detectible in blood vessels

of normal human tissues; however, its expression in the vasculatures of tumor tissues was
markedly up-regulated (fig. S6D). As exemplified in a head and neck cancer tissue (Fig.
3B), IGFBP7 was strongly expressed on blood vessels within the tumor tissue, but not those
vessels adjacent to the tumor. In mouse tumor tissues, including orthotopically implanted
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KPC tumors and subcutaneous B16 tumors, we observed up-regulation of IGFBP7 in the
tumor vasculature (fig. S6E). Thus, our results support that IGFBP7 is up-regulated in the
tumor vasculature.

Blood vessels within the center of implanted mouse KPC tumors expressed higher
concentrations of IGFBP7 compared to those around the edge of the tumor (fig. S6F),

and blood vessels within hypoxia-inducible factor-1a (HIF-1a)—positive tumor areas tended
to express higher concentrations of IGFBP7 (fig. S6G). These implied that IGFBP7 up-
regulation could be caused by hypoxia within the tumor. We therefore cultured ECs in
dimethyloxalylglycine (DMOG) to mimic hypoxic conditions. We found that HUVEC cells
cultured in DMOG increased HIF-1a and had higher IGFBP7 protein expression (Fig. 3C).
The /GFBP7 gene does not have a clear hypoxia response element (49) in the promoter
region. We reasoned that hypoxia-induced VEGF, a strong inducer of IGFBP7 in ECs (50),
could be responsible for IGFBP7 up-regulation. Inclusion of a mouse VEGFR2-blocking
mAb completely prevented DMOG-induced IGFBP7 expression in mouse ECs (Fig. 3D).
Analysis of the scRNA-seq data (GSE110501) from a xenograft colon cancer mouse model
(51) revealed that /GFBP7 transcription was inhibited in tumor ECs by aflibercept, a VEGF
inhibitor (fig. S6H). Together, our results support that IGFBP7 is a hypoxia-induced ECM
protein in tumor vasculature that may be up-regulated by VEGF signaling.

IGFBP7 promotes EC angiogenesis via CD93

IGFBP7, also known as angiomodulin or MAC25, has been shown to promote EC
angiogenesis (50, 52). The knockdown of /GFBP7 gene expression inhibited tube formation
in HUVEC cells (fig. S7A). We transfected HUVEC cells with CD93 small interfering

RNA to knockdown CD93 as an in vitro model to test the effect of IGFBP7. As expected,
the addition of exogenous IGFBP7 protein increased WT HUVEC cell tube formation and
migration. However, in the CD93-knockdown HUVEC cells, IGFBP7 protein lost its ability
to promote tube formation (fig. S7B) and EC migration (fig. S7C). Thus, our studies indicate
that CD93 mediates the proangiogenic effect of IGFBP7 on ECs.

To test the effect of IGFBP7 on tumor growth and tumor vasculature in vivo, we used

a mouse IGFBP7 mAb (clone 2C6), which blocks the binding of IGFBP7 to CD93 (Fig.

2E and fig. S7, D and E). Administration of anti-lIGFBP7 inhibited murine KPC tumor
growth by more than 40% relative to the control (fig. S7F). The same IGFBP7 mAb

did not further improve antitumor response by anti-CD93 (fig. S7G), suggesting that the
IGFBP7 and CD93 antibodies might target the same pathway. IF staining of tumor tissues
revealed that IGFBP7 blockade did not affect the density of CD31* blood vessels (fig. S7H).
Similar to the CD93 mADb, anti-IGFBP7 improved NG2* pericyte coverage of blood vessels
(fig. S71) and increased a SMA-positive blood vessels within tumors (fig. S7J). Treatment
with anti-IGFBP7 increased platelet-derived growth factor receptor § (PDGFRB)* pericyte
coverage on tumor vessels (fig. S7K) while reducing angiopoietin-2 (Ang2)—positive vessels
(fig. S7L), which were commonly observed in studies of vascular maturation (14, 53, 54).
Integrin B1 activation leads to EC destabilization and is involved in Ang2-triggered vascular
permeability (55) and CD93-mediated fibronectin fibrillogenesis (31). Tumor tissues from
mice treated with 2C6 mADb displayed a reduction of f1 integrin activation by more than
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50% (fig. S7TM), further supporting that anti-IGFBP7 affects CD93-mediated signaling
to normalize tumor vasculature. Our results support that blockade of the IGFBP7/CD93
interaction promotes vascular maturation and attenuates tumor growth.

Blockade of the CD93 pathway improves chemotherapy

We then tested whether blockade of the CD93 pathway could promote drug delivery

as a result of vascular normalization. In the KPC mouse model, we tested the delivery

of doxorubicin, an anthracycline chemotherapeutic with intrinsic fluorescence (29), after
treatment with anti-CD93. Mice were intravenously injected with doxorubicin 20 min
before sacrificing; at the same time, mice were administrated with pimonidazole to evaluate
tumor hypoxia. Greater penetration of doxorubicin into tumors was observed in CD93
mADb-treated mice; in conjunction, hypoxia in tumors was reduced by anti-CD93 (Fig. 4A).
In addition to increased drug delivery, treatment with anti-CD93 improved the antitumor
efficacy of gemcitabine in KPC tumors (Fig. 4, B and C), as demonstrated by analyzing
tumor cell proliferation and apoptosis based on Ki-67 and cleaved caspase 3 (CC3) staining,
respectively (Fig. 4D). In the B16 tumor mouse model, the combination of 5-fluorouracil
(5-FU) and CD93 mAb was able to substantially inhibit tumor growth (Fig. 4E) and extend
the survival of mice (Fig. 4F). CD93 blockade also enhanced 5-FU-induced suppression

of B16 tumor proliferation and 5-FU—-triggered tumor apoptosis (Fig. 4G). Together, our
experiments demonstrate that CD93 blockade reduces hypoxia and promotes drug delivery.

CD93 blockade increases immune cell infiltration to inhibit tumor progression

Normalization of tumor vasculature enhances immune cell trafficking into the tumors, which
may be due to up-regulated adhesion molecules (11, 14, 56). Anti-CD93 treatment increased
ICAML1 expression on tumor blood vessels in subcutaneous KPC and B16 murine tumor
models (fig. S8, A and B). IF staining of the KPC tumors revealed that anti-CD93 triggered
a two- to threefold increase of CD3™ T cells compared to untreated mice on days 8 and

15 (Fig. 5, A and B); both CD4* and CD8" T cells were increased within tumors treated
with anti-CD93 (fig. S8C). Treatment with IGFBP7 blocking mAb (2C6) also exhibited an
increase in intratumoral CD3* T cells in KPC tumors (fig. S8D). Flow cytometry analysis
of immune cell compositions revealed that anti-CD93 substantially increased the percentage
and density of CD45* leukocytes in tumors (Fig. 5, C and D). Detailed cell type analysis
indicated that both CD4* and CD8* T cell subsets, as well as natural killer (NK) and

NK T (NKT) cells, were increased in CD93 mAb-treated tumors (Fig. 5D); in contrast,

the densities of myeloid-derived suppressor cells (MDSCs) within tumors, including both
granulocytic MDSCs (gMDSCs) and monocytic MDSCs, were reduced by anti-CD93 (Fig.
5D). The CD3* T cell compartment, particularly CD8* T cells, was proportionally increased
in CD93 mAb-treated tumors (fig. S8E); consistently, anti-CD93 increased proportions of
IFN-y* and tumor necrosis factor-a™ (TNF-a*) CD8* T cells within tumors (Fig. 5E).
Although anti-CD93 did not alter the percentage of the CD4* T cells within the CD45* cell
compartments (fig. S8E), the treatment of anti-CD93 reduced the proportion of Foxp3* Treg
cells in CD4* T cells (Fig. 5F). Concurrently, anti-CD93 increased high endothelial venule
(HEV)-like structures within the tumor (Fig. 5G), which could contribute to increased
intratumoral T cells by vascular normalization (57). We observed a similar effect of anti-
CD93 on promoting CD3* T cell infiltration in B16 melanoma (Fig. 5H). The vascular effect
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of anti-CD93 on increased T cell infiltration was further supported by the tumor study in
CD93 chimeric mice in which B16 tumors in WT mice reconstituted with CD93~~ BM

cells were still responsive to the treatment of anti-CD93 (Fig. 1J), displaying increased
intratumoral T cells similar to those reconstituted with WT BM cells under treatment

with CD93 mADb (fig. S8F). We examined the effect of anti-CD93 on T cell migration

in a nontumor model in which WT B6 mice were immunized with chicken ovalbumin

(OVA) right after adoptively transferred with naive CD8* T cells from OVA-specific T cell
receptor transgenic mice (OT-1). Treatment with anti-CD93 did not alter the distribution or
proliferation of transferred OT-1 T cells at the immunization site, draining the lymph node or
spleen (fig. S8, G and H).

We further demonstrated that retarded tumor growth by CD93 blockade requires the
immune system. Treatment with anti-CD93 did not inhibit the growth of KPC tumors

in immunodeficient non-obese diabetic (NOD)/severe combined immunodeficient NOD.Cg-
Prkdcseid]f2rgf™IWilSz3 (NSG) mice (fig. S9, A and B). However, there was improved
vascular maturation in tumors treated with anti-CD93 mAb (fig. S9C), suggesting that
vascular maturation itself by CD93 blockade does not affect tumor progression. We used
depleting antibodies to further dissect the respective role of each immune cell type in anti-
CD93-triggered antitumor immunity. The depletion of CD8* T cells by mAb throughout
anti-CD93 treatment completely abrogated the effect of anti-CD93 on tumor growth
inhibition; the removal of CD4* T cells slightly reduced the antitumor effect by anti-CD93
whereas NK cells had minimal effect (Fig. 51). However, CD8* T cell depletion did not
disrupt the effect of vascular maturation by anti-CD93 (fig. S9D), supporting that tumor
vascular maturation by CD93 blockade is independent of antitumor immunity. Moreover, the
depletion of CD8* T cells had no effect on the infiltration of CD4* T cells or NK cells in
anti-CD93—treated tumors, suggesting that improved tumor vascular functions by anti-CD93
directly contribute to the increases of these immune cells within tumors (fig. S9E). Together,
our results support that blockade of the CD93 pathway improves tumor vascular functions to
promote T cell infiltration and antitumor immunity.

CD93 blockade facilitates cancer immunotherapy

PD-L1 expression can be up-regulated in tumor tissues in response to IFN-vy as a result

of T cell activation (58). We reasoned that PD-L1 induction may be responsible for a
limited antitumor effect of anti-CD93 therapy. We observed an up-regulation of PD-L1
expression on tumor tissues upon anti-CD93 treatment (Fig. 6A). Besides CD31* tumor
ECs, we observed increases of PD-L1 expression in both tumor cells and CD45* leukocytes
in anti-CD93-treated tumors compared with controls (Fig. 6B).

Increased intratumoral T cells and PD-L1 up-regulation by anti-CD93 prompted us to
investigate whether blockade of the CD93/IGFBP7 interaction could facilitate cancer
immunotherapy on the basis of immune normalization of the TME (59). Whereas the
treatment with anti-CD93 or anti-PD1 mAb alone partially retarded KPC tumor growth,

a combination of CD93 and PD1 mAbs profoundly inhibited tumor growth in mice (Fig.
6C). As a result, tumor weights in the combination group were reduced to only about 20%
of the control group, and 3 of 10 mice in the combination group experienced complete
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regression (Fig. 6D). Analysis of immune cells within the tumors by combinatory therapy
indicated substantially increased numbers of CD45" immune cells, including both CD3™*
and CD8* T cells, whereas the number of gMDSCs was reduced (Fig. 6E). Similarly, in

the B16 melanoma mouse model, the inclusion of anti-CD93 improved the antitumor effect
mediated by immune checkpoint blockers (ICB; PD1 and CTLA4 mADbs), as revealed by
tumor growth (Fig. 6F) and mouse survival curves (Fig. 6G). The enhanced antitumor
immunity by the combination of CD93 blockade and ICB was further verified by increased
T cell infiltration within the tumors (Fig. 6H). Together, our results support that blockade of
the CD93 pathway can sensitize tumors to ICB therapy.

Enrichment of the IGFBP7/CD93 pathway in human cancers resistant to anti-PD therapy

We next examined gene expressions of /GFBP7and CD93in patients with cancer under
anti-PD therapy. In a phase 2 trial of patients with metastatic urothelial cancer receiving
atezolizumab (anti-PD-L1 mAb) treatment (60), baseline expression of /GFBP7and CD93
was higher in tumor tissues from nonresponders compared to tissues from responders (fig.
S10A). In addition, in a small cohort of patients with metastatic melanoma under anti-PD1
treatment (61), baseline /GFBP7 expression tended to be lower in patients who were
responsive to anti-PD1 therapy compared to patients who did not benefit (fig. S10B). In
summary, the IGFBP7/CD93 pathway in the TME may contribute to cancer resistance of
anti-PD therapy in humans.

DISCUSSION

In this study, we have identified and characterized a previously unknown IGFBP7/CD93
interaction and demonstrated that this pathway contributes to abnormal tumor vasculature.
Our findings further support that CD93 blockade can be a feasible approach for vascular
normalization to facilitate cancer therapies. However, our study has several limitations.
We conduct our experiments in two implanted mouse tumor models only; therefore, a
spontaneous mouse tumor model to better mimic the human TME could be valuable. In
addition, our analyses of tumor vasculature are done histologically at limited time points,
which is subjective and incomplete. Advanced technology in imaging of live animals is
needed to better record tumor vascular dynamics in response to CD93 blockade. Last, our
clinical investigation of the impact of the CD93 pathway on ICB therapy in cancer remains
limited.

Our studies provide a better understanding of the biological functions of IGFBP7. IGFBP7
was shown to be released from cancer cells and to act as a tumor suppressor that triggers
tumor apoptosis and suppresses angiogenesis (62); IGF1R was proposed as the receptor

and IGFBP7 binding disrupted the interaction between IGF1 and IGF1R to inhibit the
expansion and aggressiveness of cancer stem-like cells (63, 64). On the other hand, IGFBP7
was shown to be up-regulated in tumor blood vessels and was capable of promoting
vascular angiogenesis (50, 65). In addition to IGF1R, IGFBP7 has been shown to bind
avp3 (50), type IV collagen (66), and heparin sulfate (67). The functional outcome of

these interactions is not well understood, but given the adhesion nature of these molecules
because of carbohydrate involvement (68, 69), a proposed role of these interactions may
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be to retain IGFBP7 protein in the ECM. Our studies support that CD93 is the main

receptor for the function of IGFBP7 on ECs. First, CD93 mediates both the binding and
angiogenetic functions of IGFBP7 on ECs. Second, the interaction between CD93 and
IGFBP7 is conserved between species and is specific with high affinity. Third, CD93 is the
only cell surface binding partner that we found for IGFBP7 in our search from an array of
more than 5000 surface proteins. Fourth, IGFBP7 mAb has functions similar to that of CD93
mADb in tumor vascular maturation and in facilitating immune cell infiltration. Last, IGFBP7
blocking mAb did not further increase the antitumor effect by anti-CD93, supporting that
these two antibodies act on an overlapped pathway.

In addition to IGFBP7, MMRN2 was found recently to be a ligand for CD93 (45, 46).
MMRN?2 is also an ECM glycoprotein primarily expressed by ECs, and its expression is
up-regulated by VEGF signaling (26, 27). MMRN2 and IGFBP7 do not compete each

other for CD93 binding and our ELISA result indicated that they can form a heterotrimeric
complex in vitro. Our CD93 mAb used for mouse tumor models happens to block CD93
binding to both ligands. It remains to be determined whether MMRN2 and IGFBP7 rely on
each other or work independently to modulate EC functions via CD93. Further research into
the respective roles for these two similar but nonredundant CD93 ligands in CD93-mediated
EC functions is warranted.

Although CD93 blockade by mAb and genetic ablation both lead to tumor growth inhibition,
detailed mechanisms can be different. In CD93~/~ mice, tumor vasculature appears to be
more permeable and less perfused and the antitumor mechanism may at least, in part, be
related to vascular dysfunction (29, 31). In contrast, the treatment of CD93 mAb leads

to better tumor vascular maturation and functions. This difference may be due to the fact
that CD93 is completely lost in CD93~/~ mice, whereas the ablation of CD93 signaling

by a blocking antibody is transient and relatively incomplete. The antibody blockade may
therefore lead to a normalization of CD93 signaling, because the expression of the CD93
pathway is considerably higher in tumor vessels than in the normal vasculature. This is very
important to tumor vascular modulation: For example, different dosages of anti-VEGFR had
different vascular effects on tumor vasculature (high dose of VEGFR mAb is antiangiogenic,
whereas low dose of anti-VEGFR leads to vascular normalization) (11). Last, CD93 might
have ligand-independent functions our CD93 blocking mAb does not disrupt; for instance,
soluble CD93 (EGF-like domain) itself has potent angiogenic activities (70).

Our results imply that the IGFBP7/CD93 axis could be a safer therapeutic target for

tumor vascular normalization, compared to VEGF inhibition. The CD93 pathway is highly
enriched in the TME, as both IGFBP7 and CD93 are selectively up-regulated on tumor
blood vessels in mouse and human tumors. Blockade of the CD93 pathway mainly led to
improved vascular function, rather than an anti-angiogenic effect in the TME. CD93 mAb
blockade had no clear effect on the vasculature in healthy organs, whereas an anti-VEGFR
mAb markedly interfered with normal blood vessel homeostasis. Consistently, blockade
of CD93 had no visible effect on vascular angiogenesis during wound healing, which is

in sharp contrast to anti-VEGFR. The mild phenotypes observed in CD93~/~, IGFBP7/~,
and MMRN2~~ mice would further suggest that targeting this pathway can be safer than
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targeting the VEGF/VEGFR pathway (71-73). Together, our findings support that targeting
the CD93 pathway may be a safe and durable approach to improve tumor vascular functions.

MATERIALS AND METHODS

Study design

This study was designed to investigate the role of the CD93/IGFBP7 interaction in tumor
vasculature. Antitumor activity, vascular functions, and immune responses were evaluated

in several mouse tumor models. This study was performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee at the University of
Colorado Anschutz Medical Campus or the Uppsala County regional ethics committee (Dnr.
5.8.18-19429-2019). Animals with palpable tumors were randomly assigned to experimental
groups such that mean tumor volumes were similar in each group to avoid biased results;
however, experimenters were not blinded. Five to 10 animals per group were typically used
for antitumor efficacy studies and analyses of tumor vasculature or immune cells. Figure
legends contain information for sample sizes, experimental replicates, and statistical tests
used.

Human tissues

Human pancreatic cancer and adjacent normal pancreas tissues were obtained from patients
who underwent surgery at the University of Colorado Hospital according to an Institutional
Review Board—approved protocol and patient consent. Other human cancer specimens were
obtained from the Tissue Biobanking and Histology Shared Resource at the University of
Colorado Cancer Center (UCCC).

Fusion proteins and antibodies

Expression constructs for IGFBP7 and CD93 fusion proteins were generated by cloning
IGFBP7 and the extracellular domains of CD93 into a pmIgV expression vector, which
contains the constant region of mouse 1gG2a. Fusion proteins were expressed by transiently
transfecting 293-F cells via 293fectin (Thermo Fisher Scientific), and fusion proteins were
purified using a Protein A Sepharose column according to the manufacturer’s instruction
(GE Healthcare). A hybridoma for rat anti-mouse CD93 mAb (clone 7C10) was generated
by fusing SP2 myeloma with B cells from a rat immunized with mouse CD93-lg. Hamster
anti-mouse IGFBP7 mAbs (clones 2C6 and 6F1) were generated from hybridomas derived
from the fusion of SP2 myeloma with B cells from Armenian hamster immunized with
mouse IGFBP7-1g. Hybridomas were adapted and cultured in serum-free hybridoma media
(Life Technologies). Antibodies in supernatant were purified by HiTrap protein G affinity
column (GE Healthcare). Purified mAbs for in vivo usage—including anti-mVEGFR-2
(DC101), anti-mPD1 (RMP1-14), anti-mCTLAA4 (9D9), anti-mCD4 (GK1.5), anti-NK
(NK1.1), and anti-mCD8p (53-5.8)—were purchased from Bio X Cell. Human IGFBP7
mAb (R003) and human CD93 mAb (MMO01), obtained from Sino Biological, were used

to block human IGFBP7-CD93 interaction. Anti-HIF-1a antibody (D1S7W, Cell Signaling
Technology) and Human IGFBP7 mAb (R003) was used in Western blotting. Commercial
antibodies, if not listed, were purchased from BioLegend.
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Plasmids, chimeras, mutants, and transfection

The human cDNA library contained expression constructs coding about 5600
transmembrane proteins and 1000 secreted proteins, which were either purchased from
companies Genecopoeia and Open Biosystems or were individually cloned into the
pcDNAS3.1 (=) vector in the laboratory. The detailed gene list and screening method for
the GSRA were described previously (32). Human CD93-Fc was used to screen potential
ligands in the whole GSRA library. The human cDNA library with 5600 transmembrane
proteins was subsequently used to screen for possible surface receptors for IGFBP7. The
IGFBP7-IGFBPL1 chimeras were generated by two-step PCR and were constructed into
a fusion expression vector with Fc-tag. The chimeric proteins share the similar structure
and contain the domains from IGFBP7 and IGFBPL1 that were interchanged at different
cut sites. The supernatants were collected from individually transfected HEK293T cells
for downstream binding assay. Fusion protein constructs for CD93 mutants or truncates
were made by PCR and fused into pmlgV expression vectors containing the constant
region of mouse 1gG2a. All constructs were confirmed by sequencing. Lipofectamine 3000
kit (Invitrogen, L3000015) was used to perform transient transfection on HEK293T cells
according to the protocol of the manufacturer. Eighteen to 24 hours after transfection,
transfectants were collected for downstream analysis.

Flow cytometry

Staining and analysis of cell surface and intracellular molecules by flow cytometry followed
the protocol previously described (74). Intracellular staining of cytokines IFN-y and
TNF-a was conducted after 4-hour stimulation of phorbol 12-myristate 13-acetate (25
ng/ml; Sigma-Aldrich) and ionomycin (1 pg/ml; Sigma-Aldrich), with the presence of 2
UM monensin (BioLegend). Staining antibodies were purchased from BioLegend, if not
specified. Dead cells were excluded with Ghost Dye Red 780 (13-0865-T100, Tonbo
Biosciences). Flow cytometric analysis was conducted with BD FACSCalibur, Beckman
Coulter CytoFlex S, or BD LSRFortessa cell analyzer (BD Biosciences), and data were
analyzed by FlowJo software (Tree Star Inc.) The binding kinetics (Kg) of anti-CD93 7C10
antibody binding to CD93 were measured by flow cytometry staining of Chinese hamster
ovary (CHO) cells stably expressing mouse CD93.

MST experiment

IGFBP7 protein (R&D Systems, Minneapolis, MN) was labeled with a fluorescent dye
using a Monolith His-Tag Labeling kit, RED-tris-NTA 2nd Generation (NanoTemper
GMBH). From the 100 nM stock, sample was diluted into phosphate-buffered saline
(PBS) + 0.05% P20 to a concentration of 20 nM, loaded into Premium MST Capillaries,
and pretested for successful labeling and protein stability on a Monolith NT.115 Pico
Instrument (NanoTemper GMBH). A stock solution of 5.9 uM recombinant human CD93
protein (R&D Systems) was diluted twofold 16 times in PBS + 0.05% P20 to create a
dilution series spanning from 5.9 UM to 180 pM in range. IGFBP7 (20 nM) was added

to each concentration 1:1 such that each sample contains a final concentration of 10 nM
IGFBP7. Samples were loaded into MST Premium Capillaries and measured for MST on
the aforementioned instrument. Experiments were conducted with the PICO Red detector,
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a laser power of 20% and Medium MST power. This experiment was repeated once with
the same procedure for a total of two replicates. Data were analyzed using the MO Affinity
Analysis software (NanoTemper GMBH).

Gene expression analyses

Genes that were significantly down-regulated in tumors under the treatment of VEGF
inhibitors were selected from four different datasets: (i) RNA-seq of tumor tissues from
Col0205 colon cancer xenograft (28), (ii) microarray of tumor tissues from a transgenic
murine model (RIP-Tag2) of PNETS (27), (iii) microarray of tissues from human breast
carcinoma xenograft model (MDA-MB-231) (27), and (iv) microarray of tumor tissues from
U87-EV human glioblastoma xenograft (GSE37956) (26). The cutoff for selected genes
from each dataset is log, fold change < —0.5. We selected genes that were down-regulated in
at least three of the four datasets for further analysis (table S1).

To systemically examine /GFBP7 expression in tumor-associated ECs, we screened all the
tumor-related studies for /GFBP7transcription by searching keyword “tumor” in EndoDB
(75), an online database of EC transcriptomics data (https://endotheliomics.shinyapps.io/
endodb/). Studies eligible for this meta-analysis include datasets containing both normal
EC and tumor EC groups and normalized IGFBP7 transcriptomic data that are pooled from
different studies in which the EC origin, isolation protocol, and array methods are the
same. Meta-analysis was conducted by STATA software (version 14.0 with meta-analysis
pr0012 plugin) by using random effects analysis model and standard mean difference for
effect measurement. Published scRNA-seq data of human cancers about the cellular sources
of CD93 in tumors were derived from Tumor Immune Single-cell Hub (TISCH) at http://
tisch.comp-genomics.org.

Mouse tumor model

C57BL/6 mice at 6 to 8 weeks of age were purchased from the Jackson laboratory. The
CD93~/~ mouse was obtained from the Knockout Mouse Project (KOMP) Repository
(www.komp.org) or generated as described (72). Two mouse tumor cell lines were used for
implanted mouse tumor models: The KPC cell line, which is derived from LSL-KrasG12D/*:
LSL-Trp53R172H/*, poix-1-Cre (KPC) transgenic mice, was obtained from L. Zheng’s
laboratory at the Johns Hopkins University (34); B16 melanoma was originally obtained
from the American Type Culture Collection.

For the orthotopic KPC tumor model, 1 x 10° KPC cells suspended in 50 pl of Hanks’
balanced salt solution were inoculated into the tail of the pancreas under appropriate
anesthesia. Tumor tissues were harvested and analyzed 21 days after inoculation. For the
subcutaneous KPC model, KPC cells (4 x 10%) were subcutaneously injected into the

right flank of C57BL/6 mice or NOD.Cg-Prkdcs@1{2rgmIWi|Sz) (NSG) mice (the Jackson
laboratory). After tumors became palpable, mice were randomized into different treatment
groups on the basis of tumor volume, which was calculated as 1/2 x (length x width?).

To induce maximal blocking capacity without specific kinetics, we selected a saturated
procedure for therapeutic antibodies: 400 g per mouse (~20 mg/kg) was intraperitoneally
injected twice a week for up to a total of four treatments. Control mice were treated with
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the same amount of rat or hamster Ig. Tumor measurements were taken every 2 or 3 days
with a caliper. Mice were euthanized, and tumor tissues were excised for detailed analysis 8
to 15 days after the first treatment. Experiments for FITC-lectin perfusion and Hypoxyprobe
assay were performed at day 8 after the first treatment. For the combination therapy of PD1
(clone RMP1-14, Bio X Cell) and CD93 antibodies, mice with established KPC tumors were
started with the treatment of antibodies at twice a week for 2 weeks. To deplete NK, CD4",
or CD8* T cells, anti-NK1.1 (PK136), anti-mCD4 (GK1.5), or anti-mouse CD8 (clone
53-5.8) at 300 g per mouse was interperitoneally administered 1 day before the first CD93
mAD treatment and repeated at day 7 at a 200-pug dosage.

For the B16 tumor model, C57BL/6 mice were subcutaneously inoculated with B16
melanoma at 1 x 105 (Figs. 1 and 6) or 2 x 10° (Fig. 4) per mouse. Once tumors became
palpable, therapeutic antibodies at 400 pg per mouse were intraperitoneally injected twice
a week for a total of four treatments. CD93 chimeric mice were generated by transferring

2 x 108 BM cells from CD93~/~ or WT mice into lethally irradiated WT B6 mice [1100
rads (2 x 550 rads) using a gamma irradiator with cesium-137]. Chimeric mice were used
for tumor experiments 12 weeks after reconstitution. For the combination of anti-CD93 and
ICB therapy, mice with palpable tumors were treated with control (rat 1g), CD93 mAb,

ICB (anti-CTLA4 + anti-PD1 at 150 ug each), or CD93 mAb and ICB twice a week.
Tumor tissues were obtained for analysis 14 days after the first treatment. For the survival
study, mice with tumor volume exceeding 1200 mm?3 were euthanized for the calculation of
survival curve.

Immunohistochemistry and IF staining

The immunohistochemistry staining protocol has been described previously (76). Mouse
tissue samples were collected and frozen on dry ice using optimum cutting temperature
mounting fluid. The frozen blocks were sectioned at 7 um and mounted on glass

slides. The slides were fixed in acetone, blocked with 2.5% goat serum, incubated with
primary antibodies overnight at 4°C, washed and incubated with secondary antibodies

for 1 hour at room temperature, and counterstained with 4”,6-diamidino-2-phenylindole

for 10 min. The slides were then cleared and mounted. If not specified, then images

were taken by Nikon Eclipse TE2000-E upright microscope or Olympus FV1000 FCS
confocal laser scanning microscope (University of Colorado Anschutz Medical Campus,
Advanced Light Microscopy Core Facility) and analyzed using SlideBook software (\ersion
6, Intelligent Imaging Inc.) and ImageJ [Version 1.52 K, National Institutes of Health
(NIH)]. Primary antibodies used for immunostaining include anti-human IGFBP7 (R115,
Sino Biological), anti-human CD31 (JC/70A, Thermo Fisher Scientific), anti-human CD93
(HPA009300, Sigma-Aldrich), anti-mouse CD31 (390), anti-mouse CD3e (145-2C11), anti-
mouse CD45.2 (104), anti-mouse CD4 (RM4-5), anti-mouse CD8a (53-6.7), anti-mouse
ALDH1A3 (Abcam, ab129815), anti-mouse BNIP3 (Invitrogen, PA5-11402), anti-mouse
MAFA (Bethyl Laboratories, A300-611A), anti-mouse Ki-67 (16A8), anti-CC3 (D175,
Cell Signaling Technology), anti-mouse B7-H1 (10F.9G2), anti-mouse IGFBP7 (6F1), anti-
mouse CD93 (7C10) and anti-mouse CD54 (ICAM1, YN1/1.7.4), anti-mouse HEV marker
(MECAT9, 53-6036-82, Invitrogen), anti-mouse ANG2 (ab8452, Abcam), and anti-mouse
HIF-1a (D1S7W, Cell Signaling Technology). NG2 (Cy3-conjugated polyclonal antibody,
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AB5320C3, Millipore), aSMA (1A4, eFluor 660 conjugated, Invitrogen), and PDGFRpB
(14-1402-82, Invitrogen) staining were used for the evaluation of vascular surrounding
pericytes. Activated integrin f1 was stained with CD29 mAb (clone 9EG7) from BD
Pharmingen.

Hypoxia, perfusion, and vascular leakage measurement

Tumor hypoxia was detected by injecting pimonidazole hydrochloride (30 mg/kg;
Hypoxyprobe kit) into tumor-bearing mice 1 hour before tumors were harvested. To

detect the formation of pimonidazole adducts, tumor frozen sections were stained with
Allophycocyanin (APC)-Hypoxyprobe mAb following the manufacturer’s instruction. To
assess drug delivery in tumors, doxorubicin (Sigma-Aldrich) at 30 mg/kg was intravenously
injected into tumor-bearing mice 1 hour before tumors were harvested for analysis.
Doxorubicin in frozen tissue sections was detected by fluorescence microscope with setting
of excitation and emission wavelength at 488 and 570 nm. Tumor perfusion was quantified
on tumor cryosections after intravenous injection of 50-ug FITC-labeled Lycopersicon
esculentum (Tomato) lectin (FL-1171, Vector Laboratories) into tumor-bearing mice 10 min
before tumors were harvested for analysis. The perfused tumor vasculature was defined as
FITC* CD31* vessels. Tumor vascular leakage was evaluated by intravenous injection of 5
mg of FITC-labeled dextran (40 kDa; FD40S Sigma-Aldrich) into tumor-bearing mice 30
min before tumors were harvested for analysis. Thick cryosections (30 pm) were made for
downstream IF staining (CD31) and quantification (FITC* leaked area/tumor area).

RNA-seq and data analysis

Total RNA was extracted and purified using QIAGEN RNeasy Mini Kit (catalog no.

74104) from tumor ECs, which were isolated by fluorescence-activated cell sorting
(CD31*CD45™ population) from established subcutaneous KPC tumors after 48 hours of
antibody treatment. The mMRNA libraries were constructed using the Takara SMARTer
Stranded Total RNA-seq Kit v2-Pico Input Mammalian (catalog no. 634411). A total of
150-base pair paired-end RNA-seq was performed on Illumina NovaSEQ 6000 platform,
and the RNA-seq data were generated by the Genomics and Microarray Shared Resource at
UCCC. The data were processed using STAR software (Galaxy Ver. 2.7.5b) for mapping and
DESeq?2 (Ver.1.28.1) for differential analysis. The volcano plot and GO biological pathways
analysis were generated using GraphPad Prism 7.0 software and RStudio 1.3.1073 (with
GO.db 3.11.4).

For patients with metastatic urothelial cancer undergoing treatment with an anti-PD-L1
agent (atezolizumab), raw gene expression and patient phenotype data were obtained via
thelMvigor210CoreBiologies package (60). Patients with complete or partial response were
classified as “Responders” and those with stable or progressive disease were classified as
“Nonresponders.” Genes with mean raw expression counts less than 1 were removed, and
remaining raw counts were normalized to counts per million using the edgeR R package
(77). Gene expression of CD93and /GFBP7was plotted according to response to PD-L1
blockade. Groups were compared using a Wilcoxon rank sum test. Gene expression data for
patients with melanoma undergoing anti-PD1 therapy were obtained from Gene Expression
Omnibus (GEO): GSE78220 (61). Gene expression of CD93and /GFBP7in melanoma was
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plotted according to response to PD1 blockade. TCGA and GTEXx datasets were analyzed
through the Gene Expression Profiling Interactive Analysis, a web-based tool for cancer and
normal gene expression analyses (78).

In a xenograft colon cancer mouse model under the treatment of aflibercept (51), we
examined /GFBP7 expression in tumor ECs in response to VEGF inhibition. Gene
expression matrices of SCRNA-seq data from control_24h (GSM2994872) and drug_24h
(GSM2994873) were downloaded from the GEO database (GSE110501). Two matrices were
filtered to keep genes expressed in at least three cells using Seurat 3.0 software tool. Data
were then normalized, scaled, and integrated using 1000 most variable genes for embedding
(canonical correlation analysis). Integrated data were then subject to principal components
analysis and clustering using Louvain algorithm. Cell clustering result was presented in

a two-dimensional Uniform Manifold Approximation and Projection (UMAP). Endothelial
marker gene pecam was used to identify this population in UMAP. Gene expression in ECs
between control and drug-treated conditions was presented in a violin plot.

Quantitative PCR

gPCR (PowerUp SYBR Green Master Mix, Applied Biosystems, no. A25741 on
QuantStudio 3 instrument) was performed to validate changes of gene expression

identified by RNA-seq. KPC tumor ECs were isolated to generate cDNA for g°PCR

with the same protocol for RNA-seq but in an independent experiment. The knockdown

of gene expression in HUVEC cells was confirmed by gPCR. The primers used

for qQPCR are mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward, 5”-
tcccactettccaccttcga-3”; reverse, 5”-tagggcctctcttgctcagt-3”), mouse ALDHIAS (forward,
5’-tcggggacagtctggatcaa-3”; reverse, 5’ -tcaggggttcttctcctcga-3”), mouse BNIP3 (forward,
5’-tctcatctgetggecattgg-3”; reverse, 5'-tgcaaacacccaaggaccat-3”), mouse GATAI (forward,
5’-accactacaacactctggeg-3”; reverse, 5”-attcgaccecegcttetttt-3”), mouse HMGCS2 (forward,
5’-tgagatgcatcgcaggaagt-3”; reverse, 5’ -ccgttcaccacagagcagat-3”), mouse MAFA (forward,
5’-aaggagcgggacctgtacaa-3”; reverse, 5’ -gtccggeactcacagaaaga-3’), mouse SFRP2 (forward,
5’-aggtgtgtgaagectgcaaa-3”; reverse, 5’ -ttgagccacagcacggattt-3”), human GAPDH (forward,
5’-ggagcgagatcectccaaaat-3”; reverse, 5”-ggctgttgtcatacttctcatgg-3’), human ALDHIASZ
(forward, 5”-agagtctggaacggtctgga-3”; reverse, 5’ -atgtttgaggaaggagcecce-3”), human BN/IP3
(forward, 5’-tccttccatctctgetgete-3”; reverse, 5”-aaacacaagtgacgtggeca-3”), and human
MAFA (forward, 5’ -atgcttcgtcgcetetttgga-3”; reverse, 5’ -aaactttcaacgagtcggeg-3°).

Statistical analysis

Prism software (GraphPad) was used for all statistical analyses. Unpaired two-tailed
Student’s ftest was used to compare two groups. One-way analysis of variance (ANOVA)
was used for a comparison of more than two groups. Tumor-growth curves were analyzed by
two-way ANOVA test. Kaplan-Meier survival curves were used to estimate survival rates for
different treatment groups. Survival curves were compared with the log-rank (Mantel-Cox)
test. Data were presented as means = SEM, if not otherwise specified. P values lower than
0.05 were considered statistically significant.
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Fig. 1. Anti-CD93 inhibitstumor growth and promotes vascular maturation in mice.
(A and B) Subcutaneous KPC (A, n=12) and B16 melanoma (B, /7= 10) tumors in

mice were treated with CD93 mAb (7C10) twice a week when tumors became palpable.
Data are representative of at least three independent experiments. (C to E) KPC tumor
tissue was obtained on day 8 after antibody treatment. Blood vessel numbers within

tumors were quantified by CD31 staining (C). Images and comparisons of tissues for

blood vessels (CD31) expressing NG2 (D) and aSMA (E) to assess blood vessels

covered by pericytes and smooth muscle cells, respectively. Data are representative of

two independent experiments. Scale bars, 50 um. DAPI, 4’,6-diamidino-2-phenylindole. (F
to 1) RNA-seq was performed on ECs isolated from KPC tumors in mice. Volcano plot
revealed differentially expressed genes between control- and anti-CD93-treated groups (F).
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Gene ontology analysis was performed to identify biological pathways for differentially
expressed genes (G). Quantitative PCR was performed to validate the expression increases
of ALDH1A3, BNIP3, MAFA, and HMGCSZ (H), and the decreases of GATAI and SFRP2
(1. (3 and K) KPC tumor-bearing mice after 1 week of antibody treatment were assessed for
lectin perfusion (J) and for dextran leakage (K). Data are representative of two independent
experiments. Scale bars, 50 um. (L) WT B6 mice were reconstituted with bone marrow cells
from WT or CD93~/~ mice. Eight weeks after reconstitution, mice were inoculated with B16
tumor cells and started with antibody treatment. Tumor volumes were measured at the time
points shown after first treatment. 7= 10 to 13. Data are representative of two independent
experiments. Data are presented as means + SEM. Data in (A), (B), and (L) were analyzed
with two-way ANOVA test. Data in (C) to (F) and (H) to (K) were analyzed with unpaired
Student’s ttest. *P< 0.05, **P< 0.01, and ***P < 0.001. ns, not significant.
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Fig. 2. IGFBP7 isidentified as a binding partner for CD93.
(A) Graphic views of individual wells with a positive hit (IGFBP7) for CD93-1g in a GSRA

screening system. Scale bars, 50 pm. (B) HEK293T cells transfected with control (red) or
CD93 construct (blue) were stained with IGFBP7-Ig for binding, with the presence of anti-
CD93 (MMO01) or anti-IGFBP7 (R003) mAb. Data are representative of two independent
experiments. (C) HUVEC cells were stained with control (red) or IGFBP7-1g (blue), with
or without the presence of CD93 mAb (MMO01). Data are representative of two independent
experiments. (D) Microscale thermophoresis binding curve of human IGFBP7 to CD93
protein. (E) HEK293T cells transfected with control (red) or mouse CD93 construct

(blue) were stained with mouse IGFBP7-Ig for binding, with the presence of anti-mouse
CD93 (clone 7C10) or anti-mouse IGFBP7 (clone 2C6). Data are representative of at
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least three independent experiments. (F) CD93* CHO cells were stained with MMRN2-

Ig, with or without the presence of IGFBP7-His protein. Data are representative of two
independent experiments. MFI, mean fluorescent intensity. (G) CD93* CHO cells were
stained for IGFBP7 binding, with or without the addition of MMRN2 protein. Data are
representative of two independent experiments. (H) Wells coated with IGFBP7-His protein
were incubated with CD93-His protein before examining for MMRN2-Ig binding by ELISA.
Wells coated with CD93-His protein served as a positive control. Data are representative of
two independent experiments. (1) Wells coated with mIGFBP7-His or anti-mCD93 (7C10)
were incubated with mFc-tagged mCD93 fragment fusion proteins for binding by ELISA.
Data are representative of two independent experiments. (J) HEK293T cells transfected with
control (red) or CD93 construct (blue) were stained with MMRN2-1g, with or without the
presence of anti-mCD93 (7C10). Data are representative of two independent experiments.
(K) Schematic diagrams represent the structure of a series of chimeric proteins that were
generated by replacing each domain of IGFBP7 (BP7) with a corresponding portion from
IGFBPL1 (BPL1). The binding of each chimeric protein to CD93 transfectant was tested by
flow cytometry. Binding index refers to the ratio of mean fluorescence intensity of CD93
transfectant to control cells.
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Fig. 3. IGFBP7 isup-regulated on tumor vasculature.
(A) IGFBP7 expression on blood vessels (CD31%) in normal pancreas and PDA tissues.

Each dot represents the mean value for one tissue. Scale bars, 50 pm. (B) Representative
image of IGFBP7 expression on blood vessels (CD31*) in human head and neck cancer
tissue. H&E staining was performed to identify tumor from the adjacent normal tissue

(Adj normal). Scale bars, 20 um. (C) HUVEC cells treated with DMOG were examined

for HIF-1a and IGFBP7 expression by Western blot. IGFBP7 protein was compared by
densitometric quantification. Data are representative of two independent experiments. (D)
MAECs under the treatment of DMOG with or without VEGFR2-blocking mAb for 24
hours were examined for IGFBP7 expression. Data are representative of two independent
experiments. Scale bars, 20 um. Data presented as means + SEM. Data in (A) were analyzed

Sci Transl Med. Author manuscript; available in PMC 2022 January 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sunetal.

Page 30

with unpaired Student’s ¢test. Data in (C) and (D) were analyzed with one-way ANOVA test
with a Tukey post hoc test. *~< 0.05 and ***P< 0.001.
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Fig. 4. Anti-CD93 treatment improves drug delivery and facilitates chemother apy.
(A) KPC tumor-bearing mice under antibody treatment for 8 days were injected with

doxorubicin and pimonidazole for the assessment of drug delivery and hypoxia, respectively.
Data are representative of two independent experiments. Scale bars, 50 um. (B to D) KPC
tumor-bearing mice were treated with antibody (red arrowhead) and/or gemcitabine (black
arrowhead). Tumor growth (B) and tumor weight at day 14 (C) are shown. /7= 10. Tumor
tissues harvested on day 14 after therapy were stained for Ki-67 and cleaved caspase 3
(CC3) (D). Scale bars, 50 um. Data are representative of two independent experiments. (E
to G) B16 tumor-bearing mice were treated with antibody (red arrowhead) and/or 5-FU
(black arrowhead). Tumor growth (E, 7= 10) and survival curve (F, 7= 7) of groups with
different treatments are shown. Tumor tissues harvested on day 14 after therapy were stained
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for Ki-67 and CC3 (G). Scale bars, 50 um. Data are representative of two independent
experiments. Data presented as means + SEM. (A) analyzed with unpaired Student’s ¢test.
Data in (B) and (E) analyzed with two-way ANOVA test with a Dunnett’s post hoc test. (F)
Kaplan-Meier curves analyzed with log-rank (Mantel-Cox) test. Data in (C), (D), and (G)
analyzed with one-way ANOVA test with a Tukey post hoc test. *~< 0.05, **P< 0.01 and
***P<0.001.
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Fig. 5. CD93 blockade promotesimmune cell infiltration to inhibit tumor progression.
(A and B) Representative images (A) and quantifications (B) of CD3" T cells (green)

in healthy skin of naive mice and implanted KPC tumors harvested on days 8 and 15
after antibody treatment. Scale bars, 50 um. Data are representative of three independent

experiments. (C to F) Single-cell suspensions were prepared from KPC tumors harvested
on day 8 after antibody therapy. Flow cytometry analysis was performed to determine the
percentage of infiltrating CD45* leukocytes (C) and the densities of different immune cells
(D). The percentages of effector cytokine-producing CD8" T cells (E) and Foxp3* Teq in
CD4* T cells (F) were quantified. Data are representative of two independent experiments.
(G) Images and comparisons of MECA79 expression (green) on CD31* blood vessels (red)
within KPC tumors harvested on 8 days after antibody treatment. Data are representative
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to two independent experiments. Scale bars, 50 um. (H) Images and comparisons of CD3*
T cells (green) within subcutaneous B16 tumors 14 days after antibody treatment. Scale
bars, 50 um. Data are representative of two independent experiments. (1) KPC tumor
(subcutaneous model) weights after 14 days of antibody treatment were determined. In
some mice, CD8* T cells, CD4* T cells, or NK (including NKT) cells were eliminated by

a corresponding depleting antibody. Data are representative of two independent experiments.
Data presented as means + SEM. Data in (B) and (I) were analyzed with one-way ANOVA
test with a Tukey post hoc test. Data in (C) to (H) were analyzed with unpaired Student’s ¢
test. *~< 0.05, **P<0.01, and ***P< 0.001.
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Fig. 6. CD93 blockade sensitizestumorsto | CB therapy.
(A and B) Representative images of PD-L1 expression (green) in subcutaneous KPC tumors

harvested on day 15 after antibody treatment. Scale bars, 50 pm. Single-cell suspensions
prepared from KPC tumor tissues were quantified for PD-L1 expression by flow cytometry.
(C to E) B6 mice with palpable KPC tumors were divided into four groups and treated with
control, anti-CD93, anti-PD1, or the combination of anti-CD93 and anti-PD1 at the time
points indicated by the red arrowheads. Tumor growth curve (C) and tumor weight 12 days
after treatment (D) were measured. 7= 10. The densities of respective immune cells within
tumors were determined by flow cytometry (E). Data are representative of two independent
experiments. (F to H) Mice with palpable B16 tumors were treated with control, anti-CD93,
ICB (PD1 + CTLA mAbs), or the combination of anti-CD93 and ICB at the time points

indicated by the red arrows. Tumor growth (F) and survival curve (G) of groups were shown.

n=10. The densities of CD45* leukocytes and CD3* T cells within tumors harvested on
day 12 were determined by flow cytometry (H). Data are representative of two independent
experiments. Data presented as means + SEM. Data in (B) analyzed with unpaired Student’s
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ttest. Data in (D), (E), and (H) analyzed with one-way ANOVA test with a Tukey post hoc
test. Data in (C) and (F) analyzed with two-way ANOVA test with a Dunnett’s post hoc test.
(G) Kaplan-Meier curves analyzed with log-rank (Mantel-Cox) test. *~< 0.05, **P< 0.01,
and ***P < 0.001.
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