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Materials and methods 

 

EC culture 

             Pooled HUVEC cells purchased from Thermo Fisher Scientific were cultured in Medium 

200 with LVES (Life Technologies). Mouse primary aortic ECs (MAEC) and the endothelium 

culture medium with supplement were purchased from Cell Biologics. For tube formation, 1ml 

HUVECs at 8x10
5
 cells/ml were plated on BD Matrigel™ Matrix (BD Biosciences, 356234) in 

confocal dishes (NEST, 801002). After culturing for 6 hours, Calcein-AM (Dojindo, C326) was 

added for 30 minutes before confocal images were recorded. The transwell 6.5mm polycarbonate 

membrane inserts pre-loaded in 24-well culture plates (Corning 3422, 0.8m) were used in the 

cell migration model. HUVEC cells at 1x10
5
/ml in 200l culture medium without serum were 

loaded into each 24-well insert, with 500 l 10% fetal bovine serum (FBS)-containing medium 

with different reagents in the lower chamber. After 12 hours, the migrated cells were fixed with 

methanol, stained with Giemsa solution and quantified under a light microscope. To knock down 

specific genes, HUVEC cells were transfected with siRNAs via lipofectamine
TM

 2000 

(Invitrogen). Detailed siRNA sequences used for each gene were listed in table S1. The reduced 

expression of each gene was confirmed by real-time PCR. CD93 expression on MAEC was 

evaluated by IF staining after MAEC cells were treated with 100ng/ml mouse VEGF-A (50159-

MNAB, Sino Biological) in serum free medium for 24 hours. After treated with 1mM 

dimethyloxalylglycine (DMOG) (Sigma-Aldrich) in serum- free Medium 200 for a specified 

time period, HUVEC cells were washed and lysed for IGFBP7 detection by western blot. MAEC 

cells cultured in serum- free medium were treated with 500M DMOG with or without anti-

VEGFR2 mAb (DC101) at 10g/ml for 24 hours. IGFBP7 detection was carried out by IF 

staining. 



 

 

Tissue angiogenesis and skin wound healing 

             Naïve healthy mice at 10- weeks- old were injected with antibodies at 400 g/mouse 

twice a week for two weeks. Organs, including thyroid, pancreas, and ovary, were harvested for 

the assessment of tissue vasculature (CD31 staining). For skin wound healing model, 12-week-

old B6-albino mice were anesthetized and wounded with a full-thickness 6-mm punch biopsy on 

the dorsal skin of their flanks. Antibody treatment was started right after surgery, followed with 

additional two treatments on day 3 and 7. Images of wounds were taken every 3 days with 

surrounding reference objects of known size to calibrate wound area. Wound area was quantified 

with ImageJ (National Institutes of Health). Wound tissues at 6 days post-surgery were harvested 

for the assessment of skin vasculature by CD31 staining. 

 

OVA immunization mouse model 

              C57BL/6 mice at 8-weeks-old female mice were adoptively transferred with 5 million 

naïve CD45.1
+
 OT-1 cells intravenously (day 0) before being subcutaneously immunized with 

emulsified 500g OVA protein in 100l Complete Freund's Adjuvant (CFA) (day 1). Anti-CD93 

(7C10) or control treatment was given intraperitoneally at day 0 and 3. The immunizing sites, 

dLNs and spleens were prepared at day 10 for single cell suspension which was analyzed by flow 

cytometry for T cell homing. 

 

 

  



 

 



 

Fig. S1 CD93 is identified as a receptor protein on tumor vasculature regulated by VEGF 

signaling. 

(A) Venn diagram depicting overlap of tumor genes that were significantly reduced in tumors 

following treatment with VEGF inhibitors from 4 different gene expression datasets (Log2 fold 

change < -0.5). CD93 was the only gene found to be downregulated in all datasets, with 10 

additional genes (listed, right) downregulated in 3 of 4 datasets. 

(B)  Tube formation in HUVEC cells upon knockdown of indicated genes in (A). The 

effectiveness of gene knockdown by siRNA was confirmed by real-time PCR. One-way 

ANOVA test with a Tukey post hoc test. /Unpaired Student’s t-test. Scale bar, 200m. 

(C) Images and comparisons of CD93 expression in human pancreas, PDA and PNET tumors. 

One-way ANOVA test with a Tukey post hoc test. Scale bar, 50m. 

(D) Representative images of CD93 (green) expression on CD31
+ 

blood vessels (red) in human 

cancers tissues including kidney, head and neck, and colon. Scale bar, 50m. 

(E) Cellular sources of CD93 in human cancer tissues based on scRNA-seq. Data is derived from 

Tumor Immune Single-cell Hub (TISCH). 

(F) Images and comparisons of CD93 expression in mouse aortic endothelial cells cultured with 

or without mouse VEGF for 24 hours. Unpaired Student’s t-test. Scale bar, 50m. 

(G) Representative images of CD93 (green) expression on CD31
+
 blood vessels (red) in mouse 

normal pancreas or skin and tissues of orthotopic KPC tumor or subcutaneously implanted B16 

tumor. Scale bar, 50m. 

(H) Quantification of CD93-positive vessels in normal and tumor tissues in (G). Each dot 

represents one tumor or adjacent normal. Paired Student’s t-test. 

Data presented as means ± SEM. * P<0.05, ** P<0.01, *** P<0.001. 

  



 

 

Fig. S2. Characterization of the anti-mouse CD93 mAb (Clone 7C10). 

(A) WT (red) and HEK293T transfected to express mouse CD93 (blue) were stained by rat anti-

mouse CD93 (clone 7C10). 

(B) The KD of 7C10 binding to mouse CD93 was determined by flow cytometry binding assay.  

(C) 7C10 was used to stain CD11b
+
 monocytes from peripheral blood of WT or CD93

-/- 
mice. 

(D) CD93
-/-

 and WT mice with established B16 tumors were injected with anti-CD93 mAb 

(7C10); two days after antibody injection, tumor tissues were harvested and were co-stained with 

CD31 (red) and anti-rat IgG (green). Mice without antibody injection were used as control. The 

pictures were taken with Leica confocal microscope by using 25x water immersion objective. 

Scale bar 50μm. 

  



 

 

  



 

Fig. S3. Anti-CD93 promotes vascular normalization in mouse tumors. 
(A) Genes that were significantly upregulated in tumor ECs by anti-CD93 (Fig. 1F) were 

validated by IF staining of KPC tumor tissues. n=8. 

(B, C) Subcutaneous B16 tumors harvested from mice on day 10 after antibody treatment (Fig. 

1B) were stained for the expressions of αSMA and NG2 (B) on blood vessels (CD31
+
). n=5. 

Tumor- bearing mice at 10 days after antibody treatment were injected with FITC-lectin and 

pimonidazole for the assessment of perfusion and hypoxia, respectively (C). n=5. Unpaired 

Student’s t-test. 

(D) Three groups of mice with KPC tumors were injected with FITC-lectin and pimonidazole for 

the assessment of tumor blood perfusion and hypoxia, respectively: mice with tumors under 

control Ab treatment for 6 days (Control D6), or 10 days (Control D10), and anti-CD93- treated 

mice 10 days after therapy (anti-CD93 D10). n=8. Tumor volume, tumor perfusion, and hypoxia 

were compared. One-way ANOVA test with a Tukey post hoc test.  

Data presented as means ± SEM. Scale bar, 50μm. Arrowheads indicate vessels positive for 

respective molecule. * P<0.05, ** P<0.01, *** P<0.001, ns, not significant.   



 

  



 

 

Fig. S4. Anti-CD93 does not affect physiological vascular angiogenesis in adult mice. 

(A, B) B6 mice (n=10) subcutaneously inoculated with KPC tumor cells were started with the 

antibody treatment twice a week. Tumor growth was monitored over time (A). Two-way 

ANOVA test. (B) Tumors harvested 14 days after antibody treatment were stained for the 

expressions of αSMA or NG2 on blood vessels (CD31
+
). Arrowheads indicate ɑSMA- or NG2- 

positive blood vessels. Scale bar, 50μm. One-way ANOVA test with a Tukey post hoc test. 

(C) Naïve healthy mice at 10-weeks old were treated intraperitoneally with mAb against CD93 

(7C10) or VEGFR (DC101) at twice per week for two weeks. n=5. Tissue sections were stained 

for CD31 to quantify blood vessel density. Dotted white cycles depict islets. Scale bar, 50μm. 

One-way ANOVA test with a Tukey post hoc test. 

(D-F) 12-weeks old mice with skin wound were treated with indicated antibody at twice per 

week right after surgery. Representative skin wounds in mice under different antibody treatments 

at serial time points post-surgery were imaged (D), Scale bar, 1mm. Wound healing rate was 

quantified (E). n=12, two-way ANOVA test. (F) Wounded skin tissues harvested at 6 days post-

surgery were stained for CD31 to quantify blood vessels. Scale bar, 50μm. n=8, one-way 

ANOVA test with a Tukey post hoc test. 

Data presented as means ± SEM. * P<0.05, ** P<0.01, *** P<0.001, ns, not significant. 

  



 

 

 

 

 

  



 

Fig. S5. Characterization of the interaction between CD93 and IGFBP7.  

(A, B) A library of approximately 5,600 human transmembrane genes was screened with purified 

recombinant IGFBP7 fusion protein. (A) A three-dimensional illustration of the result from one 

384-well plate is shown, with a positive hit for IGFBP7 (CD93) revealed. (B) A graphic view of 

the well with CD93 for IGFBP7 binding is shown. Scale bar, 50µm.  

(C) HEK293T cells transfected to express CD93, CLEC14A, CD141, or CD248 (blue), were 

stained with IGFBP7-Ig or MMRN2-Ig for binding. Red curve represents mock HEK293T cells.  

(D) WT (blue) and IGFBP7 knockdown (KD) (red) HUVEC cells were stained for IGFBP7 (left) 

and CD93 (right) expression. Black curve represents isotype control. 

(E) HEK293T cells transfected to express mouse CD93 mutants (blue), were stained with 7C10, 

MMRN2-Ig, or IGFBP7-Ig for binding. Red curve represents mock HEK293T cells. 

(F) The CTLD domain was swapped between CD93 and CD141 using PCR and cloned into an 

expression construct. These chimeric mutants and WT CD93 were transiently transfected into 

HEK293T cells and were stained for control (red) or IGFBP7-Ig (blue) binding.  

(G) Human genes containing IB-domain were constructed into an expression vector with Fc-Tag 

to generate fusion proteins. Control or CD93
+
 HEK293T cells were then stained with individual 

fusion protein by flow cytometry. Binding index represents the ratio of binding MFI of CD93
+
 

HEK293T to control cells.  

 

  



 

 

  



 

Fig. S6. IGFBP7 expression is upregulated in tumor vasculature.  

(A) Analysis of TCGA normal and GTEx datasets for IGFBP7 transcription in PDA and normal 

pancreas. One-way ANOVA with a Tukey post hoc test.  

(B) Analysis of TCGA PDA dataset indicates that the transcript of IGFBP7 correlates well with 

known endothelial cell markers, including PECAM1, CD34, VWF, and KDR (VEGFR2). Mann–

Whitney test. 

(C) Meta-analysis of IGFBP7 transcription in ECs from normal and tumor tissues from EndoDB 

(https://endotheliomics.shinyapps.io/endodb/). Data was analyzed using Meta-analysis pr0012 

plugin by STATA software (Version 14.0). 

(D) Representative images and quantification of IGFBP7 protein expression in adjacent normal 

and cancer tissues, including kidney, head and neck, and colon. In IF staining, CD31 was co-

stained with IGFBP7 to identify blood vessels. Scale bar 50μm. IGFBP7-positive vessels in 

normal and tumor tissue were quantified. 

(E) Specimens from normal pancreas, skin and orthotopic KPC tumor, or subcutaneously 

implanted B16 tumors, were stained for IGFBP7 (green) and CD31 (red); I refers to islet. Scale 

bar 50μm. IGFBP7-positive vessels in normal and tumor tissue were quantified. Each dot 

represents one tumor or adjacent normal. Paired Student’s t-test. 

(F) Subcutaneously implanted KPC tumor tissue was co-stained for IGFBP7 and CD31, with the 

dash line separating central area (C) from the edge (E) of the tumor. MFI of IGFBP7 measured 

and quantified. Each dot represents one tumor. Scale bar 50μm.  

(G) KPC tumor tissue was stained for blood vessels (CD31), hypoxia (HIF-1α) and IGFBP7. 

MFI of IGFBP7 on ECs was quantified: non-hypoxic area, 6466; hypoxic area, 11173. Scale bar, 

50μm. 

(H) Violin plot shows IGFBP7 expression in tumor ECs from a xenograft colon cancer model 

was reduced 24 hours after aflibercept treatment (Zhao et al., 2018).  

  



 

  



 

Fig. S7. Blockade of the IGFBP7/CD93 interaction inhibits EC angiogenesis and tumor 

growth in mice.  

(A-C) The effect of the IGFBP7/CD93 interaction on tube formation in HUVEC cells. Knock 

down of IGFBP7 and CD93 by siRNAs was confirmed by real-time PCR. The impact of IGFBP7 

knockdown in HUVEC cells on tube formation was examined (A). Tube formation (B) and 

transwell migration (C) were performed with or without exogenous IGFBP7 protein in WT or 

CD93 knockdown HUVEC cells. Scale bar, 50μm.  

(D) Hamster anti-mouse IGFBP7 mAb (2C6) specifically bound HEK293T cells transfected to 

express a membrane-bound form mouse IGFBP7, which was engineered to add a transmembrane 

and intracellular domain of human CD80 at the C-terminal of mouse IGFBP7.  

(E) ELISA assay validated the binding specificity of anti-IGFBP7 (2C6). Coated proteins were 

indicated.  

(F) Mice with palpable KPC tumors were treated with control or anti-IGFBP7 mAb twice a 

week. Tumor growth was monitored over time. n=10.  

(G) Anti-IGFBP7 did not improve antitumor response by anti-CD93 in KPC tumors. Tumor-

bearing mice were treated with indicated antibodies twice a week. n=8.  

(H-M) 15 days after anti-IGFBP7 treatment, KPC tumors were harvested for analysis. CD31 

staining was performed to quantify blood vessel number (H, n=10). Tumor blood vessels (CD31) 

were further examined for the expressions of NG2 (I, n=10), αSMA (J, n=10), PDGFRβ (K, 

n=5), ANG2 (L, n=5), and activated integrin β1(9EG7, M, n=6). Each dot represents the mean 

value for one tumor, with at least five random fields taken for each tumor. Scale bar, 50μm.  

Data presented as means ± SEM. Data in (A), (E), (H), (I), (J), (K), (L), and (M) were analyzed 

with unpaired Student’s t-test. Data in (B) and (C) were analyzed with one-way ANOVA test 

with a Tukey post hoc test. Data in (F) and (G) were analyzed with two-way ANOVA test.  * 

P<0.05, ** P<0.01, *** P<0.001, ns, not significant.  

  



 

 
 

 

 

 

  



 

Fig. S8. Blockade of the CD93/IGFBP7 interaction increases vascular ICAM1 expression 

and T cell infiltration in mouse tumor models.  

(A) Images and comparisons of ICAM1 expression (green) in tissues from subcutaneous KPC 

tumors 15 days after antibody treatment. Arrows indicate ICAM1-positive blood vessels (CD31, 

red).  

(B) Representative images of CD45 (green), CD31(white), and ICAM1 (red) immunostaining in 

tissues from subcutaneous B16 tumors after 14 days antibody treatment. The expression of 

ICAM1 on CD31
+
 EC and CD45

+
 leukocytes in tumor tissues were quantified. Arrows indicate 

ICAM1-positive blood vessels.  

(C) Images and comparisons of CD4 or CD8 staining (green) in KPC tumors 15 days after 

antibody treatment. CD31(red) was used to identify blood vessels. Unpaired Student’s t-test. 

(D) KPC tumors harvested on 15 days after anti-IGFBP7 treatment were stained for CD3
+
 T cells 

(green) and blood vessels (CD31). CD3
+
 T cells within tumor tissues were quantified and 

compared.  

(E) As in Fig. 5C, KPC tumors under 8-days antibody treatment were harvested for flow 

cytometry analysis. The percentages of different immune cells in CD45
+
 leukocytes were 

quantified and compared.  

(F) Images and comparisons of CD3
+
 T cells (green) and CD31

+
 blood vessels (red) within 

subcutaneous B16 tumor tissues harvested from the CD93 chimeric mouse experiment (Fig. 1L) 

14 days after antibody treatment.  

(G, H) WT B6 mice were adoptive transferred with naïve CD45.1
+
 OT-1 cells before 

subcutaneously immunized with OVA protein/CFA (day 0). Anti-CD93 or control treatment was 

given at day 0 and 3. The immunizing sites, draining lymph nodes (dLNs) and spleens were 

harvested for analyses. The percentages (G) and proliferation (H) of transferred OT-1 cells 

(CD45.1
+
CD8

+
) were determined by flow cytometry. Data presented as means ± SEM. Data in 

(A), (B), (C), (D), (E), (G) and (H) were analyzed with unpaired Student’s t-test. Data in (F) 

were analyzed with one-way ANOVA test with a Tukey post hoc test. * P<0.05, ** P<0.01, ns, 

not significant. Scale bar 50μm.  

  



 

 

Fig. S9. The role of immune cells in anti-CD93-triggered antitumor response and vascular 

maturation.  

(A-C) Immunodeficient NSG mice were subcutaneously inoculated with KPC tumor cells and 

started with antibody treatment twice a week for four treatments when tumors became palpable. 

Tumor growth was monitored over time. n=8. Two-way ANOVA. After 14 days of antibody 

treatment, tumors were harvested for tumor weight measurement (B) and IF staining of αSMA or 

NG2 on CD31
+
 blood vessels (C). Unpaired Student’s t-test. 

(D, E) Subcutaneous KPC tumors were harvested on day 14 after antibody treatment (Fig. 5I).  

The expressions of αSMA and NG2 on blood vessels (CD31) were quantified by IF staining (D). 

TILs were analyzed for the densities of CD8
+
, CD4

+
 T cells, and NK cells by flow cytometry 

(E). One-way ANOVA test with a Tukey post hoc test. 

  



 

 

 

Fig. S10. Enrichment of the IGFBP7/CD93 pathway in human cancers resistant to anti-PD 

therapy.  

(A) In a phase II trial of patients with metastatic urothelial cancer treated with anti-PD-L1 

(Mariathasan et al., 2018), the expression of IGFBP7 and CD93 were compared between non-

responders (SD/PD) and responders (CR/PR). Wilcoxon rank sum test.  

(B) In a cohort of melanoma patients under anti-PD-1 therapy (Hugo et al., 2017), the 

expressions of IGFBP7 and CD93 in responders and non-responders were determined. Unpaired 

Student’s t-test. 

  



 

Table S1 Information regarding the genes downregulated in tumors under the treatment of 

VEGF inhibitors. Listed are genes with Log
2
 fold change <-0.5 in at least 3 out of 4 published 

datasets. Genes highlighted in grey were tested for tube formation in HUVEC cells via siRNA 

knockdown (Fig. S1B). The siRNA sequences for each gene used were listed. 

 

 
 

# 1. Human Inflammatory Breast Cancer (microarray) by Brauer et al (Reference 27). 

   2. COLO205 Xenograft (RNA sequencing) by Baker et al (Reference 28). 

   3. U87 Xenograft (microarray) by Masiero et al (Reference 26). 

   4. Murine Pancreatic Neuroendocrine Tumors (microarray) by Brauer et al (Reference 27). 

 

 

 

Data file S1. Raw data. Provided in separate excel file.  

 

Gene 
Additional 

name 
Location 
(Uniprot) 

EC 
specificity 

Tumor EC 
expression 

Datasets# siRNA sequences 

PCDH17 
Protocadherin 

17 

Plasma 

membrane 
Yes Upregulated 1,2,4 

GCCAUCCUACUUGGUGGAATT, UUCCACCAAGUAGGAUGGCTT, 

GCACCGUAUCCUACUCUAUTT, AUAGAGUAGGAUACGGUGCTT, 

CCGCAGAGCCCAAUUACAUTT, AUGUAAUUGGGCUCUGCGGTT 
COL4A1 

 
ECM No No 1,3,4 

 
ESM1 

 
ECM Yes Upregulated 1,3,4 

GCCGCCUGGAGCAAUAAUUTT, AAUUAUUGCUCCAGGCGGCTT, 

GGUGAAGAGUUUGGUAUCUTT, AGAUACCAAACUCUUCACCTT, 

GGUCUCCCGUAAUGAGGAATT, UUCCUCAUUACGGGAGACCTT 

NID2 
Osteonidogen, 

Nidogen-2 
ECM No unclear 1,3,4 

 
COL18A1 Endostatin ECM No No 2,3,4 

 
RASGRP3 GRP3 

Plasma 

membrane 
Yes Upregulated 1,3,4 

GGUCCAGUUGAUGGUUCUUTT, AAGAACCAUCAACUGGACCTT, 

GGACCUCUAUCACACUGAATT, UUCAGUGUGAUAGAGGUCCTT, 

GCUUACUUCCUGAGAGCUATT, UAGCUCUCAGGAAGUAAGCTT 
GIMAP1 HIMAP1 Golgi No unclear 2,3,4 

 
LAMA4 

 
ECM No Upregulated 1,3,4 

 
SPARC Osteonectin ECM No  unclear 1,3,4 

 
MCAM CD146, MUC18 

Plasma 

membrane 
Yes Upregulated 1,3,4 

GAGCGAACUUGUAGUUGAATT, UUCAACUACAAGUUCGCUCTT, 

GGUGUUGAAUCUGUCUUGUTT, ACAAGACAGAUUCAACACCTT, 

GGUGUUUGGCUGAUGGCAATT, UUGCCAUCAGCCAAACACCTT     

CD93 C1qR, AA4.1 
Plasma 

membrane 
Yes Upregulated 1,2,3,4 

GACACGCCUUACUCUAACUTT, AGUUAGAGUAAGGCGUGUCTT, 

GGAAGUAACAUUGAGGGCUTT, AGCCCUCAAUGUUACUUCCTT, 

CCAACACAGAUGGCUCAUUTT, AAUGAGCCAUCUGUGUUGGTT       
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