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superior anticancer effect.

Introduction

The vasculature of solid tumors is structurally abnormal relative
to that of nonmalignant tissues, characterized by highly perme-
able and leaky vessels, enhanced angiogenic sprouting, and loss
of hierarchical architecture (1-4). This structural abnormality of
tumor vessels impairs perfusion and oxygenation, and the result-
ing hypoxia and acidosis promote tumor growth, progression, and
treatment resistance (5-7). In addition, the leaky nature of tumor
vessels facilitates an extravasation of blood components into the
surrounding interstitial space, resulting in spontaneous hemor-
rhages and increased interstitial fluid pressure in the tumor micro-
environment (TME) (5, 6). Tumor hypoxia, together with hypoper-
fusion and elevated interstitial fluid pressure, impedes the delivery
of therapeutic agents and immune effector cells to the tumor paren-
chyma, thus hindering their anticancer activity (8, 9). Tumor vessel
normalization, which involves partial pruning of the immature ves-
sels and remodeling of the remaining vessels, has therefore gained
interest as a therapeutic strategy to improve penetration of antican-
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Current antiangiogenic therapy is limited by its cytostatic property, scarce drug delivery to the tumor, and side toxicity. To
address these limitations, we unveiled the role of ZEB1, a tumor endothelium-enriched zinc-finger transcription factor, during
tumor progression. We discovered that the patients who had lung adenocarcinomas with high ZEB1 expression in tumor
endothelium had increased prevalence of metastases and markedly reduced overall survival after the diagnosis of lung cancer.
Endothelial ZEB1 deletion in tumor-bearing mice diminished tumor angiogenesis while eliciting persistent tumor vascular
normalization by epigenetically repressing TGF-f} signaling. This consequently led to improved blood and oxygen perfusion,
enhanced chemotherapy delivery and immune effector cell infiltration, and reduced tumor growth and metastasis. Moreover,
targeting vascular ZEB1 remarkably potentiated the anticancer activity of nontoxic low-dose cisplatin. Treatment with low-
dose anti-programmed cell death protein 1 (anti-PD-1) antibody elicited tumor regression and markedly extended survival in
ZEB1-deleted mice, conferring long-term protective anticancer immunity. Collectively, we demonstrated that inactivation of
endothelial ZEB1 may offer alternative opportunities for cancer therapy with minimal side effects. Targeting endothelium-
derived ZEB1in combination with conventional chemotherapy orimmune checkpoint blockade therapy may yield a potent and

cer drugs and immune effector cells and thus enhance the outcome
of chemotherapy and immunotherapy (1, 4, 5, 9).

Traditional antiangiogenic strategies mainly focus on block-
ing tumor blood supply to inhibit tumor growth (6, 10, 11). How-
ever, these approaches often induce tumor hypoxia by excessively
pruning vessels or forming dysfunctional vessels, and eventually
lead to increased local invasion and distant metastasis (12-14).
Although transient vessel normalization has been demonstrated
in a variety of cancer models, creation of persistent normalization
by current antiangiogenic approaches is still impossible, which
significantly limits their efficacy (15). Importantly, current anti-
angiogenic approaches are more toxic than expected, particularly
when used in combination with cytotoxic agents (16-18). Thus, the
designing of an alternative strategy that can circumvent the short-
comings of current antiangiogenic therapies is highly desirable.

The zinc-finger transcription factor ZEB1 is most frequently
characterized as an important driver of tumor invasion, metas-
tasis, and treatment resistance by inducing epithelial-mesenchy-
mal transition (EMT) in the in vitro-cultured tumor cells (19-23).
However, by examining tumor samples of various human cancer
types, including breast, pancreatic, and colorectal cancers, oth-
er investigators have demonstrated that ZEB1 is predominant-
ly expressed in the tumor stromal compartment but essentially
absent in the tumor epithelial compartment (24-27). It remains
elusive whether ZEB1 induces cell-autonomous effects in tumor
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Figure 1. Endothelial ZEB1 expression is enhanced in various mouse tumor models. (A) Immunofluorescent images showing ZEB1 expression in CD31*
blood vessels of transplanted LLC, B16F10, and 4T1 tumors, and lung and kidney tissues (3 mice each). Magnified areas of dashed boxed sections are
shown in bottom panels. Arrowheads show ZEB1*CD31* ECs, and arrows indicate ZEB1*CD31- non-ECs. Nuclei, DAPI (blue). (B) Comparisons of ZEB1 positivi-
ty (left) and expression levels (right) in CD31* blood vessels of transplanted tumors versus normal tissues as shown in A (n = 3 independent experiments).
(C) Comparison of ZebT mRNA expression in FACS-isolated CD31*CD45" ECs, CD31-CD45* leukocytes (LCs), and CD31-CD45- other cells (OCs) of LLC tumors
(n = 3 independent experiments). Representative flow cytometric plot is shown in left panel. All data are represented as mean + SD. **P < 0.01. Differenc-

es were tested using 1-way ANOVA with Tukey's post hoc test.

stromal endothelial cells (ECs) and whether this has an impact on
tumor progression and metastasis. Here, we investigate the vascu-
lar expression pattern of ZEB1 in malignant tumors versus normal
tissues in humans and mice, and study the biological and thera-
peutic relevance of selectively targeting ZEB1 to tumor angiogen-
esis, vascular normalization, tumor progression and metastasis,
and tumor response to conventional chemotherapy and immune
checkpoint blockade therapy. Meanwhile, we pursue a mechanis-
tic understanding of how inactivation of EC-derived ZEB1 affects
tumor progression and response to these therapeutic approaches.

Results

Vascular ZEBI levels are increased in various tumors and correlate
negatively with survival rates in lung cancer patients. To examine
ZEBI expression in tumor tissues, we employed the ectopic Lew-
is lung carcinoma (LLC) and B16F10 tumor models by subcuta-
neously implanting LLC and B16F10 melanoma cells into adult
C57BL/6 male or female mice, and the orthotopic 4T1 tumor
model by orthotopically injecting 4T1 breast carcinoma cells into
the fat pads of adult C57BL/6 females. These tumor cells did not
express Zebl mRNA or protein either in culture (Supplemental
Figure 1, A and B; supplemental material available online with
this article; https://doi.org/10.1172/JCI131507DS1) or upon tumor

formation in mice (Supplemental Figure 1C). Intriguingly, ZEB1
expression was mainly confined to CD31* tumor ECs in ectopic
LLC and B16F10 tumors and orthotopic 4T1 tumors, only occa-
sionally present in some non-ECs within the tumor microenvi-
ronment (TME) (Figure 1, A and B, and Supplemental Figure 1C).
Furthermore, quantitative reverse transcriptase PCR (QRT-PCR)
analysis of FACS-isolated cells from LLC tumors showed that Zeb1
transcript was predominantly expressed in CD31*CD45" tumor
ECs, with a weak expression in CD31"CD45" cells (e.g., vascu-
lar pericytes and fibroblasts) but no expression in CD31"CD45*
tumor-infiltrating leukocytes (Figure 1C). In addition, immunoflu-
orescence analyses of ZEB1 and CD45 in the LLC tumor further
confirmed that ZEB1 expression was largely absent in CD45* leu-
kocytes (Supplemental Figure 1D). In contrast to robust expression
in tumor ECs, ZEB1 expression in normal tissues of adult mice was
very infrequent and indistinct, exhibiting remarkably lower ZEB1
positivity and reduced expression levels in comparison with tumor
vessels (Figure 1, A and B, and Supplemental Figure 1E).

To unveil the relevance of ZEB1 in human tumor angiogene-
sis and progression, we compared ZEB1 expression in human lung
carcinoma tissues versus adjacent normal tissues. We discovered
that vascular ZEB1 expression levels in human lung adenocarci-
nomas were significantly higher than those in adjacent normal
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Figure 2. Vascular ZEB1 expression correlates negatively with survival rates in lung cancer patients. (A) Representative examples of ZEB1 (red) and CD31
(brown) immunohistochemical staining of human lung cancer tissue arrays (n = 91) and matched adjacent normal samples (n = 88). Magnified areas of red
boxed sections are shown in right panels. Arrowheads show ZEB1* tumor ECs. (B) Comparison of vascular ZEB1 expression in lung cancer tissues versus
matched adjacent normal tissues as described in A. (C) Comparison of vascular ZEB1 expression in lung cancer tissues with different pathological gradings
as described in A. (D) Comparison of vascular ZEB1 expression in lung cancer tissues of patients with metastases versus patients without metastases as
described in A. (E) Kaplan-Meier survival analysis of the relationship between overall survival rate and vascular ZEB1 expression in lung cancer patients

as described in A. The cutoff value is the average vascular ZEB1 expression level of all patients. (F) Correlation plot between vascular ZEB1 expression and
lung cancer patient survival time. All data are represented as mean + SD. Differences were tested using unpaired 2-tailed Student’s t test (B and D), 1-way
ANOVA with Tukey’s post hoc test (C), log-rank test (E), and 2-tailed Pearson test (F).

tissues, and its levels were remarkably increased upon tumor
progression, as assessed by immunohistochemistry (Figure 2,
A-C) and immunofluorescence (Supplemental Figure 1F). Fur-
thermore, we found that the patients who had lung adenocarci-
nomas with high ZEB1 expression in tumor vessels had increased
prevalence of local or distal metastases (Figure 2D) and markedly
reduced overall survival after the diagnosis of lung cancer (Figure
2E). Consistently, we noted an inverse relationship between vas-
cular ZEB1 levels and overall survival in patients with lung adeno-
carcinoma (Figure 2F). Taken together, these results suggest that
ZEBI is predominantly expressed in tumor vessels, and its levels
positively correlate with human cancer progression.

ZEBIl deletionintumor ECsreduces tumor growth, intravasation,
and metastasis in various cancer models. To address the potential
role of vascular ZEB1 in normal tissues of adult mice, we generat-
ed inducible EC-specific ZebI conditional knockout mice (desig-
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nated Zeb1“*°) by mating Zeb1”/ mice (mice were generated and
maintained in our laboratory) with Cdh5-Cref®"? transgenics (28)
(Supplemental Figure 2, A-C). To induce Cre activity and vas-
cular Zebl inactivation, 8-week-old adult male or female mice
were intraperitoneally injected with 1.0 mg tamoxifen every
other day for 2 consecutive weeks (Supplemental Figure 2, D
and E). Notably, there were no differences in vascular morphol-
ogy and density between ZebI“E€ mice and ZebI"" mice (Zeb1"F)
(Supplemental Figure 2, E and F). Also, ZebI“E¢ mice grew nor-
mally without any growth retardation or detectable histological
alterations in major organs including lung, heart, liver, and kid-
ney (Supplemental Figure 2G). To further study the potential role
of endothelial ZEBI in retinal angiogenesis, mice were treated
with 0.1 mg tamoxifen at postnatal day 3 (P3) and P6, and ret-
inas were dissected at P7 for whole-mount immunofluorescent
staining (Supplemental Figure 2H). As in normal tissues of adult
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Figure 3. Vascular ZEB1 deficiency inhibits LLC tumor growth. (A) Immunofluorescent images showing ZEB1 expression in CD31* blood vessels of LLC
tumors grown in Zeb1"" but not Zeb7“€¢ mice (3 mice each). Arrowheads show ZEB1* or ZEB1- tumor ECs. Nuclei, DAPI (blue). (B) Comparison of Zeb1

mRNA expression in FACS-isolated ECs and OCs of LLC tumors grown in Zeb1"" versus ZebT“5¢ mice (n = 3 independent experiments). Representative flow
cytometric plot is shown in left panel. (C) Comparison of growth curves of LLC tumors grown for 21 days in Zeb1"" versus Zeb74¢ mice (5 mice each). (D and
E) H&E-stained images (D) and quantification (E) of hemorrhagic necrosis in LLC tumors of Zeb1"" versus Zeb7“€ mice (5 mice each). Asterisks mark hem-
orrhagic foci. (F and G) Immunohistochemical images (F) and comparisons (G) of hypoxyprobe-1* and GLUT1* areas in LLC tumors of Zeb7"" versus Zeb14E¢
mice (5 mice each). All data are represented as mean + SD. *P < 0.05; **P < 0.01. Differences were tested using unpaired 2-sided Student’s t test (B, E, and

G) and 2-way ANOVA with Tukey's post hoc test (C).

mice, ZEB1 expression in retinal ECs was very infrequent and
indistinct (Supplemental Figure 2I). Although ZEB1 expression
in retinal ECs was efficiently depleted, defects in retinal angio-
genesis were not detected (Supplemental Figure 2, I-K). Taken
together, these results suggest that ZEB1 is a potential candidate
for vascular-targeted therapy with attenuated systemic adverse
effects compared with current antiangiogenic approaches.

To define the role of vascular ZEB1 in tumor progression,
we evaluated LLC and B16F10 tumor models by subcutaneous
implantation of LLC and B16F10 cells into 9-week-old Zeb1"™
and Zeb1“E¢ mice that were intraperitoneally injected with 1.0 mg
tamoxifen every other day for 2 consecutive weeks starting from
1 week before tumor implantation. Also, we used an orthotopic
Panc02 tumor model by orthotopically injecting Panc02 pancreat-
ic carcinoma cells into the head of pancreas in 9-week-old Zeb1""
and ZebI“*C mice (29). We confirmed that ZEB1 expression was
efficiently deleted in tumor ECs in LLC, B16F10, and Panc02
tumors of ZebIEC mice compared with Zeb1"" mice (Figure 3,
A and B, and Supplemental Figure 3, A and ]). At 3 weeks after
implantation, LLC, B16F10, and Panc02 tumors showed 62%,

64%, and 67% reduced growth in ZebI“EC mice, respectively, in
comparison with ZebI"" mice (Figure 3C and Supplemental Figure
3, B and K). Notably, LLC and B16F10 tumors showed significantly
reduced intratumoral hemorrhagic necrosis in ZebI1“£¢ mice com-
pared with Zeb1"" mice, indicating slower growth rates in Zeb1“t¢
tumors (Figure 3, D and E, and Supplemental Figure 3, C and D).
Moreover, staining for the hypoxia markers pimonidazole and
glucose transporter 1 (GLUT1) revealed a reduced hypoxic tumor
area in Zeb1“* mice compared with ZebI"" mice (Figure 3, F and
G, and Supplemental Figure 3, E and F), suggesting that LLC and
B16F10 tumors of ZebI“EC mice were better oxygenated, which in
turn reduced tumor necrosis.

In most tumors, EMT is accompanied by hypoxia. Immuno-
fluorescent staining of LLC tumors revealed remarkably increased
expression of E-cadherin (a classic epithelial marker) in tandem
with a reduction in expression of vimentin (a mesenchymal
marker) in ZebI“EC¢ mice compared with Zeb1"" mice (Figure 4,
A and B), indicating that the EMT process was significantly hin-
dered in ZebI“© tumors. As tumor hypoxia and EMT are known
to promote tumor metastasis and are indicative of poor prognosis
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Figure 4. Endothelial ZEB1 deletion impedes LLC tumor intravasation and metastasis. (A and B) Immunofluorescent images (A) and comparisons (B)

of E-cadherin and vimentin expression in LLC tumors of Zeb1"" versus Zeb7“£¢ mice (5 mice each). (C) Comparison of numbers of circulating GFP-LLC

cells in tumor-bearing Zeb1"" versus Zeb14E¢ mice (5 mice each). (D and E) H&E-stained images (D) and comparison (E) of metastatic colonies in lungs

of tumor-bearing Zeb1"" versus Zeb7“€¢ mice (5 mice each). Arrows denote metastatic foci. (F and G) Immunofluorescent images (F) and comparison

(G) of metastasized cytokeratin* LLC tumor cells in the inguinal LNs of tumor-bearing Zeb1"" versus Zeb74£ mice (5 mice each). The cytokeratin® area is
presented as a percentage of sectional area. (H) Comparison of overall survival of LLC tumor-bearing Zeb1"" versus ZebT“£¢ mice (5 mice each). All data are
represented as mean + SD. **P < 0.01. Differences were tested using unpaired 2-sided Student'’s t test (B, C, E, and G) and log-rank test (H).

(30), we compared tumor intravasation and metastasis in ZebI""
versus Zeb1“EC¢ mice. To monitor tumor intravasation, mice were
implanted with GFP-labeled LLC cells, and circulating nucleat-
ed cells were isolated 3 weeks after tumor implantation for flow
cytometric analysis. The results demonstrated a smaller number
of GFP* circulating tumor cells in Zeb1“E€ mice than in ZebI"" mice
(Figure 4C), suggesting that endothelial ZEB1 deletion signifi-
cantly diminished tumor cell intravasation. To address the role of
vascular ZEB1 in tumor cell metastasis, mice were implanted with
LLC cells, and lungs and inguinal lymph nodes (LNs) were collect-
ed 4 weeks and 3 weeks after tumor implantation, respectively.
We observed that the number of metastatic tumor colonies in the
lungs was 80% less in Zeb1E¢ mice (Figure 4, D and E). Although
the distribution and densities of lymphatic vessels in LLC tumors
and inguinal LNs were largely comparable in Zeb1“E¢ and Zeb1™"
mice (Supplemental Figure 3, G and H), lymphatic metastasis of
Volume 130 Number 3

jci.org March 2020

LLC cells into inguinal LNs was remarkably impeded by nearly
80% in ZebIE¢ mice (Figure 4, F and G). Moreover, overall sur-
vival of ZebI“E¢ mice carrying LLC and B16F10 tumors was pro-
foundly increased in comparison with tumor-bearing ZebI"" mice
(Figure 4H and Supplemental Figure 3I). Altogether, these data
suggest that endothelial ZEB1 deletion reduces tumor cell growth,
intravasation, distant metastasis, and lymphatic metastasis, there-
by increasing survival of tumor-bearing mice.

Endothelial ZEBI deletion reduces tumor angiogenesis while
inducing tumor vessel normalization in various tumor models. To
assess the impact of endothelial ZEB1 deletion on tumor angio-
genesis, we measured vessel density in tumor tissues 3 weeks
after implantation. As shown, LLC, B16F10, and Panc02 tumors
of Zeb1EC mice exhibited a reduced number of vessels in com-
parison with ZebI"" mice, indicating that endothelial ZEB1 dele-
tion profoundly reduced tumor angiogenesis (Figure 5A and
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Figure 5. Endothelial ZEB1 inactivation reduces LLC tumor angiogenesis while eliciting vessel normalization. (A) Immunofluorescent images (left) and
comparison (right) of CD31* blood vessel (BV) density in LLC tumors grown for 21 days in Zeb1"" versus Zeb74£¢ mice (5 mice each). Nuclei, DAPI (blue).
(B-D) Immunofluorescent images (left) and comparisons (right) of desmin* pericyte coverage along BVs (B), collagen type IV* basement membrane (BM)
coverage alongside BVs (C), and claudin 5 distribution on BVs (D) in LLC tumors of Zeb1"" versus Zeb7£¢ mice (5 mice each). (E) Immunofluorescence
images (left) and comparison (right) of extravasated Ter119* red blood cells in LLC tumors of Zeb1"" versus Zeb745¢ mice (5 mice each). The Ter119* bleeding
area is presented as a percentage of total sectional area. (F and G) Immunofluorescent images (left) and comparisons (right) of dextran leakage (F) and
lectin perfusion (G) of BVs in LLC tumors of Zeb1"" versus Zeb7“5¢ mice (5 mice each). Dextran and lectin were intravenously injected 30 minutes before
euthanization. The dextran* area or lectin* vessels are presented as a percentage of total sectional area or CD31* area, respectively. All data are represented
as mean + SD. **P < 0.01. Differences were tested using unpaired 2-sided Student’s t test.

Supplemental Figure 4, A and H). Next, we assessed the role of
endothelial ZEB1 in vascular integrity and function. We found
that desmin* pericyte coverage along tumor vessels, collagen
type IV* basement membrane (BM) coverage, and distribution
of the endothelial junctional molecule claudin 5 on tumor vessels
were markedly increased in LLC, B16F10, and Panc02 tumors of
ZebI“EC mice (Figure 5, B-D, and Supplemental Figure 4, B-D, [,
and ]), suggesting that endothelial ZEB1 deletion efficiently pro-
motes tumor vessel integrity. Consistently, ZebI“*¢ tumor vessels
showed reduced intratumoral hemorrhages (assessed by Ter119
staining for red blood cells) and lower tumor vascular permea-

bility to intravenously injected 70-kDa dextran, thus implicating
endothelial ZEB1 in tumor vascular leakiness (Figure 5, E and F,
and Supplemental Figure 4, E and F). Further, we evaluated tumor
vascular functionality by intravenously injecting fluorescently
labeled lectin. Tumor vascular perfusion was markedly promoted
in tumors of Zeb1E¢ mice compared with Zeb1"" mice (Figure 5G
and Supplemental Figure 4G). To unveil the role of vascular ZEB1
in early tumor progression, we measured vessel density and integ-
rity in LLC tumors 1 week after implantation. We confirmed that
ZEB1 was indeed expressed in tumor ECs, and its expression in
tumor ECs was efficiently deleted in tumors of ZebI“E¢ mice that

jci.org  Volume130  Number3  March 2020

1257



RESEARCH ARTICLE

A LLC tumor-Doxorubicin/CD31/DAPI B
- _2
=
31
@
1
©
0
2
o
po4
[=]
o
C Zeb1"T Zeb1"EC D
Vehicle Cisplatin  Vehicle Cisplatin
2.0
g § 151
= L
o £
-
- g 1.01
>
- E
! i zem | 209
2
0
3 ]
& @ e - |
-
| 2cm
F Cisplatin-modified DNA/ /DAPI G
Zeb1icis. Zeb1"E¢[cis. 2 5
. %: 'g
5gt
=
8§83
(=N
2
T 21
100 um x S
Zeb1"iiyeh. = « | Zeb1"Tcis. s 601
Zehi 9
* - : -./4 4
o R L | o °
e 5l O S 30
Zeb1*jveh.  ~ ||Zeb1"=[cis. 8 %
by 5 B | el _-..‘ g
= £l e = 15
* o T 3
b o 400 um ol

J 1-Zeb1"ivehicle

>D31/DAPI

-
(-

1258

jci.org

The Journal of Clinical Investigation

sk
01 - Zeb1"T
. Zeb1iEc
5 -
O .
5 4
0 J
LLC tumor

«1-Zeb1"iveh.
2-Zeb1"icis.

* 3-Zeb1"=Sjveh.
4-Zeb 1" C/cis.

2-Zeb1"cisplatin

Volume 130 Number 3

e
-

3-Zeb1"EClyehicle

5 9 13 17 21
Days after implantation

*k

Zeb1"™

| . « Zeh14E¢

*"** + Zeb1"Tjveh.
o Zeb1"cis.
» Zeb 1" veh.
Zeb14E¢(cis,

4-Zeb1"C/cisplatin

200 um

March 2020

Tumor weight (g)

BV density (%)

*k
1 E 5
*%
i
m
AL 1
#1 #2 #3 #4
12
9
6
3
0

#1 #2 #3 #4



The Journal of Clinical Investigation

Figure 6. Vascular ZEB1 depletion enhances drug delivery and potenti-
ates antitumor effect of cisplatin. (A and B) Immunofluorescent images
(A) and comparison (B) of doxorubicin penetration in the intratumoral
regions of LLC tumors grown in Zeb1"" versus Zeb74¢ mice (5 mice each).
Doxorubicin was intravenously injected 15 minutes before euthanization.
The doxorubicin* area is presented as a percentage of total sectional area.
Nuclei, DAPI (blue). (C and D) Gross images (C) and growth curves (D) of
LLC tumors grown subcutaneously for 21 days in Zeb1"" and Zeb1“E¢ mice.
Mice were treated with vehicle or 1 mg/kg cisplatin once every 4 days for

a total of 3 times (5 mice each). (E) Comparison of tumor weight of the
indicated LLC tumors harvested at day 21 after implantation (5 mice each).
(F and G) Immunofluorescent images (F) and comparison (G) of intratu-
moral accumulation of cisplatin in LLC tumors of cisplatin-treated Zeb1""
versus Zeb7“€ mice (5 mice each). (H and I) H&E-stained images (H) and
quantification () of hemorrhagic necrosis in LLC tumors of vehicle- or
cisplatin-treated Zeb1"" and Zeb7“£¢ mice as described in C (5 mice each).
Asterisks denote hemorrhagic foci. () and K) Immunofluorescent images (J)
and guantification (K) of BV density in LLC tumors of vehicle- or cisplatin-
treated Zeb1"" and Zeb7“E¢ mice as described in C (5 mice each). All data
are represented as mean + SD. *P < 0.05; **P < 0.01. Differences were
tested using unpaired 2-sided Student’s t test (B and G), 2-way ANOVA
with Tukey's post hoc test (D), and 1-way ANOVA with Tukey's post hoc
test (E, I, and K).

were treated with 1.0 mg tamoxifen every other day for a total of
7 times starting from 1 week before tumor inoculation (Supple-
mental Figure 4K). Notably, tumors grown in ZebI“E¢ mice for 1
week exhibited impaired tumor vessel formation in tandem with
enhanced desmin® pericyte coverage along tumor vessels (Sup-
plemental Figure 4, K and L), indicating that vascular ZEBI plays
an essential role in early tumor progression. Taken together, these
findings suggest that endothelial ZEB1 deletion reduces tumor
angiogenesis while eliciting vascular normalization at different
stages of tumor progression.

Vascular ZEBI inactivation promotes chemotherapy delivery and
potentiates anticancer activity of nontoxic low-dose cisplatin in the
LLC tumor. Based on the findings that tumor vascular perfusion
was profoundly improved in tumors of ZebI“E€ mice, we measured
the accumulated amount of the chemotherapeutic agent doxoru-
bicin in the tumor. To this end, mice were intravenously injected
with 5 mg/kg doxorubicin 15 minutes before euthanization, and
the tumors were dissected and subjected to immunofluores-
cence analysis (doxorubicin is autofluorescent, allowing direct
monitoring of the drug’s penetration in the tumor). Indeed, LLC
tumors of ZebI“EC mice exhibited a 3.8-fold increase in the accu-
mulated amount of doxorubicin within perivascular areas, indi-
cating improved delivery of a small-molecule chemotherapeutic
drug in Zeb1E¢ tumors (Figure 6, A and B). Thus, we sought to
investigate whether vascular ZEB1 deletion can enhance tumor
response to chemotherapy with low-dose cisplatin, a convention-
al small-molecule chemotherapeutic agent. To this end, ZebI""
and ZebI“EC mice were intraperitoneally injected with vehicle or
cisplatin (1 mg/kg) every 4 days for a total 3 times when tumor vol-
ume reached about 100 mm? (6-7 days after LLC tumor implan-
tation). As expected, low-dose cisplatin failed to suppress LLC
tumor growth in Zeb1"" mice, while it significantly reduced tumor
growth by about 90% in ZebI“*° mice (Figure 6, C-E). Consis-
tently, immunofluorescent staining using anti-cisplatin-modified
DNA antibody (an antibody that enables the quantification of
cisplatin-induced adducts on DNA) revealed a remarkable intra-
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tumoral accumulation of cisplatin in tumors of Zeb1“E€ mice com-
pared with ZebI"" mice (Figure 6, F and G), indicating profoundly
improved delivery and perfusion of cisplatin in tumors of Zeb1E¢
mice. Histological analyses revealed that low-dose cisplatin treat-
ment did not reduce intratumoral necrosis in tumors of Zeb1""
mice but dramatically decreased necrotic area by more than 90%
in tumors of Zeb1“E° mice (Figure 6, H and I). As tumor necrosis is
recognized to be a consequence of chronic cellular hypoxia in sol-
id tumors, and associates with increased tumor cell proliferation,
enhanced resistance to chemotherapy, and reduced disease-spe-
cific survival (3, 31, 32), we examined the effect of low-dose cispla-
tin on tumor cell proliferation and survival in ZebI"" and Zeb1“t¢
mice. As shown, we observed that low-dose cisplatin treatment
significantly decreased the percentages of Ki67* proliferative cells
while increasing the percentages of cleaved caspase-3* apoptotic
cells in the LLC tumor grown in ZebI“E¢ mice but not in Zeb1""
mice (Supplemental Figure 5, A and B), suggesting that low-dose
cisplatin reduced tumor cell proliferation and survival in Zeb1“EC
mice. Notably, we observed reduced tumor vascular densities in
tandem with elevated desmin* pericyte coverage and improved
collagen type IV BM coverage along blood vessels in the LLC
tumors grown in low-dose cisplatin- or vehicle-treated Zeb1“t¢
mice compared with ZebI"" mice receiving treatment with cispla-
tin or vehicle (Figure 6, ] and K, and Supplemental Figure 5, C and
D). Importantly, we found that low-dose cisplatin-treated mice
did not show any growth retardation or detectable histological
alterations in major organs including heart, liver, spleen, and kid-
ney (Supplemental Figure 5E). These findings demonstrate that
targeting endothelial ZEB1 in combination with low-dose cispla-
tin may yield a significantly enhanced anticancer effect without
eliciting systematic side effects.

Endothelial ZEBI deficiency promotes antitumor immunity and
sensitizes LLC tumors to immune checkpoint blockade. In addition to
improving tumor oxygenation and drug delivery, vascular normal-
ization may increase immune cell infiltration into the tumors, thus
converting the intrinsically immunosuppressive TME to an immu-
nosupportive one (9, 33-35). We therefore set up to investigate
the impact of vascular ZEB1 deletion on infiltration of immune
cells into tumors. Flow cytometry analyses of LLC tumors grown
in Zeb1“E€ mice revealed increased densities of CD8" and CD4* T
cells, which are key immune effector cells in antitumor immunity
(Figure 7, A and B). Notably, the presence of Tregs (CD4*Foxp3*),
also known as immunosuppressive T cells, was instead dimin-
ished in Zeb1“E¢ tumors (Figure 7C). The analyses also showed
that tumors grown in ZebI“E¢ mice had enhanced infiltration of
tumor-associated dendritic cells and tumor-associated B cells,
the specialized antigen-presenting cells (APCs) in tumors that
are required to initiate and sustain T cell-dependent antitumor
immunity (Figure 7, D and E). Moreover, we performed CDS8
immunohistochemical staining of LLC and B16F10 tumors grown
in ZebI"" mice versus Zeb1“*° mice and found boosted infiltration
of CD8" T cells into both peripheral and central regions of tumors
grown in Zeb1“E¢ mice compared with Zeb1"" mice (Figure 7, F and
G, and Supplemental Figure 6, A and B).

It is conceivable that improving tumor vessel normalization
can facilitate the infiltration and activation of immune cells, espe-
cially cytotoxic T cells, in the TME and thus enhances the effica-
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Figure 7. Endothelial ZEB1 deletion enhances presence of tumor-infiltrating immune cells. (A-E) Flow cytometric quantification of presence of CD8*
T cells (A), CD4* T cells (B), CD4*Foxp3* Tregs (C), tumor-associated dendritic cells (TADCs) (D), and tumor-associated B cells (TABCs) (E) in LLC tumors
of Zeb1"" and Zeb1“£¢ mice (5 mice each). (F and G) Immunohistochemical images (F) and quantification (G) of CD8* T cells in the peripheral and central
regions of LLC tumors grown in Zeb1"" and Zeb7“£¢ mice (5 mice each). Magnified areas of dashed boxed sections are shown in right panels. All data are
represented as mean + SD. **P < 0.01. Differences were tested using unpaired 2-sided Student’s t test (A-E and G).

cy of anti-programmed cell death protein 1/programmed death
ligand 1 (anti-PD-1/PD-L1) immunotherapy (9, 35-37). Intriguing-
ly, immunofluorescence analysis of the LLC tumors revealed that
PD-L1 was predominantly expressed on tumor-infiltrating CD45*
leukocytes with a weak expression on CD31* tumor ECs (Supple-
mental Figure 6C). In addition, qRT-PCR analysis of FACS-iso-
lated cells of LLC tumors revealed that Pdll mRNA expression in
CD31CD45" leukocytes was 10 times and 25 times higher than
that in CD31°CD45" tumor ECs and CD31°CD45" cells, respec-
tively (Supplemental Figure 6D). Notably, LLC tumors of ZebI“E¢
mice exhibited markedly increased PD-L1 expression compared
with those of ZebI"T mice, accompanied by enhanced presence
of tumor-infiltrating CD45" leukocytes in the TME, as assessed
by PD-L1/CD45 immunofluorescence (Supplemental Figure
6E). We therefore reasoned that blocking the PD-1/PD-L1 path-
way may confer long-term antitumor immunity in tumor-bearing
ZebI“E¢ mice, thus yielding potent and durable antitumor effect.
To test this, 200 pg isotype control or anti-PD-1 mAb was intra-
peritoneally injected into Zeb1"" and Zeb1“E° mice every 3 days for
a total of 3 times (around 3-fold lower than regular dose) starting
when tumor volume reached 100 mm? (6-7 days after LLC tumor
implantation). Consistent with our expectation, neither ZebI“£¢
mice nor ZebI"" mice that were treated with low-dose anti-PD-1
mAb showed any growth retardation or detectable histological
alterations in major organs including heart, liver, and kidney (Sup-
plemental Figure 6F). Treatment with low-dose anti-PD-1 mAb
slightly decreased LLC tumor growth in Zeb1"" mice (Figure 8, A
and B). Most strikingly, anti-PD-1 mAb treatment of Zeb1E¢ mice

jei.org  Volume130  Number3  March 2020

resulted in a rapid tumor regression, and tumors began regress-
ing by day 15 and eventually became undetectable by day 27 after
tumor implantation (Figure 8, A and B). Furthermore, anti-PD-1
mADb treatment failed to increase survival in tumor-bearing Zeb1""
mice, but markedly extended survival in tumor-bearing ZebI“E¢
mice (Figure 8C). All ZebI“E€ mice treated with anti-PD-1 mAb
survived through the observation period (200 days from tumor
implantation), compared with none of the isotype control-treated
ZebI“EC mice (median survival, 62 days), the isotype control-treat-
ed Zeb1"" mice (median survival, 32 days), or the anti-PD-1-treat-
ed Zeb1"" mice (median survival, 38 days) (Figure 8C). Finally, flow
cytometry analyses revealed that treatment with anti-PD-1 mAb
substantially increased infiltration of total, activated (CD69), and
proliferative (Ki67*) CD8" T cells and CD4" T cells in tumors of
ZebI“EC mice compared with Zeb1"" mice (Figure 8, D and E).
ZEBI deletion epigenetically represses TGF-f signaling in tumor
ECs. To characterize how ZEBI deficiency regulates tumor EC
phenotypes, we performed transcriptome RNA sequencing (RNA-
Seq) in FACS-purified tumor ECs of ZebI“EC versus Zeb1"" LLC
tumors. Gene Ontology (GO) analysis demonstrated that ZEB1
deletion in tumor ECs downregulated the expression of signa-
ture genes enriched in TGF-p signaling and several other proan-
giogenic signaling pathways, such as mitogen-activated protein
kinase (MAPK), Wnt, Ras, vascular endothelial growth factor
(VEGF), Notch, and PI3K/Akt (Figure 9A). The TGF-p signaling
pathway is thought to crosstalk and regulate these proangiogenic
signaling pathways at multiple levels (38-41). Therefore, we rea-
soned that ZEB1 deficiency may regulate tumor EC phenotypes by
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Figure 8. Endothelial ZEB1 deletion sensitizes LLC tumors to anti-PD-1immunotherapy. (A) Growth curves of LLC tumors grown for 21 or 27 days in
Zeb1"" and Zeb1“E¢ mice that were treated with 200 pg isotope control (IgG) or anti-PD-1 mAb once every 3 days for a total of 3 times (5 mice each). (B)
Comparison of tumor weight of the indicated LLC tumors harvested at day 21 after implantation (5 mice each). (€) Comparison of overall survival of the
indicated LLC tumor-bearing mice as described in A (5 mice each). (D and E) Representative flow cytometric plots (D) and quantification (E) of CD69+CD8*,
Ki67+CD8*, CD69*CD4", and Ki67+*CD4* T cell fractions in LLC tumors of the indicated mice as described in A (5 mice each). Tumors were harvested for flow
cytometric analysis at day 18 after implantation. All data are represented as mean + SD. *P < 0.05; **P < 0.01. Differences were tested using 2-way ANOVA
with Tukey's post hoc test (A), 1-way ANOVA with Tukey’s post hoc test (B and E), and log-rank test (C).

repressing TGF-f signaling. Thus, we validated that FACS-puri-
fied ZebI“E€ tumor ECs displayed markedly reduced mRNA levels
of TGF-f ligands including Tgfb1, Tgfb2, and Tgfb3, with no reduc-
tion in mRNA levels of the TGF-B receptors Tgfbrl and Tgfbr2,
or the receptor-regulated SMADs (R-SMADs), including Smad2
and Smad3 (Figure 9B). In addition, immunofluorescence anal-
ysis revealed that TGF-p1 was abundantly expressed in LLC and
B16F10 tumor ECs, and vascular TGF-B1 expression was remark-
ably decreased in LLC and B16F10 tumors grown in ZebI“E¢ mice
compared with ZebI"" mice (Figure 9, C and D, and Supplemen-
tal Figure 7, A and B). Consistently, the analyses revealed mark-
edly diminished distribution of p-SMAD2/3, an active form of
R-SMADs that can translocate into the nucleus to initiate tran-
scription of TGF-B-targeting genes, along blood vessels of LLC
and B16F10 tumors grown in Zeb1“E¢ mice compared with Zeb1""
mice. Also, p-SMAD2/3 levels in vessel-excluded areas at LLC
and B16F10 tumors of ZebI“E€ mice were reduced in comparison
with ZebI"" mice (Figure 9, E and F, and Supplemental Figure 7,
C and D). Given that TGF-fs function as autocrine or paracrine
signaling molecules within the TME, we assessed the impact of

vascular ZEB1 deletion on the secretion of TGF-Bs in LLC tumors.
Indeed, ELISA of LLC whole tumor lysates revealed that the lev-
els of secreted TGF-B1, TGF-B2, and TGF-B3 were significant-
ly decreased in tumors of ZebI“*C mice relative to ZebI"" mice
(Figure 9G). These findings suggest that vascular ZEB1 deletion
reduces expression and secretion of these 3 TGF- isoforms to the
TME, which diminishes tumor vascular TGF-p receptor signaling
in an autocrine fashion while reducing TGF-f receptor signaling in
non-ECs in a paracrine fashion.

We next questioned whether endothelial ZEB1 deletion down-
regulates TGF-f signaling in a tumor EC-autonomous fashion.
To this end, LLC tumor ECs of Zeb1"# mice were purified and
infected with adeno-f-gal and adeno-Cre to generate control and
ZEBI1-deleted LLC tumor ECs, and infected cells were subjected
to multiple analyses. As shown, Zebl, Tgfbl, Tgfb2, and Tgfb3 tran-
script levels were significantly reduced in ZEB1-deleted tumor
ECs compared with control cells (Figure 10A). Also, ZEB1 deletion
in tumor ECs decreased ZEB1, TGF-B1, and p-SMAD2/3 protein
levels without affecting total SMAD2/3 expression, as assessed by
immunoblot analysis (Figure 10B and Supplemental Figure 7E).
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Figure 9. Vascular ZEB1 inactivation represses TGF-} expression and secretion in the LLC tumor. (A) GO analysis of signature genes that are differentially
expressed in FACS-isolated ECs dissected from LLC tumors of Zeb1"" and Zeb7“(¢ mice, revealing significantly modulated functional pathways. (B) gRT-
PCR analyses of indicated gene expression in FACS-isolated ECs dissected from LLC tumors of Zeb1"" and Zeb7“€ mice (n = 3 independent experiments).
(C and D) Immunofluorescent images (C) and comparison (B) of TGF-B1* BVs in LLC tumors of Zeb1"" versus Zeb7“(¢ mice (5 mice each). (E and F) Immu-
nofluorescent images (E) and comparison (F) of p-SMAD2/3* BVs in LLC tumors of Zeb1"" versus Zeb7“€ mice (5 mice each). Comparison of p-SMAD2/3
expression in vessel-excluded areas at the indicated tumors is shown in F (right). (G) ELISA for secreted TGF-B1, TGF-B2, and TGF-B3 levels in whole lysates
of LLC tumors dissected from Zeb1"" and Zeb7“® mice (n = 3 independent experiments). All data are represented as mean + SD. *P < 0.05; **P < 0.01.

Differences were tested using unpaired 2-sided Student’s t test.

Furthermore, a promoter luciferase reporter assay showed that
transcription of Tgfbl, Tgfb2, and Tgfb3 was markedly reduced
in ZEB1-deleted tumor ECs compared with control cells (Figure
10C). Using chromatin immunoprecipitation (ChIP) assays, we
confirmed the loading of ZEB1 onto the proximal but not the dis-
tal regions of Tgfbl, Tgfb2, and Tgfb3 promoters in LLC tumor ECs
(Figure 10D). ZEB1 is primarily known as a transcriptional repres-
sor that induces EMT by suppressing CDHI transcription (19-22).
However, our findings suggest that ZEB1 can be a transcriptional
activator that enhances transcription of Tgfb in tumor ECs. Next,
we investigated how ZEB1 deletion reduces Tgfbl, Tgfb2, and Tgfb3

jei.org  Volume130  Number3  March 2020

transcript levels in tumor ECs. Transcription factors are known to
transactivate target genes by recruiting coactivators to promoters
of target genes, which can increase histone acetylation on the pro-
moters and thus induces transcriptional activation (42, 43). ChIP
analyses were performed in control and ZEB1-deleted tumor ECs,
and the results showed that ZEB1 deletion in tumor ECs mark-
edly reduced histone acetylation, including histone H3 lysine 4
acetylation (H3K4Ac), H3K14Ac, and H3K18Ac, on the promot-
ers of Tgfbl, Tgfb2, and Tgfb3, without affecting levels of histone
H3 lysine 27 trimethylation (H3K27me3), a reported repressive
histone marker, at the promoters (42, 44) (Figure 10E and Sup-
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er activity in HEK293T cells that were cotransfected with the indicated constructs (n = 3 independent experiments). Right panel: immunoblot analysis
confirming ectopic expression of HA-tagged ZEB1, p300, and CBP in HEK293T cells. Asterisks and arrows mark nonspecific bands and specific bands,
respectively, with the expected molecular weights. All data are represented as mean + SD. *P < 0.05; **P < 0.01. Differences were tested using unpaired
2-sided Student's t test (A and C) and 1-way ANOVA with Tukey’s post hoc test (H).

plemental Figure 7F). To uncover the coactivators responsible for
histone acetylation on the promoters of Tgfb genes, we performed
coimmunoprecipitation experiments in LLC tumor ECs. Indeed,
we found that ZEB1 was physically associated with the histone
acetyltransferases CREB-binding protein (CBP) and p300 in
tumor ECs (Figure 10F). Sequential ChIP analyses revealed that
ZEB1 and CBP co-occupied the promoters of Tgfbl, Tgfb2, and
Tgfb3 in tumor ECs (Figure 10G). Finally, a promoter luciferase
reporter assay was performed in 293T cells that were transient-
ly transfected with HA-ZEB1, HA-p300, or HA-CBP alone, or
ZEB1 in combination with p300 or CBP (Figure 10H). The results
demonstrated that overexpression of ZEB1, p300, or CBP alone
increased Tgfbl promoter activity by 50%, 1%, or 2%, respectively,
while overexpression of ZEB1 in combination with p300 or CBP
resulted in a 5.1-fold or 5.7-fold increase in Tgfbl promoter activity,

respectively (Figure 10H). These findings suggest that CBP/p300
interacts with ZEB1 and they co-occupy the promoters of Tgfb
genes to induce transcriptional activation in tumor ECs.
Administration of recombinant Tgfbl protein to ZebI“EC mice
disrupts tumor vascular normalization and recovers the impaired
cancer growth and progression. We next evaluated whether ZEB1
deletion in cultured LLC tumor ECs can also reduce the secretion
of TGF-Bs. To this end, conditioned medium (CM) of control and
ZEBI1-deleted tumor ECs (designated control CM and ZEB1-delet-
ed CM, respectively) was collected, and ELISAs were performed.
The results showed that secreted TGF-p1, TGF-B2, and TGF-f3
levels were remarkably reduced in ZEB1-deleted CM compared
with control CM (Supplemental Figure 8A). Consistent with these
findings, LLC tumor cells in the presence of ZEB1-deleted CM or
control non-CM exhibited substantially decreased p-SMAD2/3
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Figure 11. Treatment of Zeb7“t° mice with r.TGF-B1 protein recovers impaired tumor progression. (A) Immunoblot analysis of control (i.e., Ad-B-gal-
infected) and ZEB1-deleted (i.e., Ad-Cre-infected) LLC tumor ECs that were treated with vehicle or 2 ng/mL rTGF-B1 protein for 3 hours. (B) Immunofluo-
rescent images showing p-SMAD2/3 (top) and SMAD2/3 (bottom) expression in the indicated cells as described in A. Nuclei, DAPI (blue). (C) Growth curves
of LLC tumors grown for 21 days in Zeb1"" and Zeb7“E¢ mice that were treated with vehicle or 1.3 pg/kg rTGF-B1 protein once every 3 days for a total of 3
times (5 mice each). (D) Gross images of freshly dissected tumors as described in C. (E and F) H&E-stained images (E) and quantification (F) of hemorrhag-
ic necrosis in LLC tumors of vehicle- or rTGF-B1-treated Zeb1"" and Zeb7“5¢ mice as described in € (5 mice each). Asterisks in E denote hemorrhagic foci.

(G and H) Immunofluorescent images (G) and comparison (H) of metastasized cytokeratin®* LLC tumor cells in the inguinal LNs of tumor-bearing mice as
described in C (5 mice each). The cytokeratin* area is presented as a percentage of sectional area. All data are represented as mean + SD. *P < 0.05;

**P < 0.01. Differences were tested using 2-way ANOVA with Tukey’s post hoc test (C) and 1-way ANOVA with Tukey’s post hoc test (F and H).

levels relative to tumor cells in control CM (Supplemental Figure
8B). Notably, ZEB1 protein was undetectable in LLC tumor cells in
the presence of control non-CM, control CM, or ZEB1-deleted CM
(Supplemental Figure 8B). Next, we set up to determine whether
ZEBI deletion in tumor ECs can affect LLC tumor cell prolifera-
tion in a paracrine fashion. To this end, tumor cells were cultured
in control non-CM supplemented with 10% FBS and then in con-
trol non-CM, control CM, or ZEBI-deleted CM supplemented
with 0.5% FBS, and cell numbers were counted. As shown, LLC
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tumor cells grew at a comparable rate in the presence of control
non-CM, control CM, or ZEB1-deleted CM within 36 hours of
culture, while tumor cells in the presence of control CM prolifer-
ated at a significantly higher rate than cells in control non-CM or
ZEB1-deleted CM at 60 and 84 hours of culture (Supplemental
Figure 8C). Moreover, we assessed the impact of tumor vascular
ZEBI1 deletion on LLC tumor cell invasion. To this end, tumor
cells were cultured in medium without FBS in the upper chambers
of Transwell inserts with an 8-um pore size that were precoated
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Figure 12. Treatment with rTGF-B1 protein disrupts tumor vessel normalization and perfusion in Zeb7“E mice. (A and B) Immunofluorescent images (A)
and comparisons (B) of BV density, desmin* pericyte and collagen type IV* BM coverages along BVs, claudin 5 distribution on BVs, and lectin perfusion of
BVs in LLC tumors dissected from the indicated mice (5 mice each). All data are represented as mean + SD. **P < 0.01. Differences were tested using 1-way

ANOVA with Tukey’s post hoc test.

with Matrigel, while the lower chambers were filled with control
non-CM, control CM, or ZEB1-deleted CM. Indeed, we found a
marked reduction in numbers of invaded tumor cells in the pres-
ence of ZEB1-deleted CM or control non-CM compared with
control CM (Supplemental Figure 8, D and E). Altogether, these
results suggest that endothelial ZEB1 deletion strongly reduces
tumor cell growth and invasion by diminishing TGF-B/SMAD sig-
naling in tumor cells (in a paracrine fashion).

Given these results, we set up to assess the degree to which
tumor vasculature-derived TGF-Bs serve as ZEBI target sub-
strates required for cancer growth and progression. As shown,
in vitro treatment with recombinant TGF-p1 (r.TGF-B1) pro-
tein fully restored SMAD activity in ZEBI-deleted LLC tumor
ECs (Figure 11, A and B), suggesting that ZEB1-deleted ECs can

respond to TGF-B1 stimulation. We next determined whether
in vivo administration of r.TGF-B1 protein can restore impaired
cancer growth and metastasis. To this end, vehicle or r.TGF-p1
protein (1.3 pg/kg body weight) was intravenously injected into
Zeb1EC and ZebI"" mice every 3 days for a total 3 times starting
when tumor volume reached 100 mm?® (6-7 days after LLC tumor
implantation). Treatment with r.TGF-B1 had no obvious impact
on LLC tumor growth in ZebI"™ mice, but significantly restored
the impaired tumor growth in ZebI“E¢ mice (Figure 11, C and
D). Consistently, reduced intratumoral necrosis with hemor-
rhagic foci and shrunk hypoxic area (as evidenced by decreased
expression levels of pimonidazole and GLUT1) were efficiently
restored in LLC tumors of r.TGF-B1-treated ZebI“E® mice com-
pared with vehicle-treated Zeb1“E¢ mice (Figure 11, E and F, and
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Supplemental Figure 8, F and G). Also, the abilities of LLC tumor
cells to metastasize to inguinal LNs were markedly recovered in
r.TGF-pl-treated tumor-bearing ZebIE¢ mice (Figure 11, G and
H). Moreover, diminished tumor vascular densities were substan-
tially reversed in tumors of . TGF-B1-treated ZebIEC mice (Figure
12, A and B). Notably, administration of r.TGF-B1 protein to LLC
tumor-bearing Zeb1“E¢ mice considerably disrupted tumor vessel
normalization, as evidenced by diminished desmin* pericyte cov-
erage on tumor vessels, reduced collagen type IV* BM coverage
along blood vessels, impaired claudin 5 distribution on tumor
vessels, and impeded tumor vessel perfusion (measured by a
labeled-lectin perfusion assay) (Figure 12, A and B). Collectively,
these findings suggest that the ZEB1/TGF-p axis in the TME plays
an important role in tumor growth and metastasis.

We next determined whether forced expression of TGF-p1 in
tumor cells could counteract the effect of targeting endothelial
ZEBL. To this end, LLC tumor cells were infected with pLenti-lox
or pLenti-lox-TGF-B1-HA lentiviral vectors (to generate LLC-con-
trol or LLC-TGF-p1 tumor cells; Supplemental Figure 9, A and B)
and subcutaneously injected into ZebI"" and ZebI“E€ mice, respec-
tively, and tumor growth, vascular functional integrity, and tumor
angiogenesis were evaluated. As shown, while LLC-TGF-B1 tumors
and LLC-control tumors grew at largely comparable rates in Zeb1""
mice, LLC-TGF-f1 tumor growth was greatly promoted in Zeb1“£¢
mice compared with LLC-control tumors of ZebI“E¢ mice (Supple-
mental Figure 9C), phenocopying the administration of r.TGF-p1
protein to LLC tumor-bearing Zeb1"" and Zeb1“t° mice. Compared
with LLC-control tumors grown in ZebI“E¢ mice, LLC-TGF-f1
tumors of ZebI“E¢ mice exhibited enhanced tumor vessel density,
impaired desmin* pericyte and collagen IV* BM coverages along
tumor vessels, and diminished claudin 5* distribution on tumor
vessels (Supplemental Figure 9, D and E). These findings suggest
that forced expression of TGF-f1 in tumor cells markedly counter-
acts the effect of targeting endothelial ZEB1 in mice.

ZEBI1/TGF-/SMAD signaling transactivates VEGFA and ANG2
genes in tumor ECs. Given that TGF-p is not directly angiogenic,
we speculated that the signaling molecules that are directly angio-
genic might mediate the effect of ZEB1/TGF- signaling on the
regulation of tumor angiogenesis and vessel functionality and
integrity. To test this, Zeb1”# LLC tumor ECs were infected with
adeno-B-gal or adeno-Cre to generate control and ZEBI-deleted
cells, treated with vehicle or 2 ng/mL r.TGF-B1 protein for 3 hours,
and subjected to immunoblot and immunofluorescence analyses.
As shown, treatment of control or ZEB1-deleted tumor ECs with
TGF-p1 markedly increased protein levels of VEGF and angio-
poietin-2 (ANG2), two potent proangiogenic cytokines that sus-
tain tumor angiogenesis directly (37, 45, 46) (Figure 13, A and B);
VEGFA and ANG?2 protein levels were remarkably diminished in
ZEB1-deleted LLC tumor ECs compared with control cells (Figure
13, A and B). Also, qRT-PCR analysis revealed that Vegfa and Ang2
transcript levels were profoundly increased in TGF-Bl-treated
tumor ECs compared with vehicle-treated cells (Figure 13C). Fur-
ther, we performed SMAD2/3 ChIP assays and found that SMAD
indeed bound to the promoters of IdI (a classic TGF-B/SMAD
target gene), Vegfa, and Ang2, and the levels of SMAD binding on
the Id1, Vegfa, and Ang2 promoters were robustly increased fol-
lowing TGF-p1 treatment (Figure 13D). Conversely, ZEB1 deletion
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reduced TGF-P activity, which consequently diminished SMAD on
the promoters of Id1, Vegfa, and Ang2 (Figure 13E). These results
suggest that, like Idl, Vegfa and Ang2 are direct target genes of
TGF-B/SMAD signaling in tumor ECs. To determine whether
ZEBL1 directly targets the promoters of Vegfa and Ang2, we per-
formed ZEB1 ChIP assays and found that ZEB1 was not recruit-
ed to Vegfa and Ang2 promoters (Figure 13F). Importantly, we
observed that r.TGF-B1 and r. VEGFA upregulated ZEB1 expression
at both the protein and the mRNA level in LLC tumor ECs (Fig-
ure 13, G and H), creating positive-feedback loops that potentiate
ZEB1-stimulated TGF-B1 and VEGFA expression.

Discussion

ZEB1 has been extensively studied in cancer cells and is known
to function as an important driver of cancer invasion, metastasis,
and treatment resistance by inducing the so-called epithelial-mes-
enchymal transition (EMT) in cancer cells (19, 20, 22, 23). How-
ever, immunohistochemical staining of clinical tumor samples
of various cancer types reveals predominant expression of ZEB1
in the tumor stromal compartment with low expression or loss of
expression of ZEB1 in the tumor epithelial compartment (24-27).
Here we confirm that ZEB1 is not expressed in the tested murine
cancer cell lines in culture or upon tumor formation in vivo, but
highly expressed in CD31* tumor vessels of ectopic and orthotopic
tumors. We further discover that ZEB1 expression is largely con-
fined to tumor vascular ECs, only occasionally present in other
cells in tumor stroma, and absent in leukocytes. Notably, we find
low expression or loss of expression of ZEB1 in normal tissues. In
line with this significantly distinct expression pattern of ZEB1 in
normal tissue versus tumor tissue, deletion of vascular ZEB1 in
adult mice does not induce growth retardation, differences in vas-
cular morphology and density, or histological alterations in major
organs, while vascular ZEB1 deficiency in tumor-bearing mice
results in impaired tumor growth, intravasation, and metastasis.
Most importantly, we uncover that vascular ZEB1 expression lev-
els in human lung adenocarcinomas are significantly higher than
those in matched adjacent lung tissue, and correlate negatively
with survival rates in lung cancer patients. These data suggest, for
what we believe is the first time, that high expression of vascular
ZEBI1 in lung cancer or other cancer types is a negative prognostic
factor in these patients, further highlighting ZEBI as a clinically
relevant therapeutic target in advanced cancer.

In the present study, we discover that vascular ZEBI inac-
tivation suppresses the formation of tumor vessels and induces
persistent normalization of remaining tumor vessels, thus dimin-
ishing cancer progression in multiple tumor models. Typical phe-
notypes of normalized tumor vessels are present in endothelial
ZEB1-deleted tumors, including enhanced pericyte and BM cov-
erage, improved tumor vessel perfusion, and reduced vascular
permeability. Tumor vascular normalization is known to elicit
enhanced tumor oxygenation, reduced hemorrhagic necrosis,
and decreased interstitial pressure in the tumor, which conse-
quently enhances delivery and efficacy of anticancer drugs (5,
6, 29, 47). This provides a rationale for the combination therapy
of ZEB1 blockade and the conventional chemotherapeutic agent
cisplatin. As a DNA damage-inducing drug, cisplatin may induce
severe systematic side effects when used alone or in combination
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with other drugs, which markedly limits its clinical implication.
Here we find that low-dose cisplatin (one-fifth to one-tenth of a
regular dose) has a significantly inhibitory effect on the growth of
Zeb1“E¢ tumors with well-perfused vessels but does not elicit any
obvious adverse effects in the mice, implying therapeutic poten-
tial of targeting ZEB1. As we believe that, like genetic inactivation
of ZEB1, pharmacological targeting of ZEB1 may also exert potent
anticancer therapeutic effects without affecting vasculatures or
eliciting histological alterations in major organs, we are in the
early stages of expressing and purifying human ZEB1 protein and
ZEBI fragmental proteins (i.e., N-, middle-, and C-terminus) for
crystal structure analysis. Small-molecule ZEB1 inhibitors will be
screened on the basis of ZEBI crystal structures, and anticancer
therapeutic effects of ZEB1 small-molecule inhibitors used in
combination with low-dose conventional chemotherapy agents or
immune checkpoint-blocking antibodies will be evaluated.

ZEBI is primarily known as a transcriptional repressor that
induces EMT programs in cancer cells by suppressing adherent
proteins such as E-cadherin (19, 20, 22). Accumulating evidence
suggests that ZEB1 could also be a transcriptional activator (21,
48, 49); however, the mechanism and significance of ZEB1 as
an activator remain largely elusive. Here we provide evidence
demonstrating that endothelium-derived ZEB1 functions as a
transcriptional activator of Tgfbl, Tgfb2, and Tgfb3 genes (genes
that encode 3 TGF-p isoforms) by increasing histone acetylation
on their promoters. We further demonstrate that, like Id1, a clas-
sic TGF-B direct target gene, Vegfa and Ang2 are both direct target
genes of TGF-B/SMAD signaling in tumor ECs. ZEB1 itself does
not directly target Vegfa and Ang2 promoters. Given that VEGFA
and ANG2 are both directly angiogenic, we propose that these
2 potent proangiogenic cytokines mediate the effect of vascular
ZEB1/TGF-B signaling on the regulation of tumor angiogene-
sis, vascular functionality and integrity, tumor vessel perfusion,
and drug delivery (Figure 13I). Notably, the regulation mediat-
ed by the ZEB1/TGF-B/VEGFA-ANG?2 signaling axis is of self-
reinforcement (Figure 131), further supporting the notion that the
transcription activator ZEB1 has a key functional role in tumor
endothelium. ELISA of whole tumor lysates derived from Zeb1"*
and ZebI“*¢ mice reveals that targeting vascular ZEB1 results in
a 40% reduction in secretion of each TGF- isoform (TGF-p1,
TGF-B2, and TGF-B3) to the TME, due to profoundly higher
expression of ZEB1 in tumor ECs than in non-ECs. Accordingly,
TGF-P receptor signaling (as shown by p-SMAD expression) in
vessel-excluded areas at the Zeb14E° tumors is reduced by 52%, an
inhibition efficiency comparable to that of anti-TGF-f antibody
treatment (50). In considering that these 3 TGF-p isoforms are all
known to promote tumor growth, EMT-associated intravasation
and metastasis, and tumor-induced immune suppression (Fig-
ure 131) (35, 39, 40, 50-53), we propose that a 40% reduction
in secretion of each TGF- isoform in the TME should be suffi-
cient to affect all major pathological features of ZebI“E€ tumors.
Although TGF-B has been reported to function as an inhibitor of
lymphangiogenesis (54, 55), we show here that impairing TGF-§
signaling by vascular ZEB1 inactivation does not affect lymphat-
ic vessel formation in tumors or lymph nodes. The mechanism
causing this inconsistency is currently undefined and needs to be
further investigated. Nevertheless, we demonstrate that vascu-
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lar ZEBI inactivation indeed reduces tumor lymphatic metasta-
sis. As mentioned above, TGF-p is known to promote tumor cell
invasion and metastasis by inducing the so-called EMT in tumor
cells, a program that enables tumor cells to obtain migratory and
invasive properties (that is, the tumor cells undergoing EMT are
prone to metastasize to lymph nodes and other organs) (51-53).
Based on the observations presented here, we propose that endo-
thelial ZEB1 deletion impairs TGF-p expression and secretion to
the TME and subsequently diminishes TGF-f activity in tumor
cells in a paracrine fashion, thus reducing tumor cell metastasis
to lymph nodes (via intact lymphatic vessels).

TGF-p together with VEGFA and ANG2 can elicit vascular
abnormalities directly or indirectly (characterized by impaired
blood perfusion and function), which hampers intratumoral infil-
tration of CD4* T cells, CD8* T cells, and specialized APCs such as
tumor-associated dendritic cells and tumor-associated B cells (9,
34,35, 39). Also, these 3 secreted signaling molecules can function
as immunosuppressive cytokines in the TME, where they inhibit
proliferation and effector function of tumor-infiltrating CD4* and
CD8* T cells while diminishing antigen-presenting capacity and
maturation/activation of specialized APCs. On the other hand,
TGF-p is also known to activate Foxp3 gene expression through
enhanced binding of the SMAD2-induced transcription factor E2A
to the Foxp3 gene promoter in tumor-infiltrating CD4" T cells and
thus promotes CD4*Foxp3* Treg generation intratumorally, which
restrains antitumor immunity (9, 41, 56-60). Here we provide evi-
dence showing that inactivating vascular ZEB1 reduces expression
and secretion of TGF-f, VEGFA, and ANG2 to the TME. We there-
fore propose that blocking the TGF-B/VEGFA-ANG2 pathway in
ZebI“EC tumor endothelium elicits tumor vessel normalization,
which can facilitate intratumoral infiltration of CD4* and CD8*
T cells and specialized APCs, thus provoking antitumor immu-
nity (Figure 13I). Meanwhile, reducing the presence of TGF-Bs
(together with VEGFA-ANG?2) in the TME results in enhanced
proliferation and effector function of CD4* and CD8" T cells. On
the other hand, diminishing TGF-f} secretion to the TME severely
impairs activation of Foxp3 gene expression in CD4* T cells, which
in turn reduces the proportion of CD4*Foxp3* Treg subpopulation
in CD4* T cells.

We unexpectedly find that vascular ZEB1 deletion increases
the presence of activated CD4* and CD8* T cells but also induc-
es PD-L1 expression in the LLC tumors, likely through activated
T cell-derived cytokines (61-64). Targeting endothelial ZEB1 also
profoundly increases tumor-infiltrating leukocytes (PD-L1 expres-
sion is predominant on tumor-infiltrating leukocytes but poorly
expressed on LLC tumor cells or other cells in the TME), which
consequently further increases PD-L1 expression in the tumors.
Accumulating evidence has demonstrated that lack of response to
anti-PD-1/PD-L1 treatment is associated with signature of TGF-f
signaling in the TME, particularly in patients with immune-desert
tumors (50). PD-1/PD-L1 and TGF-B (or VEGFA-ANG2) are key
pathways with independent and complementary immunosuppres-
sive functions (36, 37, 50), providing a rationale for dual targeting
of PD-L1/PD-1 and TGF-B (or VEGFA-ANG?2) pathways to treat
solid tumors, especially immune-desert tumors. Indeed, recent
reports have demonstrated that simultaneously blocking PD-L1/
PD-1 and TGF- (or VEGFA-ANG?2) pathways by therapeutic anti-
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bodies provokes robust and durable antitumor immunity and elic-
its tumor regression in various tumor models (36, 37,50). The LLC
tumors of Zeb1E¢ mice exhibit reduced TGF-B (or VEGFA-ANG?2)
levels in tandem with upregulated PD-L1level in the TME. There-
fore, treatment with anti-PD-1 antibody can elicit tumor regres-
sion and markedly extend survival in LLC tumor-bearing ZebI“EC
mice, conferring long-term protective antitumor immunity. Fur-
ther, durable presence of normalized well-functioning tumor
blood vessels in ZEBI“EC tumors can facilitate therapeutic anti-
body perfusion to the tumor cores, achieving superior antitumor
effect even used at low dose.

In conclusion, our findings demonstrate that tumor endo-
thelium-derived ZEBI plays a central role in regulating tumor
growth and metastasis, tumor angiogenesis, vascular functional-
ity and integrity, and antitumor immune response. Our evidence
further suggests that targeting ZEB1 in combination with conven-
tional chemotherapy or immune checkpoint blockade therapy
may yield a potent and superior antitumor effect without eliciting
systematic side effects.

Methods

Animals. The Zeb1™* (Zebl") mice were generated and maintained in
our laboratory. For generation of inducible EC-specific ZEB1-deleted
mice, Zebl"" mice were crossed with Cdh5(PAC)-Cre™r™ transgen-
ics (28) (a gift from R.H. Adams, Max Planck Institute for Molecular
Medicine and University of Miinster, Miinster, Germany). To induce
Cre activity and vascular Zeb] inactivation in adult mice, 8-week-old
mice were intraperitoneally injected with 1.0 mg tamoxifen (10 mg/
mL in corn oil; T5648, Sigma-Aldrich) every other day for 2 consec-
utive weeks. To induce vascular Zebl inactivation in pups, mice were
treated with 0.1 mg tamoxifen at P3 and P6, and retinas were dissected
at P7. All mice were on pure C57BL/6] background, and sex-matched
littermate controls were used in all experiments.

Data availability. RNA-Seq data were deposited in the NCBI’s
Genomes Sequence Read Archive database (accession numbers
SAMN13316576 and SAMN13316577).

Statistics. All data are presented as mean * SD. Statistical analysis
was carried out as described in each corresponding figure legend, and
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sample sizes are shown in each corresponding figure legend. Differenc-
eswere evaluated between 2 groups by unpaired 2-sided Student’s ¢ test
and between multiple groups by 1-way or 2-way ANOVA with Tukey’s
post hoc test. Pless than 0.05 was considered statistically significant.

Study approval. All animal experiments were performed in accor-
dance with protocols approved by the Animal Welfare and Ethics Com-
mittee of China Pharmaceutical University. The maximal tumor size
permitted under the approved protocolsis 3 cm (length) by 3 cm (width).

Detailed methods are provided in Supplemental Methods
online. Primers used for PCR, qPCR, and ChIP assays are listed in
Supplemental Table 1.
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