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The immunosuppressive and hypoxic tumor microenvironment (TME)
remains a major obstacle to impede cancer immunotherapy. Here, we
showed that elevated levels of Delta-like 1 (DLL1) in the breast and
lung TME induced long-term tumor vascular normalization to alle-
viate tumor hypoxia and promoted the accumulation of interferon
γ (IFN-γ)–expressing CD8+ T cells and the polarization of M1-like
macrophages. Moreover, increased DLL1 levels in the TME sensitized
anti-cytotoxic T lymphocyte–associated protein 4 (anti-CTLA4) treat-
ment in its resistant tumors, resulting in tumor regression and pro-
longed survival. Mechanically, in vivo depletion of CD8+ T cells or
host IFN-γ deficiency reversed tumor growth inhibition and abro-
gated DLL1-induced tumor vascular normalization without affecting
DLL1-mediated macrophage polarization. Together, these results
demonstrate that elevated DLL1 levels in the TME promote durable
tumor vascular normalization in a CD8+ T cell– and IFN-γ–dependent
manner and potentiate anti-CTLA4 therapy. Our findings unveil DLL1
as a potential target to persistently normalize the TME to facilitate
cancer immunotherapy.
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One of the major challenges currently facing cancer treatments
is the aberrant tumor microenvironment (TME), character-

ized as hypoxia, immunosuppression, acidity, and high interstitial
fluid pressure (IFP) (1–5). These properties render tumors re-
sistant to many kinds of cancer treatment modalities. High IFP
prevents the penetration and distribution of drug agents into the
tumor parenchyma, while hypoxia compromises the effectiveness
of chemotherapy and radiotherapy because both treatment modali-
ties often require reactive oxygen species to evoke antitumor activ-
ities (4, 6). In addition, hypoxia induces the secretion of multiple
immune inhibitory factors and promotes the accumulation of
immune regulatory cell populations, such as transforming growth
factor-β (TGF-β), interleukin 10 (IL10), myeloid-derived suppres-
sor cells (MDSCs), M2-like tumor-associated macrophages (M2-
TAMs), and regulatory T cells (Tregs) (1, 3, 7–9). Thus, the hyp-
oxic and immunosuppressive TME hinders cancer immunotherapy
to efficiently eradicate cancer cells.
Emerging evidence suggests that the abnormal tumor vascu-

lature contributes largely to the aberrant TME (1, 3, 4). Tumor blood
vessels are tortuous, dilated, and leaky with low pericyte coverage.
The resulting blood flow is often static and fluctuated and therefore
creates a hypoxic and acidic TME with high IFP (4). Therefore,
tumor vascular normalization has been proposed as a promising
approach to alleviate the aberrances within the TME, thus en-
hancing the efficacy of a range of cancer treatment modalities,
including chemotherapy, radiotherapy, and immunotherapy (10–18).
Vascular endothelial growth factor (VEGF) ligands and receptors

constitute one of the most potent proangiogenic signaling pathways
(19). Various VEGF signaling inhibitors, such as Bevacizumab and
Cediranib, have been approved to treat several types of cancers.
VEGF signaling inhibitors can induce tumor vascular normalization;
however, the duration of the normalization is usually transient, and
therefore, the improvement to the concurrent chemotherapy and
immunotherapy is marginal (4, 19–21). In addition, many kinds of
cancer are intrinsically resistant to VEGF signaling targeted therapy
(4, 19). Thus, novel approaches are needed to induce tumor vascular
normalization for longer periods and in broad tumor types.
The evolutionarily conserved Notch signaling pathway plays

critical roles in cell differentiation and blood vessel formation.
The Notch signaling pathway consists of four Notch receptors (Notch
1 to 4) and four ligands (Jagged1, Jagged2, Delta-like 1 [DLL1], and
DLL4) in murine (22). Both Notch receptors and ligands are
membrane proteins. DLL1, DLL4, and Jagged1 have been shown
to express in endothelial cells and play important roles in vascular
development and postnatal vessel formation (23, 24). DLL1 and
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DLL4 are also associated with tumor angiogenesis (24–26).
DLL4 is usually expressed in tumor endothelial cells but rarely in
tumor cells (27, 28). Blockade of DLL4 suppresses tumor growth
through the induction of nonfunctional tumor vessel formation
(24, 25, 29). Thus, activation of DLL4/Notch signaling has the
potential to increase tumor vascular maturation. Indeed, higher
expression of DLL4 in bladder tumor endothelial cells was cor-
related with vessel maturation (30). Unfortunately, long-term
DLL4 blockade led to vascular neoplasms, and persistent acti-
vation of DLL4/Notch signaling promoted T cell acute lympho-
blastic leukemia (T-ALL) (31–33).
Because of these potential safety concerns of chronic blockade

or activation of DLL4/Notch signaling, we proposed instead to
remodel tumor vessels via the activation of DLL1/Notch signaling.
In contrast to the extensive attention of DLL4 in tumor angio-
genesis, the roles of DLL1 in tumor vessel formation is largely
unknown. Here, we showed that overexpression of DLL1 in
EO771 breast and LAP0297 lung tumor cells not only induced
durable tumor vascular normalization but also stimulated CD8+

T cell activities. Interestingly, in vivo depletion of CD8+ T cells
prior to tumor implantation or host IFN-γ deficiency abrogated
the effects of DLL1 overexpression on tumor vessels, suggesting
that selective activation of DLL1/Notch signaling induces long-
term tumor vascular normalization via T cell activation. More-
over, DLL1/Notch signaling activation in combination with anti-
CTLA4 therapy prolonged survival. Thus, this study uncovered
DLL1 as a potential target to induce long-term tumor vascular
normalization to enhance cancer immunotherapy.

Results
Elevated Levels of DLL1 in the TME Induce Long-Term Tumor Vascular
Normalization.Tumor vascular normalization is a promising strategy
to potentiate concurrent antitumor treatments; however, the short
duration of the normalizing effects limits its benefits (4, 12, 18).
Previous studies showed that systemic blockade of DLL4 pro-
moted nonfunctional tumor vessel formation (25, 29). Thus, we
hypothesized that DLL1 elevation in the TME induces tumor
vascular normalization. To increase DLL1 levels in the TME, we
cloned the murine DLL1 gene into a lentivirus expression system
carrying green fluorescent protein (GFP) and established DLL1-
overexpressing and mock-transfected EO771 breast tumor cell
lines, named as EO771-L1 and EO771-R1, respectively (SI Ap-
pendix, Fig. S1A). Both Western blotting and qPCR data showed
that the levels of DLL1 were increased in EO771-L1 tumor cells
compared to EO771-R1 tumor cells (SI Appendix, Fig. S1 B and C).
In addition, Hes1, a Notch signaling downstream gene, was signifi-
cantly up-regulated in EO771-L1 tumor tissues as compared to
EO771-R1 tumor tissues (SI Appendix, Fig. S1C), indicating that
overexpression of DLL1 in tumor cells activated Notch signaling in
the TME. In vitro, DLL1 overexpression slightly suppressed tumor
cell proliferation without affecting apoptosis (SI Appendix, Fig. S2).
In vivo, DLL1 overexpression significantly inhibited EO771-L1
tumor growth compared to EO771-R1 control tumors (Fig. 1A).
DLL1 overexpression was also found to decrease vessel density
and tortuosity, while pericyte coverage and global vessel perfusion
were increased, accompanied with significantly reduced tissue hypoxia
and vessel leakage in EO771-L1 tumors compared to EO771-R1
tumors, demonstrating tumor vascular normalization (Fig. 1 B and C
and SI Appendix, Figs. S3 and S4).
To test the duration of vascular normalization as well as the

distribution of functional tumor blood vessels upon DLL1 over-
expression, we performed tumor size matched experiments by har-
vesting EO771-R1 and EO771-L1 tumors when their size reached 4
to 5, 6 to 7, and 8 to 9 mm in diameter, respectively. Vascular
function analyses showed that the overall tumor vessel perfusion in
cross-sections of tumor tissues was significantly higher in EO771-L1
tumors compared with EO771-R1 tumors from all three tumor size
groups (Fig. 2). In EO771-R1 tumors, functional blood vessels (Ho

33342 positive) were generally clustered in the tumor margin,
especially in larger tumors. In contrast, functional blood vessels
were more evenly distributed across entire tumor parenchyma in
EO771-L1 tumors, even in the 8 to 9 mm group, corresponding
to a 3-wk post–tumor cell inoculation (Fig. 2A). The overall tumor
vessel perfusion decreased rapidly as tumor sizes increased in
EO771-R1 tumors but remained persistently elevated in EO771-L1
tumors (Fig. 2B). Together, these data demonstrate that elevated
levels of DLL1 in the TME induces durable tumor vascular
normalization.

DLL1 Elevation in the TME Reduces Immunosuppressive Immune Cell
Populations and Activates CD8+ T Cells. Our previous work showed
that overexpression of DLL1 in hematopoietic progenitor cells
stimulated Notch signaling in the hematopoietic microenvironments
and enhanced T cell immunity (34). To understand the influences of
DLL1 elevation on the tumor immune microenvironment, we ana-
lyzed tumor-infiltrating immune cell populations. Myeloid cell pop-
ulations are often the major immune components in the TME in
breast tumors. DLL1 elevation in the TME increased the propor-
tions of TAMs in EO771 tumors (SI Appendix, Fig. S5). TAM is
highly plastic with a continuum of phenotypes, of which M1- and
M2-like TAMs represent two extreme phenotypes. CD11c and
CD206 (also MRC1) are commonly used markers for the identifi-
cation of M1- andM2-like TAMs, respectively (35, 36). Remarkably,
elevated levels of DLL1 in the TME dramatically polarized TAMs
toward an M1-like phenotype (EO771-R1: 24.93% M1-TAMs and
22.04% M2-TAMs in total TAMs; EO771-L1: 60.96% M1-TAMs
and 1.39% M2-TAMs in total TAMs) (SI Appendix, Fig. S5).
Moreover, DLL1 overexpression slightly reduced the proportions of
Treg (CD4+CD25+Foxp3+) and CD4+CD279+ T cells, though it
did not change the proportion of tumor-infiltrating CD4+ T cells
(Fig. 3A and SI Appendix, Fig. S6). These results suggest that DLL1
overexpression in the TME decreases immunosuppressive immune
cell populations. In line with the alleviation of immunosuppression,
DLL1 overexpression increased tumor-infiltrating CD8+ T cells
and effector memory CD8+ T cells (CD8+CD44+CD62L−) without
affecting central memory CD8+ T cells (CD8+CD44+CD62L+)
(Fig. 3 A–E). In addition, DLL1 overexpression increased IFN-γ
production in CD8+ T cells but not CD4+ T cells (Fig. 3 D and G).
qPCR data further showed that the transcription of genes related to
antitumor immune responses, such as Ifng, Cxcl9, Tnfa, Gzmb, and
Prf1, were up-regulated in EO771-L1 tumors compared to control
EO771-R1 tumors (SI Appendix, Fig. S7). Meanwhile, activated
Notch 1 was observed in F4/80+, CD4+, CD8+, and CD31+ cells in
EO771-L1 tumors but rarely in EO771-R1 tumors and neither in
GFP+ tumor cells (SI Appendix, Figs. S8 and S9). The transcription
of Notch signaling target genesHes5 andDeltex1 was up-regulated in
CD8+ T cells and TAMs isolated from EO771-L1 tumors compared
to EO771-R1 tumors (SI Appendix, Fig. S10), indicating the activa-
tion of Notch signaling in CD8+ T cells and TAMs upon DLL1
overexpression. Together, these data show that elevated levels of
DLL1 in the TME promote the accumulation and activation of
CD8+ T cells within the tumor parenchyma.

DLL1 Overexpression Normalizes Tumor Blood Vessels and Promotes
CD8+ T Cell Accumulation in Lung Carcinoma. To test whether in-
creased DLL1 levels in the TME will have similar effects in other
tumor types, we transfected LAP0297 lung carcinoma cells and
established DLL1 overexpressing LAP0297 cells (LAP-L1) or mock
control LAP0297 cells (LAP-R1). Consistent with the breast tumor
model, DLL1 overexpression in LAP0297 carcinoma cells sup-
pressed tumor growth and promoted the accumulation of tumor-
infiltrating CD8+ T cells compared to LAP-R1 (Fig. 4 A and B).
Elevated levels of DLL1 in lung carcinoma TME also reduced tu-
mor vessel density, increased global vessel perfusion, decreased tis-
sue hypoxia, and induced long-term tumor vascular normalization
(Fig. 4C and SI Appendix, Figs. S11 and S12). These data suggest
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that the tumor vascular normalizing effect of DLL1 augmenta-
tion is applicable to different tumor types.

CD8+ T Cells Mediate the Effects of DLL1 Elevation on Tumor Blood
Vessels via IFN-γ. Our recent studies as well as others showed that
activated T cells by immune checkpoint blockade (ICB) were able
to induce tumor vascular normalization (37, 38). As DLL1 over-
expression activated CD8+ T cells, we next investigated whether
T cells mediate vessel remodeling by the elevated levels of DLL1 in
the TME. In vivo depletion of CD4+ and CD8+ T cells simulta-
neously or CD8+ T cells alone did not affect tumor growth in
EO771-R1 tumors yet completely reversed the tumor growth inhi-
bition in EO771-L1 tumors (Fig. 5A and SI Appendix, Figs. S13 and
S14A). Meanwhile, in vivo depletion of CD4+ and CD8+ T cells
simultaneously reversed the effects of DLL1 overexpression on
tumor vessel density and tumor vessel perfusion (Fig. 5 B and C).
Interestingly, in vivo depletion of CD8+ T cells alone reversed
the effects of DLL1 overexpression on tumor vessel perfusion
but not tumor vessel density (SI Appendix, Fig. S14 B and C).
This could be due to the impact of DLL1 on CD8+ T cells during
tumor initiation. We then performed CD8+ T cell depletion
prior to EO771 tumor cell inoculation. Indeed, CD8+ T cell de-
pletion before tumor engraftment completely negated the effects of
DLL1 overexpression on tumor vessel density and tumor vessel
perfusion (SI Appendix, Fig. S15) but did not reverse M1-TAM
polarization by DLL1 overexpression (SI Appendix, Fig. S16A).
Next, we asked whether IFN-γ is the effective molecule of CD8+

T cells during this pathological process. We then implanted
EO771-R1 and EO771-L1 tumor cells in both wild-type (WT)
and IFN-γ−/− mice. Murine IFN-γ deficiency did not alter tumor
growth and vascular characteristics in EO771-R1 tumors but
abolished the impacts of DLL1 overexpression on tumor growth,

tumor vessel density, and tumor vessel perfusion in EO771-L1
tumors (Fig. 6). Again, DLL1 overexpression exhibited compa-
rable ability to polarize TAM from an M2- to M1-like phenotype
in both WT and IFN-γ−/− mice (SI Appendix, Fig. S16B). Together,
these data demonstrate that elevated DLL1 levels in the TME
induce tumor vascular normalization via the activation of CD8+

T cells and the production of IFN-γ.

Elevated Levels of DLL1 in the TME Sensitize Tumors to Anti-CTLA4
Therapy. Cancer immunotherapy has demonstrated its durable
therapeutic efficacy but only in a small percent of cancer patients
(39, 40). The hypoxic and immunosuppressive TME is a key obstacle
that hinders cancer immunotherapy (1–4). As elevated DLL1 levels
normalize tumor vessels and reduce immunosuppression in the
TME, we reasoned that DLL1 enhances anti-CTLA4 therapy. Re-
markably, anti-CTLA4 therapy induced EO771-L1 tumor regression
and significantly prolonged survival compared to EO771-L1 with
control IgG treatments, while anti-CTLA4 therapy did not affect
much on EO771-R1 tumor growth (Fig. 7 A and B). Treg reduction
is one of the mechanisms mediated by the therapeutic effects of anti-
CTLA4 treatments in solid tumors (41, 42). Our data show that
about 80% of CD4+ T cells are Tregs in EO771 tumors (SI Ap-
pendix, Fig. S6C). Indeed, in vivo depletion of CD4+ T cells rapidly
induced EO771-L1 tumor regression and significantly prolonged
survival compared to EO771-R1 tumors (Fig. 7 C and D). To-
gether, these data suggest that elevated DLL1 levels improve anti-
CTLA4 therapy. Currently, the combination of ICB therapy and
antiangiogenic treatments exhibits encouraging clinical benefits
(21, 43). Since DLL1 can persistently normalize tumor blood ves-
sels and create an immune stimulatory microenvironment, selective
activation of DLL1/Notch signaling may provide a novel strategy to
potentiate ICB therapy.

A

B C

Fig. 1. Elevated levels of DLL1 in the TME inhibits EO771 breast tumor growth and induces tumor vascular normalization. EO771 murine breast tumor cells
overexpressing DLL1 (EO771-L1 or L1) or mock control (EO771-R1 or R1) (2 × 105 cells) were orthotopically inoculated into the mammary fat pad of female
C57BL/6 mice. Tumor size was measured every 3 d. The tumor volume was estimated by the formula [(long axis) × (short axis)2 × π/6]. Mice were intravenously
injected with 1.2 mg/mouse pimonidazole (Pimo) 25 min and 200 μg/mouse Hoechst 33342 (Ho33342) 5 min before tumor harvest. (A) The tumor growth
curves and tumor weight of EO771-R1 and EO771-L1. (B) Representative figures showing Pimo staining and Ho33342 perfusion. (C) The statistical analysis of
tumor vessel perfusion (Ho33342), tumor hypoxia (Pimo), and vessel density (CD31) in EO771-R1 and EO771-L1 breast tumors. (Scale bars, 1,000 μm.) Ho33342
(blue), Hoechst 33342 perfused tumor area; CD31 (red), endothelial cells; Pimo (yellow), hypoxic tumor area; MFI, mean fluorescence intensity. Significance
was determined by unpaired two-tailed Student’s t tests. Data are from one experiment representative of three (in A, n = 7 to 9 mice per group) or two (in B
and C, n = 8 to 10 mice per group) independent experiments with similar results. All data are presented as means ± SEM, *P < 0.05, ***P < 0.001.
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Discussion
The aberrant tumor vasculature not only impedes the deliver and
distribution of antitumor agents into tumor parenchyma but also
creates a hypoxic TME which compromises the effectiveness of
cancer treatments. Thus, to improve tumor vascular function could
overcome these abnormalities and enhance the effectiveness of
concurrent antitumor treatments (10, 11, 15, 44). However, the
duration of tumor vascular normalization is usually transient (45,
46). In this study, we found that increased levels of DLL1 in the
TME induced durable tumor vascular normalization and polarized
the tumor immune microenvironment away from immunosup-
pression toward an immune stimulatory status, resulting in the
activation of CD8+ T cells. In vivo depletion of CD8+ T cells or
host IFN-γ deficiency abrogated vascular remodeling by DLL1
overexpression. Moreover, DLL1 overexpression sensitized anti-
CTLA4 therapy. Our study uncovered a potential strategy to per-
sistently normalize tumor blood vessels and the TME. Therefore,
selective activation of DLL1/Notch signaling within the TME
might represent a new approach to elicit long-term vascular nor-
malization to potentiate concurrent cancer treatments.
Currently available approaches usually induce transient vas-

cular normalization with the duration of around 2 to 8 d in pre-
clinic tumor models, limiting their beneficial effects on anticancer
treatments, especially cancer immunotherapy (45, 46) because
cancer immunotherapy usually needs more than 1 wk to activate
antitumor immune responses and a longer time to achieve thera-
peutic efficacy. The short duration of vascular normalization upon
antiangiogenic therapy could be due to its standard high dose re-
gime or the influences of complementary proangiogenic factors
(45, 46). By increasing DLL1 levels in the TME, we observed
normalized tumor blood vessels from small (4 to 5 mm) to big (7 to
8 mm) EO771 breast tumors with the duration of more than 3 wk.

The effects of DLL1 on tumor blood vessels is mediated by
CD8+ T cells via IFN-γ. IFN-γ seems to have long-lasting anti-
angiogenic effects and cannot be reversed by other proangiogenic
factors (47). This could be a reason that DLL1 could induce du-
rable tumor vascular normalization.
Hypoxia is a hallmark of TME. The immunosuppressive char-

acteristics of hypoxia were derived from the facts that hypoxia
suppresses CD8+ T cell differentiation and that hypoxia elevates
adenosine in the TME, which exerts immunosuppression via
adenosine receptors (A2AR and A2BR) (6, 48–51). Thus, elimi-
nating hypoxia/adenosine through respiratory hyperoxia, vascular
normalization, or antagonists to A2AR and HIF-1α potentiates
cancer immunotherapy (Fig. 7) (5, 6, 8, 52). However, hypoxia
elimination by HIF-1α inhibitor PX478 (53) treatments neither
further reduced tissue hypoxia nor enhanced the antitumor effects
of DLL1 overexpression in EO771 tumors (SI Appendix, Fig. S17),
suggesting that the combination of different anti-hypoxia ap-
proaches simultaneously might not yield additive hypoxia elimi-
nation to achieve better antitumor effects. Meanwhile, we need
to be aware that HIF-1α is controlled not only by environmental
oxygen but also by infection and inflammatory cytokines. There-
fore, the impacts of a hypoxic environment and HIF-1α itself could
be different in different types of cells via different mechanisms.
HIF-1α within CD8+ T cells have been shown to enhance glycolysis
and induce the expression of cytotoxicity-related factors, including
IFN-γ, granzyme B, and TNF-α, thus suppressing tumor growth
(54, 55). In some nontumoral inflammatory condition, like wounds
and abscesses, HIF-1α is essential for myeloid cell-mediated in-
flammation through regulating their glycolytic energy production
(56). Thus, distinct strategies are necessary to better cope with
hypoxia for promoting host immunity against different diseases.

A

B

Fig. 2. DLL1 elevation in the TME induces long-term tumor vascular normalization. EO771-R1 and EO771-L1 breast tumors were prepared as described in
Fig. 1. Tumor tissues were harvested when their sizes reached 4 to 5, 6 to 7, and 8 to 9 mm in diameter, respectively. Vessel perfusion over the entire cross-
section of tumor tissues was assessed by confocal microscopy. (A) Representative whole tumor tissue perfusion images. (Scale bars, 1,000 μm.) (B) Vessel
perfusion and vessel density in indicated sizes of EO771-R1 and EO771-L1 tumors. Ho33342 (blue), Hoechst 33342 perfused area; CD31 (red), endothelial cells;
and Sytox Green (green), counterstained for tumor tissue. Significance was determined by unpaired two-tailed Student’s t tests. Each group had 8 to 10 mice.
*P < 0.05, ***P < 0.001.
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Previous reports suggested that DLL1/Notch activation was
antiangiogenic based on a reduction in tumor vessel density (57, 58).
Vessel density is one common parameter to evaluate the effects of
an agent on the tumor vasculature. Decreased vessel density can
happen in either vessel pruning or vascular normalization. Thus,
other vascular parameters are important to get more insight into
the impact of an intervention on tumor blood vessels. For example,
vessel perfusion, hypoxia, and pericyte coverage are critical to
evaluate the integrity and function of tumor vessels. Whether an
intervention could improve tumor vessel function is a major pa-
rameter to distinguish vessel pruning and vascular normalization
(11, 15, 45, 46). In our tumor models, we found that elevated DLL1
levels in the TME enhanced tumor vessel perfusion beside vessel
density reduction, indicating vascular normalization. Moreover, we
demonstrated that DLL1/Notch activation induced tumor vascular
normalization via T cell stimulation. These results indicate that the
primary effects of DLL1 elevation in the TME are immune cell
modulation. This is consistent with a recent study showing that
multivalent clustered DLL1-triggered Notch signaling elicits
antitumor immunity in lung cancer (59). Under tumor condition,
DLL4, but not DLL1, is often up-regulated in tumor endothelial
cells. Blockade of DLL4 had impacts on both tumor vessels and
T cells, but it is unclear whether T cells mediate the effects of
DLL4 blockade on tumor angiogenesis.
Our previous study showed that tumor growth inhibited ex-

pression of DLL1 and DLL4 in the hematopoietic environments,
which mediated tumor-associated T cell immunosuppression (34).
Overexpressing DLL1 in bone marrow progenitor cells suppressed
tumor growth in a CD8+ T cell–dependent manner (34). In this
study, we showed that the overexpression of DLL1 in tumor cells
also suppressed tumor growth, and the depletion of CD8+ T cells
abrogated such tumor growth inhibition. In line with this result, the
overexpression of DLL1 in tumor cells increased the presence of

CD8+ T cells within the TME and elevated IFN-γ production.
Whether DLL1 could directly induce IFN-γ expression in CD8+

T cells is unknown. As DLL1 overexpression reduced immuno-
suppressive immune cell populations, including M2-TAMs, Tregs,
and PD1-positive CD4+ T cells, it is possible that decreased im-
munosuppression and hypoxia within the TME resuscitated CD8+

T cell activities.
The Delta family ligands signaling through Notch receptors

exert critical roles in neonatal and postnatal vessel formation.
Elevated DLL1 levels in the TME stimulated CD8+ T cell activities
and induced long-term tumor vascular normalization and therefore
retarded tumor growth. Moreover, the remodeling of DLL1 over-
expression in the TME converted nonresponsive tumors to become
sensitive to anti-CTLA4 therapy. This study indicated a strategy to
durably normalize tumor blood vessels and to potentiate the effi-
cacy of immune checkpoint therapy.

Materials and Methods
Mice and Tumor Treatments. Female C57BL/6 mice (6 to 8 wk old) were
purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(the joint venture of Charles River Laboratories in China). IFN-γ−/− C57BL/6
mice were purchased from Jackson Laboratories. Foxp3-eGFP C57BL/6 mice
were a generous gift from Zhinan Yin, Jinan University, Guangzhou, China.
FVB mice (an inbred mouse strain named for its susceptibility to Friend
leukemia virus B) were bred in the specific pathogen-free (SPF) animal fa-
cility at Soochow University. EO771 breast tumor cells overexpressing DLL1
(EO771-L1) or mock control (EO771-R1) (2 × 105 cells) were orthotopically
inoculated into the third mammary fat pad of C57BL/6 mice. LAP0297 lung
cancer cells overexpressing DLL1 (LAP-L1) or mock control (LAP-R1) (2 × 105

cells) were inoculated subcutaneously into the right flank of female FVB
mice. The tumor size was measured every 3 d using a caliper, and the tumor
volume was estimated by the formula [(long axis) × (short axis)2 × π/6].

In vivo T cell depletion was performed according to our previous publi-
cation (37). Briefly, mice were injected intraperitoneally with 200 μg anti-
CD8a monoclonal antibody (53-6.72, Bio X Cell) and anti-CD4 monoclonal

A B

C D E

F G

Fig. 3. Elevated DLL1 levels in the TME promote the accumulation and activation of CD8+ T cells in EO771 breast tumors. EO771-R1 and EO771-L1 breast
tumors were prepared as described in Fig. 1. Tumor-infiltrating immune cells were analyzed by flow cytometry. The doublet/aggregated events were gated
out using side scatter area versus side scatter width. Dead cells were excluded by 7-AAD staining. Lymphoid cells in CD45+CD11b− cells were analyzed with
expression of CD8 and CD4. (A and B) The proportions of tumor-infiltrating CD8+ and CD4+ T cells. (C and D) IFN-γ production in tumor-infiltrating CD8+ T cells.
(E) The proportions of effector memory (CD8+CD44+CD62L−) and central memory (CD8+CD44+CD62L+) CD8+ T cells in EO771-R1 and EO771-L1 breast tumors.
(F and G) IFN-γ production in tumor-infiltrating CD4+ T cells. The significance was determined by unpaired two-tailed Student’s t tests. Data are from one
experiment representative of three independent experiments with similar results (n = 7 to 9 mice per group). All data are presented as means ± SEM, *P <
0.05, **P < 0.01, ns, no significant difference.
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antibody (GK1.5, Bio X Cell) or 200 μg isotype-matched control antibody
IgG2a (2A3, Bio X Cell) on days 6, 8, and 14 after tumor cell inoculation. In
some experiments, anti-CD8a monoclonal antibody was injected on days −1,
1, 7, and 13 upon tumor cell inoculation. The efficiency of T cell depletion
was assessed by flow cytometry at the end of the experiment.

All animal studies were approved by the Institutional Laboratory Animal
Care and Use Committee of Soochow University. Mice were kept in a SPF

facility in individual ventilated cages. All experimental methods were con-
ducted in accordance with the Animal Care and Use Regulations of China.

Tumor Cell Culture. The EO771 murine breast tumor and human embryonic
kidney (HEK) 293T cell lines were ordered from the CH3 Biosystems and the
American Type Culture Collection, respectively. The LAP0297 lung carcinoma
cell line was generated by Peigen Huang at Massachusetts General Hospital

C

A B

Fig. 4. Increased levels of DLL1 in the TME inhibits LAP0297 lung tumor growth and induces tumor vascular normalization. LAP0297 murine lung cancer cells
overexpressing DLL1 (LAP-L1) or mock control (LAP-R1) (2 × 105 cells) were inoculated subcutaneously in the right flank of female FVB mice. Tumor size was
recorded and analyzed as described in Fig. 1. Murine ultrasonographic imaging was conducted to measure global tumor vessel perfusion by using a 3D imaging
motor and color Doppler mode. (A) The tumor growth curves and tumor weight of LAP-R1 and LAP-L1. (B) The proportions of tumor-infiltrating CD8+ and CD4+

T cells were analyzed by flow cytometry. (C) The percentages of global tumor blood volume in 3D tumor volume were analyzed. The blue and red colors
represent different blood flow directions. The significance was determined by unpaired two-tailed Student’s t tests. Data are from one experiment represen-
tative of three independent experiments with similar results (n = 8 to 10 mice per group). All data are presented as means ± SEM, **P < 0.01, ***P < 0.001.

C

B

A

Fig. 5. In vivo depletion of T cells reverses the improvement of vessel perfusion and the inhibition of tumor growth induced by DLL1 overexpression in EO771
breast tumor model. EO771-R1 and EO771-L1 breast tumors were prepared as described in Fig. 1. Mice were randomly assigned to two groups and treated
with anti-CD8 and anti-CD4 antibodies or control IgG (200 μg/mouse) on days 6 (the corresponding tumor sizes were 3 to 4 mm in diameter), 8, and 14
post–tumor cell inoculation, respectively. (A) The tumor growth curves and tumor weight. (B and C) Tumor blood vessel perfusion and vessel density in EO771-
R1 and EO771-L1 breast tumors without or with T cell depletion. (Scale bars, 100 μm.) The significance was determined by one-way ANOVA. Data are from one
experiment representative of two independent experiments with similar results (n = 7 to 8 mice per group). **P < 0.01, ***P < 0.001.
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(60). All the cell lines were maintained in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco) containing 10% fetal bovine serum (Gibco) and 1%
Penicillin-Streptomycin (Gibco). Cell cultures were frequently monitored for
mycoplasma contamination, and only mycoplasma-negative cells were used
for experiments.

Dll1 Overexpression. The murine Dll1 gene was cloned into the retrovirus
plasmid MigR1 carrying GFP. The successful insertion of the Dll1 gene in the
new MigR1-DLL1 plasmid was confirmed by restriction enzyme digestion
and DNA sequencing. The retrovirus particles were generated by trans-
fecting HEK 293T cells with plasmids (MigR1 and MigR1-DLL1) using calcium
chloride (Sigma). EO771 and LAP0297 tumor cell lines were infected with
retrovirus particles. Stably infected cell lines (EO771-R1, EO771-L1, LAP-R1,
and LAP-L1) were obtained by flow sorting (FACS Aira III flow cytometer, BD
Bioscience). DLL1 overexpression was determined by Western blotting.

Western Blot. The fractions of membrane or cytosol protein were extracted
from EO771-R1 and EO771-L1 cell lines by using a Membrane and Cytosol
Protein Extraction Kit (Beyotime) according to the manufacturer’s instruc-
tions. The protein concentrations were determined using the BCA Protein
Assay reagents (Beyotime). The protein was then separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and transferred onto a
polyvinylidene difluoride membrane. The membrane was blocked with 5%
skimmed milk and then incubated with a primary rabbit polyclonal antibody
against DLL1 (Delta [H265]: sc-9102) followed with horseradish peroxidase
(HRP) conjugated secondary antibodies (goat anti-rabbit HRP, Multisciences).
Blots were then developed using chemiluminescence (EZ-ECL, Biological In-
dustries).

Global Tumor Vessel Perfusion.Murine ultrasonographic imaging was applied
to measure global tumor vessel perfusion by using a three-dimensional (3D)
imaging motor and color Doppler mode as described previously with minor
modifications (37, 61). Briefly, mice were anesthetized with 2% isoflurane
(RWD Life Science) and placed supine on a warmed platform. EO771 or
LAP0297 tumors were visualized by using a Vevo 2100 Imaging System with
550D scan probe (VisualSonics, Inc.) at 32 MHz. The 3D mode recorded the x-,
y-, and z-directions’ data at 0.1 mm step size. The percentage of global

tumor blood vessel perfusion over 3D tumor volume was analyzed according
to the manufacturer’s instructions.

Immunohistochemistry and Image Analysis. Tumor blood vessel staining and
analysiswas conducted as previously describedwithminormodifications (12, 37).
Briefly, mice were intravenously injected with 200 μg Hoechst 33342 (Ho33342,
Solarbio) per mouse. After circulation for 5 min, mice were intracardiacally
perfused by Dulbecco’s phosphate-buffered saline (PBS, Gibco). Tumor tissues
were harvested and fixed by 4% paraformaldehyde (PFA) at room temperature
for 2 to 3 h followed by incubation overnight with 30% sucrose at 4 °C. The
tissues were then embedded in Tissue-Tek optimal cutting temperature com-
pound and stored at −80 °C. The tumor tissue slices (20 μm thickness) were
incubated overnight with primary antibodies at 4 °C followed by incubation
with the secondary antibodies for 2 h at room temperature. All incubation
processes were kept in dark and humid chambers. Primary antibodies included
anti-CD31 (an endothelial cell marker, 1:100, clone MEC13.3, catalog 550274,
BD Biosciences), anti-NG2 (a pericyte marker, 1:500, polyclonal, catalog AB5320,
Sigma-Aldrich), anti-activated Notch1 (1:300, polyclonal, catalog ab8925,
Abcam), anti-CD4 (1:50, clone GK1.5, catalog 100402, BioLegend), anti-CD8a
(1:50, clone 53–6.7, catalog 100702, BioLegend), and anti-F4/80 (1:100, clone
BM8, catalog 123101, BioLegend). Secondary antibodies included Alexa Fluor
488 Goat Anti-Armenian Hamster (catalog 127–545-160), Cy3 Goat Anti-
Armenian Hamster (catalog 127–165-160), Alexa Fluor 647 Goat Anti-
Armenian Hamster (catalog 127–605-160), Cy3-Donkey anti-Rabbit (catalog
711–165-152), Cy3-Donkey anti-Rat (catalog 712–165-153), and Cy5-Donkey
anti-Rat (catalog 715–175-153) (1:200, all from Jackson ImmunoResearch). For
hypoxia staining, tumor-bearing mice were injected intravenously with pimo-
nidazole (60 mg/kg, 100 μL saline/mouse, Hypoxyprobe). After 25 min, mice
were systemically perfused with 4% PFA, and the tumors were removed and
immediately frozen in liquid nitrogen. Tumor sections were stained with a
Hypoxyprobe Plus Kit according to the manufacturer’s protocol (catalog HP8-
100Kit). The slices were counter stained for cell nuclei by Sytox Green (catalog
S7020, Molecular Probes). Sections were imaged with an Olympus FV3000
confocal laser-scanning microscope. The microvessel density, pericyte coverage,
tissue hypoxia, and tissue area stained with Ho33342 were assessed using
Image-Pro plus software (version 6.0).

A

C

B

Fig. 6. IFN-γ deficiency negates the effects of DLL1 overexpression on tumor growth, CD8+ T cell tumor infiltration, and vessel perfusion in EO771 breast
tumor model. EO771-R1 and EO771-L1 breast tumor cells were inoculated orthotopically in WT and IFN-γ knockout mice (IFN-γ−/−). Tumor size and tumor
blood vessel perfusion were recorded and analyzed as described in Fig. 1. (A) The tumor growth curves. (B) The proportions of tumor-infiltrating CD8+ and
CD4+ T cells. (C) Tumor blood vessel perfusion and vessel density in EO771-R1 and EO771-L1 breast tumors in WT or IFN-γ−/− mice. The significance was
determined by one-way ANOVA. Data are from one experiment representative of three independent experiments with similar results (n = 7 to 8 mice per
group). *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significant difference.
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Flow Cytometric Analysis. Tumor-bearing mice were perfused via intracardiac
injection of PBS after euthanasia. Tumor tissues were harvested and digested
with DMEM containing collagenase type 1A (1.5 mg/mL, Sigma-Aldrich), hyal-
uronidase (1.5 mg/mL, Sigma-Aldrich), and deoxyribonuclease I (20 U/mL,
Sigma-Aldrich) at 37 °C for 45 min. The digested mixtures were grinded and
filtered through 70 μm cell strainers. After blocking with a rat anti-mouse CD16/
CD32 antibody (BD Pharmingen), the single-cell suspensions were then stained,
washed, and resuspended in cold flow buffer (1% bovine serum albumin and
0.1% NaN3 in PBS). The following fluorochrome-conjugated antibodies were
used: CD45-PE-Cy7, CD45-BV421, CD11b-BV510, CD11b-APC-Cy7, CD8a-PE-Cy7,
and IFNγ-PE-Cy7 (all from BD Pharmingen); CD8a-FITC, F4/80-FITC, CD4-PE, PD-
L1-PE, CD279-APC-Cy7, CD44-APC, CD62L-APC-Cy7, F4/80-PE, CD206-PE-Cy7,
CD11c-APC, and Gr-1-APC-Cy7 (all from BioLegend). 7-Amino-actinomycin D
(7AAD) (eBioscience) was used as viability dye to exclude death cells. For IFN-γ
intracellular staining in CD4 or CD8 T cells, 1 × 106 cells were resuspended in
200 μL Roswell Park Memorial Institute 1640 medium containing 10% fetal
bovine serum, 1% Penicillin-Streptomycin, and 1× Brefeldin A Solution (catalog
420601, eBioscience) and were incubated at 37 °C with 5% CO2 for 4 h. Cells
were collected for extracellular staining and then IFN-γ intracellular staining
using a Fixation/Permeabilization Solution Kit (catalog 554714, BD Bioscience)
per the manufacturer’s instructions. Flow cytometry data were acquired on a
Gallios flow cytometer (Beckman) and analyzed with Kaluza software
(version 1.3).

Quantitative Real-Time PCR. Total messenger RNA was extracted from flow-
sorted cells or tumor tissues using a MicroElute Total RNA kit (Omega).
Complementary DNA (cDNA) was prepared by using a RevertAid First Strand

cDNA Synthesis Kit (Thermo Scientific). Quantitative real-time PCR was
performed using the Light Cycler 480 SYBR Green I Master mix (Roche) and a
High Throughput qPCR Light Cycler 480 (Roche). Primers were provided in SI
Appendix, Table S1. To avoid potential nonspecific amplification, one half of
a primer sequence was designed to hybridize with the 3′ end of one exon,
and the other half was hybridized to the 5′ end of the adjacent exon. The
comparative threshold cycle method was used to calculate the fold changes
of gene expression by normalizing to the reference gene β-actin.

Statistical Analysis. Statistical analyses were conducted by using Prism software
(version 8, GraphPad). Experimental differenceswere tested using unpaired two-
tailed Student’s t test when comparing two independent groups and one-way
ANOVA when comparing more than two groups. All of the data were pre-
sented as the mean ± SEM. The results were considered statistically significant
when P < 0.05.

Data Availability. All study data are included in the article and SI Appendix.
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