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T-cell position in the tumor microenvironment determines the
probability of target encounter and tumor killing. CD8" T-cell
exclusion from the tumor parenchyma is associated with poor
response to immunotherapy, and yet the biology that underpins
this distinct pattern remains unclear. Here we show that the vascular
destabilizing factor angiopoietin-2 (ANGPT2) causes compromised
vascular integrity in the tumor periphery, leading to impaired T-cell
infiltration to the tumor core. The spatial regulation of ANGPT2 in
whole tumor cross-sections was analyzed in conjunction with T-cell
distribution, vascular integrity, and response to immunotherapy in
syngeneic murine melanoma models. T-cell exclusion was associated
with ANGPT2 upregulation and elevated vascular leakage at the
periphery of human and murine melanomas. Both pharmacologic
and genetic blockade of ANGPT2 promoted CD8 " T-cell infiltration
into the tumor core, exerting antitumor effects. Importantly, the

Introduction

Melanoma represents the most aggressive form of skin cancer and
accounts for the majority of skin cancer-related mortalities (1).
Because of its high somatic mutational burden, which is exacerbated
by exposure to ultraviolet (UV) radiation, melanoma is highly immu-
nogenic (2). Checkpoint inhibitors, such as those targeting the pro-
grammed death-1 (PD-1)/PD-ligand-1 (PD-L1) axis and cytotoxic T-
lymphocyte antigen-4 (CTLA4), have demonstrated clinical efficacy
with significant increases in the overall survival of patients with
metastatic melanoma. In fact, about 70% of patients with advanced
melanoma who receive both anti-PD-1 and anti-CTLA4 therapies
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reversal of T-cell exclusion following ANGPT2 blockade not only
enhanced response to anti-PD-1 immune checkpoint blockade
therapy in immunogenic, therapy-responsive mouse melanomas,
but it also rendered nonresponsive tumors susceptible to immuno-
therapy. Therapeutic response after ANGPT2 blockade, driven by
improved CD8" T-cell infiltration to the tumor core, coincided with
spatial TIE2 signaling activation and increased vascular integrity at
the tumor periphery where endothelial expression of adhesion
molecules was reduced. These data highlight ANGPT2/TIE2 sig-
naling as a key mediator of T-cell exclusion and a promising target to
potentiate immune checkpoint blockade efficacy in melanoma.

Significance: ANGPT?2 limits the efficacy of immunotherapy by
inducing vascular destabilization at the tumor periphery to promote
T-cell exclusion.

show an overall survival rate of 3 years (3-5). Despite these substantial
advances in melanoma treatment, 30% to 50% of patients still exhibit
de novo (primary) resistance to checkpoint inhibitors and an addi-
tional 20% to 30% show progression after an initial response (sec-
ondary resistance) within 5 years (6). The emergence of resistance is
associated with an immunosuppressive tumor microenvironment
(TME) characterized by absent or dysfunctional immune cells, includ-
ing T cells, and has limited therapeutic efficacy in patients. Therefore,
elucidating mechanisms underlying a tumor-specific immune evasion
is critical to improving immunosuppression and enhancing treatment
efficacy in patients with melanoma.

Among potential mechanisms underlying immunosuppression in
the TME, T-cell exclusion drives resistance to immunotherapy by
sequestering tumor-reactive T cells away from their targets, thereby
reducing tumor control (7, 8). Although T-cell exclusion is observed in
nonresponsive patients with melanoma as well as other solid tumor
types, the signals that drive it remain largely unknown. Emerging
evidence suggests that CD8" T cells can be excluded from the tumor
core by stromal components in the tumor margin, such as the
extracellular matrix and inhibitory cytokine production impeding
T-cell migration (9, 10). It is known that blood vessels in the TME
are abundant, destabilized, and leaky, accompanied by angiogenesis
and poor vascular perfusion. Targeting aberrant tumor vasculature
with antiangiogenic therapies has shown promise but limited efficacy
as a monotherapy. Notably, antiangiogenic tumor therapy targeting
vascular endothelial growth factor (VEGF), a prominent proangio-
genic molecule, enhanced chemotherapy efficacy in many cancer
types (11). This insight suggested that inhibition of angiogenesis causes
not only the selective regression of immature blood vessels but also the
improvement of remaining vascular function, a process referred to as
“vascular normalization” (12). Previous studies also demonstrated that
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normalized tumor vasculature through inhibition of VEGF or its
receptor (VEGFR-2) promotes extravasation of T cells into the tumor
and improves adoptive cell transfer-based immunotherapies in the B16
melanoma model (13). Emerging evidence suggests the importance of
normalized blood vessels in facilitating an immunosupportive micro-
environment, which is necessary for effective immunotherapy (14, 15).
However, the mechanism by which antiangiogenic therapy potentiates
the clinical response to immunotherapy remains elusive. Moreover,
the role of spatial vascular changes in T-cell exclusion within the tumor
is not clearly defined.

ANGPT2, which binds to the receptor tyrosine kinase TIE2 in
endothelial cells, is a key regulator of angiogenesis and vascular
destabilization. Upregulation of ANGPT2 often correlates with poor
prognosis and disease progression in many types of advanced
tumors (16-18). Unlike ANGPT?2, angiopoietin-1 (ANGPT1) induces
activation of TIE2 and promotes vascular maturation and stabilization
through the protein kinase Akt, which phosphorylates the forkhead
box O1 (FOXO1) transcription factor and thus prevents upregulation
of ANGPT2 (19-21). ANGPT?2 is released by endothelial cells upon
angiogenic or inflammatory stimuli and functions as both an agonist
and antagonist of TIE2 in a context-dependent manner (22-24). In
pathologic conditions, ANGPT2 competes with ANGPT1 as a TIE2
antagonist, inhibits TIE2 signaling, and promotes FOXO1 transcrip-
tional activity (20, 25-28). Targeting the ANGPT2/TIE2 signaling
pathway is suggested to inhibit tumor angiogenesis and growth by
interfering with the proangiogenic activity of TIE2-expressing mono-
cytes (TEM; ref. 29). Furthermore, a recent study demonstrated the
additive effects of dual targeting VEGF and ANGPT2 on CD8" T-cell
activation in a B16-OV A melanoma model (30). However, our under-
standing of how ANGPT2 mechanistically affects tumor immune
evasion is incomplete.

In this study, we investigated the mechanistic contribution of
ANGPT2/TIE2 signaling to T-cell exclusion. We found that T-cell
exclusion was associated with upregulation of ANGPT?2 at the tumor
periphery in human and mouse melanoma tissues. Both pharmaco-
logic and genetic blockade of ANGPT2 was sufficient to release CD8™"
T cells from the periphery and drive their infiltration to the tumor core,
ultimately exerting antitumor effects in syngeneic murine melanomas.
Importantly, the reversal of T-cell exclusion following ANGPT2
blockade not only enhanced response to anti-PD-1 in therapy respon-
sive mouse melanomas, but also made nonresponsive tumors suscep-
tible. Mechanistically, therapeutic response after ANGPT2 blockade
coincided with spatial TIE2 signaling activation and increased vascular
integrity in the tumor periphery. These findings provide novel insights
into the mechanistic regulation of ANGPT2-induced T-cell exclusion
from the tumor core, highlighting ANGPT2/TIE2 signaling as a
promising target to potentiate checkpoint inhibitor efficacy in
melanoma.

Materials and Methods

Animal models

Pathogen-free C57BL/6] mice were purchased from The Jackson
Laboratories. CB17-SCID (C.B-Igh-1 b/IcrTac-Prkdc*®™®) mice were
purchased from Taconic Biosciences. Angpt2™/#°* (31, 32) mice were
provided by Dr. Gou Young Koh (Korea Advanced Institute of Science
and Technology) and bred in Columbia University Irving Medical
Center. For conditional endothelial cell-specific targeting of Angpt2,
we used VE-cadherin-CreER™ mice from Dr. Ralf Adams (Max
Planck Institute, Munich, Germany; ref. 33). VE-cadherin-CreER"? mice
were mated with Angpt2™/1°* mice to generate tamoxifen-induced
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endothelial cell-specific Angpt2-deleted mice (VE-cadherin-CreER"%;
Angpt2fo* termed Angpt2'“F€). Tamoxifen (2 mg; Sigma-Aldrich,
T5648) was injected intraperitoneally for 4 consecutive days beginning
at 7 to 8 weeks of age in Angpt2“=< mice or wild-type C57BL/6] mice,
which were used as a control. Knockout was confirmed using immu-
nofluorescence analysis of tumors for ANGPT2 expression.

Three tumor models (YUMM1.7, YUMMERI.7, B16-F10) were
used in this study. B16-F10 cells were purchased from the ATCC.
YUMML1.7 (Yale University Mouse Melanoma) and YUMMER1.7
(Yale University Mouse Melanoma Exposed to Radiation) cells har-
boring driver mutations common in human melanoma (Braf"*°F,
Pten'~, and Cdkn2a™'") were generated by the Bosenberg group at
Yale University (34, 35) and were kindly provided by Dr. Amanda
Lund at NYU Langone Health (New York, NY; ref. 36). YUMMERI.7
(2.5 x 10°), YUMML.7 (5 x 10%), or B16-F10 (1 x 10°) cells were
subcutaneously inoculated in C57BL/6], CB17-SCID, or Angpt2“F¢
mice. For pulmonary metastasis, YUMMERL1.7 (5 x 10°) or B16-F10
(2 x 10°, CFP-conjugated or nonconjugated) cells were injected
intravenously in C57BL/6] mice. Lungs were collected 3 weeks after
cell inoculation. Mice were housed on a 12-hour light/dark cycle with
access to food and drinking water in a pathogen-free animal facility.
For all experiments, 7- to 8-week-old male mice were used and fed
standard chow. All experimental endpoints were studied at 10 to
12 weeks of age unless otherwise specified. Mice were anesthetized by
intraperitoneal injection of ketamine (90-100 mg/kg) and xylazine
(10-17 mg/kg) before cell inoculation or perfusion. Mice were
regularly monitored to follow institutional guidelines for ethical
endpoints. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee at Columbia University
Irving Medical Center. All experiments followed institutional
guidelines for the care and use of laboratory animals.

Cell culture

Mouse melanoma cell lines YUMMERI.7 and YUMMI1.7 were
maintained in DMEM/F12 containing 10% FBS. The B16-F10 mouse
melanoma cell line was maintained in DMEM containing 10% FBS. All
cells were cultured at 37°C and 5% CO,. All cell lines tested negative
for Mycoplasma. All cell lines were maintained under 10 passages and
were discarded after use.

Treatments

Mice were administered 12.5 mg/kg of anti-ANGPT2 antibody
(REGN910) or control human IgG antibody (REGN1945) every 3 days
(4-5 total doses). Treatment was initiated when tumor volumes were
~70 mm®. Subcutaneous tumors were measured twice a week by
caliper and collected at perfusion 3 to 4.5 weeks after cell inoculation.
For extended treatment, antibodies were administered at the same
interval for a total of 10 doses. Mice were euthanized prior to the
experimental endpoint if tumor volumes were >2,000 mm?>. For the
CD8" T-cell depletion study, either 100 pg/mouse rat IgG or anti-
CD8o antibody was administered on days —2 and —1 prior to
REGN9I10 treatment initiation (day 0) once tumor volumes were
~70 mm?>, Subsequently, anti-CD80o. antibodies were administered
every 2 days (eight total doses) and REGN910 was administered every
3 days (five total doses). CD8" T-cell depletion was confirmed using
immunofluorescence analysis of tumors for CD8" T-cell expression.
For the PD-1 inhibition, mice were administered 100 pg/mouse anti-
PD-1 or rat IgG every 2 days (six to seven total doses). Combination
treatment consisted of REGN910 every 3 days, concurrent with
anti-PD-1 treatment every 2 days. Antibodies are detailed in Supple-
mentary Table S1.
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Tissue preparation and IHC

Mice were perfused with fixative (1% paraformaldehyde in 1x PBS;
pH 7.4) through the left ventricle into the aorta for 2 minutes at a
pressure of 120 to 140 mmHg. Tumor tissues were collected and fixed
with 1% paraformaldehyde for 1 hour on ice and were stored overnight
in 30% sucrose at 4°C. Tumors were embedded in optimal cutting
temperature compound and cut into 50 wm sections. Sections were
rinsed with 1 x PBS containing 0.3% Triton X-100 (PBST) and blocked
with 5% donkey serum (Jackson ImmunoResearch) for 1 hour at
room temperature and then incubated in blocking solution overnight
with primary antibodies described in Supplementary Table S2. Slides
were incubated with Alexa-labeled secondary antibodies in PBST
for 4 hours at room temperature. Nuclei were stained with DAPI
(1 mg/mL; Sigma-Aldrich, D9542) for 10 minutes at room temper-
ature and mounted in Vectashield medium (Vector Laboratories).

Flow cytometry

After tumor collection, we dissected the tumor core and periphery.
Each tumor region was minced using razor blades followed by
dissociation into single-cell suspensions after placement in digestion
medium: FACS buffer (1x PBS containing 2% FBS), 0.1% collagenase
IV (Worthington, LS004188), and 10 U/mL DNase type I (Sigma,
D4527-20KU). Minced tumors were incubated for 20 minutes at 37°C
with constant shaking. Cell suspensions were filtered using a cell
strainer (70 wm) to remove cell clumps. Red blood cells (RBC)
were lysed using incubating cell suspensions inside RBC lysis buffer
(eBioscience, 00-4300-54). Single-cell suspensions derived from
tumors were blocked with rat anti-mouse FcyIII/IT receptor (CD16/
CD32) blocking antibodies (“Fc-Block,” BioLegend, 156604) and
stained with live/dead cell-exclusion dye (Zombie Yellow dye; Bio-
Legend, 77168). The cells were then incubated for 30 minutes with
fluorophore-conjugated antibodies described in Supplementary
Table S3. Cells were subsequently washed, resuspended in FACS
buffer, and analyzed using the Novocyte Quanteon flow cytometry
system (Agilent). For granzyme B staining, cells were fixed and
permeabilized with the Foxp3/Transcription Factor Staining Buffer
Set (eBioscience, 00-5523-20) after surface staining. Flow cytometry
analyses of cell populations were performed using FlowJo software
version 10.8.1.

Patient samples

Archived frozen pretreatment metastatic melanoma tissue samples
were obtained through the Tissue Bank at Herbert Irving Compre-
hensive Cancer Center (HICCC). The Histology Service at HICCC
performed sectioning and histopathologic interpretation. Frozen sec-
tions were used for immunostaining.

Identification of T-cell exclusion program signature genes and
correlational analysis with ANGPT2 expression in human
melanoma

To generate the exclusion program in malignant cells associated with
CD8" T-cell abundance, we utilized a single-cell RNA-sequencing
(RNA-seq) dataset of 33 human melanoma tumors (GSE115978)
applying the analytic codes provided from a previous study (37) and
specified GitHub repository (https://github.com/livnatje/ImmuneResis
tance). To define an exclusion program signature gene, we followed the
same procedures described in the previous study (37). First, to identify a
cell-type specific gene for malignant cells and CD8" T cells, we used
eight different cell subsets distinguished by gene expression and copy-
number variation profiles. By calculating pairwise comparisons
between the cell types via Wilcoxon rank sum-test, we obtained the
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genes enriched for malignant cells (1 = 389) and CD8™" T cells (n = 50).
Then, we computed the overall expression (OE) of the CD8" T-cell-
specific genes in 474 Skin Cutaneous Melanoma (SKCM) from
The Cancer Genome Atlas (TCGA) RNA-seq V2 expression dataset
(obtained from https://xenabrowser.net/datapages/) to estimate CD8™"
T-cell abundance. The bulk RNA-seq data are an RSEM normalized
count with log, transformation. We prioritized a seed exclusion gene
based on a Pearson correlation between the expression of malignant
cell-specific genes and the OE of the CD8" T-cell-specific genes. We
selected 20 malignant genes as seed exclusion-up signature genes
showing the most significant negative correlation with CD8" T-cell
abundance, and 20 seed exclusion-down signature genes with the most
significant positive correlation. We then calculated the correlation
between the OE of seed exclusion genes and individual genes using
a partial Spearman correlation and prioritized them by coefficient
ranks. An exclusion signature gene is defined as the following: (i)
exclusion-up: genes showing a significant positive correlation with seed
exclusion-up signature and a negative correlation with seed exclusion-
down signature; and (ii) exclusion-down: genes showing a significant
positive correlation with seed exclusion-down signature and a negative
correlation with seed exclusion-up signature. To compare the associ-
ation between T-cell exclusion signatures and ANGPT2 expression, we
stratified the TCGA-SKCM samples into three groups according to the
expression profile of ANGPT2: (i) high expression (n = 48, >90th
percentile), (ii) moderate expression (1 = 189, 50th to 90th percentile),
and (iii) low expression (n = 237, <50th percentile). For this, we
converted the log, expression of each gene into a standardized z-score
across samples and calculated the average of an exclusion signature gene
for individual tumor samples. We compared the z-scores of the
exclusion signature groups by ANGPT2 expression groups.

Morphometric measurements

Images of whole tumor cross-sections and representative regions
were taken using Axio Observer 7 with Apotome2 [Zeiss, 10x (N.A.
0.45) or 20x (N.A. 0.8) objective, bin 1 or 2], and image analysis was
performed using MATLAB and Image] software. After defining the
tumor region, we used the bwdist function in MATLAB and calculated
distance from tumor margin. Immune cell infiltration was separately
measured as CD8" T-cell count per mm?® in the tumor periphery
(<500 um from tumor boundary) or tumor core (>500 pm from tumor
boundary). Tumor proliferation and apoptosis were measured as the
area of Ki-67 or cleaved-activated caspase-3—positive immunoreac-
tivity, respectively, divided by total measured tumor area and pre-
sented as percentages. Necrosis was identified by the absence of
DAPI staining of nuclei and was calculated as a percentage of the
total tumor area. The ANGPT2/TIE2 pathway (ANGPT2, TIE2,
p-TIE2, FOXO1), vascular leakage [fibrin(ogen)], and vascular stabil-
ity (desmin, VE-cadherin, claudin-5, type IV collagen) were measured
as positive vascular area divided by total CD31" or VE-cadherin™
blood vessel area and presented as percentages. Vascular density was
measured as CD31" or VE-cadherin™ vessel area divided by the total
measured tumor area and presented as a percentage. Whole tumor
cross-sections were imaged and analyzed for CD31, CD8, and Ki-67.
One to three representative regions of the tumor periphery and core
were imaged and analyzed for remaining readouts, except for cleaved-
activated caspase-3, for which, only representative images of the tumor
core were imaged and quantified.

RT-qPCR

Harvested tumor tissues were dipped into liquid nitrogen to extract
total RNA using RNeasy Mini Kit (Qiagen, 74134) and tissue

CANCER RESEARCH


https://github.com/livnatje/ImmuneResistance
https://github.com/livnatje/ImmuneResistance
https://github.com/livnatje/ImmuneResistance
https://xenabrowser.net/datapages/

homogenizing tubes with beads (Thermo Fisher Scientific, 15-340-
153). Total 1 pg of RNA was reverse transcribed into cDNA using the
qScript cDNA Synthesis Kit (Quantabio, 95048-100). Gene expression
was quantified with PerfeCTa SYBR Green FastMix (Quantabio,
95074-012) and QuantStudio 5 Real-Time PCR System (Applied
Biosystems). GAPDH was used as an internal reference gene. Primer
sequences are listed in Supplementary Table S4.

Statistical analysis

Data are presented as mean SEM. P values indicating statistical
significance are presented in figures (P > 0.05 not labeled). Differences
between the means of regions within the same sample were com-
pared by paired two-tailed Student f test. Statistical differences
between the means of two different groups were compared by
unpaired two-tailed Student ¢ test, unless otherwise noted. For tumor
growth curves of two groups, statistical significance between average
tumor volumes was evaluated at the final presented time point by
Mann-Whitney test. Statistical differences between multiple groups,
including average tumor volumes at the final presented time point,
were compared by one-way ANOVA with Tukey correction for
multiple comparisons. Statistical analyses were performed using
GraphPad Prism version 9.1.0. For analysis of single-cell RNA-seq,
statistical evaluation was conducted by pairwise Wilcoxon rank-
sum test.

Data availability

All data accessed from external sources and prior publications have
been referenced in the article and Supplementary Data files. The single-
cell RNA-seq data analyzed in this study (GSE115978) were obtained
from Gene Expression Omnibus (GEO). The bulk RNA-seq data from
the TCGA SKCM cohort analyzed in this study were obtained from the
TCGA RNA-seq V2 expression dataset at http://xenabrowser.net/
datapages/. All other raw data are available upon request from the
corresponding author.

Results

T-cell exclusion is associated with spatial ANGPT2 upregulation
and vascular destabilization at the tumor periphery

We sought to understand CD8" T-cell distribution in genetically
defined syngeneic melanoma models of YUMM1.7 (35) and YUM-
MER1.7 (BrafVSOOE, Pten'~, and Cdkn2a~'~; ref. 34) as well as B16-
F10 melanoma, each characterized by different levels of tumor immu-
nogenicity. Unlike the parental YUMMI1.7 tumor model, YUM-
MERI1.7 melanoma cells have been irradiated with ultraviolet B
radiation and thus harbor additional somatic mutations, generating
an immunogenic TME. Notably, subcutaneous YUMMERI.7 tumors
recapitulated the clinically important phenotype of impaired T-cell
infiltration into the tumor core, characterized by a large proportion of
CD8" T cells retained in the tumor periphery (<500 um from the
tumor margin) and blocked from the core (“T-cell exclusion”; Fig. 1A
and B). On average, only 2.5% of total tumor area was necrotic,
primarily limited to the tumor core (Fig. 1C). Similar to YUMMERL.7,
the less immunogenic YUMM1.7 tumors exhibited T-cell exclusion
from the core, despite lower overall CD8" T-cell density. B16-F10
tumors also showed CD8" T-cell restriction to the tumor periphery,
displaying the lowest population of CD8™ T cells among the melanoma
mouse models we examined (Supplementary Fig. S1).

To understand the spatial association of ANGPT2/TIE2 signaling
with T-cell exclusion in melanoma, we first evaluated ANGPT?2, total
TIE2, and phosphorylated TIE2 (p-TIE2) expression in murine mel-
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anomas. To directly compare ANGPT2/TIE2 signaling in tumor and
adjacent normal tissues, we studied pulmonary metastases and sur-
rounding healthy tissues 3 weeks after intravenous tumor cell inoc-
ulation of YUMMERI1.7 and B16-F10. By performing immunostaining
with an anti-ANGPT2 antibody (REGN910; ref. 38), we found sig-
nificantly elevated levels of endothelial ANGPT2 accompanied by
reductions in p-TIE2 and total TIE2 levels in pulmonary metastatic
lesions (Supplementary Fig. S2A-S2C). In contrast, vessels in the
adjacent healthy lungs showed weak or no ANGPT2 expression and
high p-TIE2 and TIE2 levels. When we compared ANGPT2 expression
in tumors collected 4 weeks after subcutaneous YUMMERIL.7 cell
inoculation, vessels in the tumor periphery had higher ANGPT2
expression than those in the tumor core (Fig. 1D and E). Consistently,
whole tumor cross-sections of YUMMERI.7 melanoma showed high
endothelial ANGPT2 expression at the tumor periphery (Fig. 1F).
Using single-cell RNA-seq datasets of human melanoma (37), we also
analyzed ANGPT2 expression in different cell types. Although the
cellular expression profile showed the highest expression of ANGPT2
in endothelial cells, ANGPT2 was also detectable in other cell types
such as malignant cells (Supplementary Fig. S3A and S3B). To
understand the link between TIE2 activity and ANGPT2 expression,
we explored the activity of FOXO1 in blood vessels of the tumor
periphery and core. Previous evidence showed that TIE2 signaling
activation promotes downstream PI3K/Akt signaling and consequent-
ly results in FOXO1 phosphorylation, leading to nuclear exclusion,
ubiquitination, and degradation of FOXO1, whereas TIE2/PI3K/Akt
signaling suppression induces nuclear accumulation and activa-
tion of FOXO1 (19, 20). We found strong nuclear FOXO1 in
tumor blood vessels at the periphery where ANGPT2 expression
was high but little to no nuclear FOXO1 or ANGPT2 in endo-
thelial cells of the tumor core (Fig. 1G and H). These findings
align with evidence that elevated ANGPT2 expression is a con-
sequence of FOXO1 transcriptional activation resulting from TIE2
signaling suppression (39, 40). Functionally, elevated endothelial
ANGPT?2 in the tumor periphery spatially coincided with greater
vascular leakage evidenced by extravasated plasma stained with
fibrin(ogen) outside of tumor vessels (Fig. 1I and J). Our data
support that endothelial ANGPT2 upregulation and increased
vascular leakage are spatially associated with T-cell accumulation
in the periphery of tumor nests.

Human melanoma metastatic tissues consistently showed strong
ANGPT2 expression in peripheral tumor blood vessels (<500 wm from
the tumor margin) concomitant with CD8" T-cell abundance, con-
trasting regions of the tumor core showing weak endothelial ANGPT2
expression with limited CD8" T-cell infiltration (Fig. 1K). To further
delineate the relationship between ANGPT2 expression and T-cell
exclusion, we examined the genes strongly correlated with T-cell
exclusion in melanoma using single-cell and bulk RNA-seq data-
sets (37). We identified cell-type specific genes for malignant cells
and CD8" T cells and inferred T-cell infiltration levels in tumors from
the 474 bulk RN A-seq profiles of TCGA-SKCM (41). Then, we defined
225 “exclusion-up” genes that were negatively correlated with T-cell
infiltration and were induced in non-inflamed or cold tumors, and 162
“exclusion-down” genes that were positively correlated with T-cell
infiltration. The induced part of the program (exclusion-up) was
enriched for genes involved in transcriptional and translational reg-
ulation (e.g., SOX4 and EIF3H), whereas the repressed part of the
program (exclusion-down) included genes involved in apoptosis (e.g.,
PERP and IFI27L2) and immune modulation (e.g., IRF4; Supplemen-
tary Fig. S4). Next, we evaluated whether ANGPT?2 is associated with
the exclusion program signature genes in human melanoma. From the
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Figure 1.

Endothelial ANGPT2 upregulation and increased vascular leakage are spatially associated with T-cell accumulation in the tumor periphery. For these studies, 2.5 x 10°
YUMMERI.7 (Braf"60CE, Pten’~,and Cdana’/’) cells were subcutaneously inoculated in C57BL/6 mice. Tumors were collected 4 weeks after cell inoculation. A and
B, Representative images showing accumulation of CD8™ T cells in the tumor periphery (<500 um from tumor margin; top) and sparse CD8" T-cell distribution in the
tumor core (A) and corresponding quantification of CD8™ T cells (n = 6; B). C, Proportion of necrosis identified by the absence of DAPI staining of nuclei in the entire
tumor (n = 7). D and E, Images comparing ANGPT2 expression (red) in tumor vessels (CD31; green) in the tumor periphery (<500 um from tumor margin; top) and
core (bottom; D) and corresponding quantification showing higher ANGPT2 expression in the tumor periphery (n = 6; E). F, Representative image showing strong
endothelial ANGPT2 immunoreactivity (red) in the tumor periphery. Solid line represents the tumor boundary and dotted line represents the boundary between
tumor periphery and core. G and H, Representative images showing strong nuclear FOXOT1(green) and cytoplasmic ANGPT2 (red) expression in blood vessels (CD3T;
blue) of the tumor periphery unlike weak or absent FOXO1and ANGPT2 expression in vessels of the tumor core (G) and corresponding quantification (n = 6; H). land
J, Representative images comparing tumor vascular leakage shown by extravasated fibrin(ogen) (red) in the tumor periphery (top) and core (bottom; I) and
corresponding quantification showing greater vascular leakage in the tumor periphery (n = 6; J). For B, C, E, H, and J, each data point represents individual mouse.
Data combine two independent experiments. Error bars, SEM. P values as shown. Statistical analysis by paired two-tailed Student ¢ test. K, Representative images of
pretreatment human melanoma brain metastasis showing accumulation of CD8" T cells (green) and corresponding high ANGPT2 expression (red) in the tumor
periphery (<500 um from tumor margin; top) compared with low CD8" T-cell infiltration and weak endothelial ANGPT2 expression in the tumor core (bottom).
L, Gene expression pattern of T-cell exclusion program (exclusion-up, left; exclusion-down, right) in human melanomas with differential ANGPT2 expression
(TCGA-SKKCM data set, >90th, n = 48; 50-90th, n = 189; <50th, n = 237 expression percentile). P values as shown (P > 0.05 not labeled). Statistical analysis
by pairwise Wilcoxon rank-sum test.

TCGA-SKCM bulk RNA-seq data, we categorized tumor samples into  upregulation and elevated vascular leakage in the tumor periphery
three groups divided by ANGPT2 expression levels and found a strong  could be involved in T-cell exclusion.

correlation between ANGPT?2 expression and CD8" T-cell exclusion

signatures. The ANGPT2 high group (>90th percentile) exhibited a  Pharmacologic inhibition and genetic deletion of ANGPT2
significantly higher expression of exclusion-up signature genes than  reduce T-cell exclusion

the ANGPT2 low group (<50th; P < 0.0001; Fig. 1L). In contrast, To investigate ANGPT2 regulation of T-cell exclusion, we tested
exclusion-down genes have significantly higher expression in the  whether ANGPT2 neutralization using selective anti-ANGPT2 anti-
ANGPT2 low group compared with the ANGPT2 high group (P <  body (REGN910; ref. 38) promotes T-cell infiltration into the tumor
0.0001). Together, these results suggest that the spatial ANGPT2  core in YUMMERI.7 and YUMMI1.7 mouse melanomas (Fig. 2A).
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Importantly, although control YUMMERI1.7 tumors showed prefer-
ential CD8™" T-cell localization to the tumor periphery, pharmacologic
ANGPT?2 inhibition increased the number of CD8" T cells to the
tumor core (Fig. 2B and C). Specifically, ANGPT2 blockade increased
the number of CD8™ T cells by 91% in the core. We also observed that
T-cell density was frequently variable within the tumor cores following
ANGPT?2 inhibition, independent of tumor necrosis (Supplementary
Fig. S5A and S5B). Analysis of CD8* T-cell abundance in whole tumor
cross-sections showed that ANGPT2 inhibition reduced the spatial
discrepancy in T-cell density between the tumor periphery and core by
increasing T-cell infiltration to the core (Fig. 2D and E). Furthermore,
in theless immunogenic YUMMI1.7 tumor model, ANGPT2 inhibition
showed a 75% increase of CD8" T-cell infiltration in the tumor core
(Fig. 2F and G). To further delineate whether the genetic targeting of
ANGPT2 improves CD8" T-cell infiltration to the tumor center, we
investigated CD8" T-cell distribution in the tumors of Angpt2“F¢
mice, which are generated by crossing Angpt2™/°* mice (31, 32) with
VE-cadherin-Cre-ER™ mice (33), after YUMMERI.7 inoculation
(Fig. 2H). We first confirmed low or absent ANGPT2 expression on
blood vessels at the tumor periphery and core of Angpt2"“E€ mice
(Supplementary Fig. S6A and S6B). Consistently, we observed
significantly improved CD8" T-cell infiltration in the tumor cores
of Angpt2“F mice, compared with age-matched wild-type controls
exhibiting the expected pattern of CD8" T-cell exclusion (Fig. 21
and J). Tumors from Angpt2“*EC mice exhibited a 98% increase in
CD8™" T cells in the tumor core, closely resembling the observed
patterns in YUMMERI.7 tumors pharmacologically targeted for
ANGPT2.

Analysis of flow cytometry following dissection of the tumor
periphery and core also showed a higher frequency of CD8" T cells
at the tumor periphery compared with the core of control YUM-
MERL1.7 tumors, with similar patterns observed for CD45™" cells and
CD4" T cells (Supplementary Fig. S7A-S7C). Inhibition of ANGPT2
reduced the spatial discrepancy in CD45" and CD8" T-cell frequen-
cies between the tumor periphery and core by increasing the propor-
tion of these cells in the tumor core. Although ANGPT?2 blockade did
not affect the frequency of total CD4" T cells in the tumor core, it
reduced the frequency of CD4" T cells in the tumor periphery.
Furthermore, we found that ANGPT?2 inhibition decreased the pro-
portion of regulatory T cells (Tregs: CD4*Foxp3™") in the tumor core
(Supplementary Fig. S7D). Unlike for T cells, the exclusion pattern was
less evident for tumor-associated macrophages (TAM), TEMs, and
mononuclear or polymorphonuclear myeloid-derived suppressor cells
(M-MDSC or PMN-MDSC) in control YUMMERI1.7 tumors (Sup-
plementary Fig. S7E-S7I). There were also no significant changes
observed in the frequencies of TAM, TEMs, and M-MDSCs in tumors
following ANGPT2 inhibition, which only increased the PMN-
MDSCs in the tumor core. However, we found that ANGPT2 blockade
increased M1/M2 ratio (M1-like TAMs: CD206'**CD11c"*¢" and M2-
like TAMs: CD206"8"CD11¢"°™) in both tumor periphery and core
due to increased frequencies of M1-like TAMs involved in pro-
inflammatory responses (42). Taken together, our data demonstrate
that targeting ANGPT2 promotes CD8" T-cell infiltration into the
tumor core, highlighting ANGPT?2 as a key regulator of CD8" T-cell
exclusion in the tumors.

ANGPT2 inhibition restores TIE2 signaling and stabilizes vessels
of the tumor periphery

To test our hypothesis that tumor vascular destabilization, resulting
from ANGPT2-mediated TIE2 signaling suppression, serves as a
barrier impairing effective T-cell infiltration to the tumor core, we
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investigated the effects of ANGPT2 inhibition on TIE2 activity and
vascular integrity at the tumor periphery and core, respectively. We
found that tumor vessels at both the periphery and core of YUM-
MERL1.7 tumors showed significant suppression of TIE2 signaling,
evidenced by low TIE2 and p-TIE2 immunoreactivities in endothelial
cells of control tumors, contrasting adjacent healthy vessels in the skin
showing high p-Tie2 levels (Fig. 3A-D; Supplementary Fig. S8).
ANGPT?2 inhibition by REGN910 treatment significantly increased
TIE2 expression (3.9- and 3.7-fold in the periphery and core, respec-
tively), which primarily showed a concentrated distribution in the
cytoplasm (Fig. 3A and B). It is noteworthy that ANGPT2 blockade
increased p-TIE2 levels, with a more prominent effect in blood vessels
of the tumor periphery (8.8-fold) compared with vessels of the tumor
core (2.4-fold; Fig. 3C and D).

In our analyses of structural and functional changes of blood vessels
in the tumor periphery and core, targeting ANGPT2 increased
desmin™ pericyte coverage (2.7- and 1.9-fold in periphery and core,
respectively), distribution of the endothelial junctional molecules VE-
cadherin (4.8- and 2.3-fold in the periphery and core, respectively) and
claudin-5 (2.8- and 1.5-fold in the periphery and core, respectively),
and type IV collagen™ basement membrane coverage (1.2-fold for both
periphery and core) on tumor vessels (Fig. 3E; Supplementary Fig. S9).
Consistent with previous studies (38, 43), the pharmacologic blockade
of ANGPT2 decreased tumor vascular density in the whole tumor
(Fig. 3F and G) in addition to exerting significant vascular stabiliza-
tion. Importantly, we observed that ANGPT2 inhibition reduced
vascular leakage measured by fibrin(ogen) by 61% in blood vessels
in the tumor periphery and by 20% in tumor core (Fig. 3H and I).

To identify a mechanism by which vascular changes following
ANGPT?2 inhibition reduce T-cell exclusion, we investigated the
expression patterns of adhesion molecules on endothelial cells in the
tumor periphery and core, respectively. We found that endothelial cell
expression of adhesion molecules, including vascular cell adhesion
molecule 1 (VCAM-1), was higher in the tumor periphery than in the
core of control YUMMERL1.7 tumors (Fig. 3]). Interestingly, treatment
with anti-ANGPT?2 reduced the frequency of endothelial cells expres-
sing adhesion molecules, especially VCAM-1 and L-selectin, in the
tumor periphery, thereby decreasing spatial discrepancies in adhesion
molecule expression between the tumor periphery and core. Further-
more, we tested for disrupted chemokine gradients between the
periphery and core of control tumors, which can lead to an exclusion
phenotype. However, we found similar expression levels in CXCL9,
CXCL10, and CXCL11, which are responsible for T-cell recruitment,
between the periphery and core of control tumors (Supplementary
Fig. S10). Not only does our data support previous findings that
antiangiogenic therapy enhances vascular integrity, but our findings
indicate that ANGPT?2 inhibition preferentially promotes TIE2 sig-
naling activation and the reversal of vascular destabilization at the
tumor periphery, where the expression of endothelial cell adhesion
molecules is also reduced.

Targeting ANGPT2 reduces tumor growth in mouse melanomas
of differing tumor immunogenicity

Given the reversal of T-cell exclusion together with improved
vascular integrity at the tumor periphery following ANGPT2 inhibi-
tion, we next evaluated the antitumor effects of targeting ANGPT2 in
YUMMERI1.7 and YUMM1.7 melanomas after treatment with human
IgG or anti-ANGPT?2 antibody for 2 weeks. Pharmacologic ANGPT2
inhibition significantly reduced the rate of YUMMERL.7 tumor
growth compared with IgG-treated controls (P = 0.0004; Fig. 4A).
Consistent with delayed tumor growth following ANGPT2 blockade,
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Figure 2.

Pharmacologic inhibition and genetic deletion of ANGPT2 promote CD8" T-cell infiltration to the tumor core. YUMMER1.7 (2.5 x 10%) or YUMM1.7 (5 x 10°) cells were
subcutaneously inoculated in C57BL/6 or Angpt2™*£€ mice. A, C57BL/6 mice were administered anti-ANGPT2 (REGN910, 12.5 mg/kg i.p.) or human 19G (REGN1945,
12.5 mg/kg i.p.) when tumors were ~70 mm? in volume for five total doses. B, Representative images comparing CD8" T-cell (green) abundance in whole tumor
cross-sections (left) and in magnified regions of the tumor periphery and core (right) from YUMMERL.7 mice treated with IgG or anti-ANGPT2. C, Corresponding
quantification of CD8" T-cell count per mm? showing elevated infiltration in YUMMER1.7 tumors after ANGPT2 blockade (I9G, n = 7; anti-ANGPT2, n = 7). D, Distance
map showing method for analyzing CD8" T-cell count as a function of distance from the tumor margin, applied to generate E, G, and J. E, CD8" T-cell density
normalized by distance from the tumor margin in YUMMER1.7 tumors after IgG or anti-ANGPT2 treatment. F and I, Quantifications of CD8* T-cell count per mm?
revealing a significant increase in CD8™ T-cell number in the tumor core after pharmacologic inhibition (anti-ANGPT2) in C57BL/6 mice inoculated with YUMM1.7 cells
(I9G, n = 7; anti-ANGPT2, n = 6; F) or after genetic deletion of ANGPT2 in Angpt2*£€ mice inoculated with YUMMERI.7 cells (control, n = 6; Angpt2“£€, n = 6; 1)
compared with IgG-treated or wild-type control mice. G and J, CD8™ T-cell density as a function of normalized distance from the tumor margin in YUMML1.7 (G) and
Angpt2™EC€ mice (J). Distance graphs reflect a growing difference in CD8* T-cell density between control and experimental groups with increased distance from the
tumor margin. For C, F, and I, each data point represents individual mouse. Error bars, SEM. P values as shown (P > 0.05 not labeled). Statistical analysis by unpaired
two-tailed or one-tailed Student t tests. H, Diagram depicting the generation of Angpt2£€ mice and experimental schedule consisting of four consecutive tamoxifen
injections prior to cell inoculation. Tumors were collected 4 weeks after YUMMERI1.7 cell inoculation.
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Figure 3.

ANGPT2 inhibition restores TIE2 activity and improves vascular integrity in YUMMERT.7 tumors. C57BL/6 mice subcutaneously inoculated with YUMMER1.7 cells were
treated with anti-ANGPT2 or human IgG as shown in Fig. 2A. A and B, Representative images of TIE2 expression (green) on tumor vessels (CD3T; red) in the periphery
(top) and core (bottom) of 19G (left)- and anti-ANGPT2 (right)-treated tumors (A) and corresponding quantification (B) showing significant elevation in TIE2
expression, measured as a percent area of CD31" tumor blood vessels, after ANGPT2 blockade compared with I9G controls (IgG, n = 7; anti-ANGPT2,n = 9). Cand D,
Comparison of phosphorylated TIE2 (p-TIE2; green) in the tumor periphery (top) and core (bottom) after 1gG (left) and anti-ANGPT2 (right) treatment (C) and
corresponding quantification (D) showing increased p-TIE2 levels after ANGPT2 blockade (IgG, n = 7; anti-ANGPT2, n = 7). For B and D, statistical analysis by
unpaired two-tailed Student t test. E, Quantifications comparing desmin™ pericyte coverage, VE-cadherin® and claudin-5" endothelial junctions, and type IV
collagen™ basement membrane coverage at the tumor periphery and core after IgG (n = 6-7) or anti-ANGPT2 (n = 8-9) treatment, measured as a percent area of
CD31" tumor blood vessels. Statistical analysis by unpaired two-tailed or one-tailed Student ¢ test. F and G, Representative images of whole-tumor sections
comparing vascular density (CD3T; red) after IgG or anti-ANGPT2 treatment (F) and corresponding quantification (G) showing significant reduction in vascular
density after anti-ANGPT2 therapy compared with 1gG (IgG, n = 7; anti-ANGPT2, n = 9). H, Representative images of tumor vascular leakage measured by
extravasated fibrin(ogen) (red) from tumor vessels (CD31; green) in the periphery and core after IgG and anti-ANGPT2 treatment. I, Quantification, measured as a
percent area of CD31" tumor blood vessels, showing a significant reduction in extravasated fibrin(ogen) in the tumor periphery after ANGPT2 blockade (19G,n=7;
anti-ANGPT2, n = 9). Data combine three independent experiments. Statistical analysis by unpaired two-tailed Student ¢t test. J, Flow cytometry analysis comparing
expression of intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), L-selectin, and P-selectin on CD31" endothelial cells from the
tumor periphery and core after I9G (n = 7-8) or anti-ANGPT2 (n = 7-8) treatment in YUMMER1.7 mice. Data combine two independent experiments. Statistical
analysis by unpaired two-tailed Student t test. For B, D, E, G, I, and J, each data point represents individual mouse. Error bars, SEM. P values as shown

(P > 0.05 not labeled).
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immunofluorescence staining analyses of cleaved-activated caspase-3
in tumors demonstrated that compared with IgG treatment,
ANGPT2 inhibition promoted a significant rise in apoptosis
(Fig. 4B and C). Furthermore, we found a reduction in cell
proliferation after ANGPT?2 inhibition in YUMMERI1.7 melanoma
(Fig. 4D and E). We confirmed consistently delayed tumor growth
when treatments were extended until 4 weeks from treatment onset
(Supplementary Fig. S11). In addition, YUMM1.7 tumors harboring
lower immunogenicity also exhibited notably reduced rates of
tumor growth after pharmacologic ANGPT2 inhibition (P =
0.0006; Fig. 4F). To ascertain the impact of ANGPT2 on promoting
the growth of melanoma, we investigated tumor growth after
subcutaneous YUMMERL.7 cell inoculation in Angpt2“F¢ mice.
Genetic deletion of endothelial ANGPT2 (Angpt2™*£€) significantly
delayed growth of YUMMERI1.7 melanomas compared with tumor-
bearing wild-type C57BL/6] controls (Fig. 4G). These data from
mouse melanomas with the clinically relevant Braf, Pten, and
Cdkn2a driver mutations support ANGPT2 as a potential thera-
peutic target to suppress the malignant growth of melanomas of
differing tumor immunogenicity.

A B

Control

YUMMER1.7 [ Joari
=102 [lAcs
207 control —
%\ anti-ANGPT2  ----
£ 157
o
£
2 104 :
9 Anti-ANGPT2
g
RS
0
F x102 YUMMA1.7
207 control —
—~ anti-ANGPT2 ----
£ 15
E
(0]
5 10+
[}
>
g 54
2
0
0 2 4 6 8 10 12
Days posttreatment
Figure 4.

Antitumor response mediated by ANGPT2 inhibition is
dependent on CD8" T cells

To better understand the mechanism underlying the antitumor
response driven by ANGPT2 inhibition, we inoculated immuno-
deficient mice lacking both T and B cells (SCID, C.B-Igh-1%/IcrTac-
Prkdc*®) with YUMMERL.7 cells, investigating tumor growth after
treatment with IgG or anti-ANGPT2 (Fig. 5A). We confirmed the
absence of CD8" T cells in SCID mice through immunofluores-
cence staining of tumors (Supplementary Fig. S12A). Pharmaco-
logic ANGPT2 inhibition did not delay tumor growth in SCID mice,
showing comparable tumor burden and apoptosis between immu-
nodeficient mice treated with IgG or REGN910 (Fig. 5B and C). Of
note, despite no reduction in tumor burden, immunodeficient mice
treated with REGN910 showed reduced vascular leakage and
increased vascular VE-cadherin expression with greater differences
in the tumor periphery compared with the core, consistent with our
findings in immunocompetent mice (Fig. 5D; Supplementary
Fig. S13). To ascertain the functional contribution of CD8" T cells
to the therapeutic efficacy of ANGPT2 inhibition, we next depleted
CD8™ T cells in both YUMM1.7 and YUMMER1.7 mouse models
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Pharmacologic inhibition and genetic deletion of ANGPT2 slow tumor growth and increase apoptosis in mouse melanoma. C57BL/6 mice or Angpt2“£€ mice
subcutaneously inoculated with YUMMERL.7 or YUMML1.7 cells were treated with anti-ANGPT2 or human IgG as shown in Fig. 2A and H. A, Tumor growth of
YUMMERI1.7 (IgG, n = 7; anti-ANGPT2, n = 9) mice given ANGPT2 blockade (REGN910; dotted red line) or IgG (solid black line). B and C, Representative images of
cleaved-activated caspase-3 (AC3; red) with DAPI (blue) in IgG (control; top)- and anti-ANGPT2 (bottom)-treated tumors (B) and corresponding quantification of
AC3" percent area in the tumor core (C) showing increased apoptosis in anti-ANGPT2-treated YUMMER1.7 mice compared with IgG-treated controls (IgG, n = 7; anti-
ANGPT2, n = 9). D and E, Representative images of Ki-67 (green) with DAPI (blue) in IgG (control; top)- and anti-ANGPT2 (bottom)-treated tumors (D) and
corresponding quantification showing reduced tumor proliferation after ANGPT2 blockade in YUMMER1.7 mice (I9G, n =10; anti-ANGPT2,n =10; E). For Cand E, each
data point represents individual mouse. Error bars, SEM. P values as shown. Statistical analysis by unpaired two-tailed Student ¢ test. F, Tumor growth of YUMML1.7
(I9G, n = 7; anti-ANGPT2, n = 7) mice given ANGPT2 blockade (REGN910; dotted blue line) or IgG (solid black line). For A and F, each curve represents individual
mouse. Data combine three independent YUMMER1.7 and YUMML1.7 experiments. G, Averaged tumor growth of subcutaneous YUMMER1.7 melanomas in wild-type
control (n = 6; black) and Angpt2™£€ (n = 6: red) mice revealing significantly delayed tumor growth in Angpt2”2£€ mice. Data combine two independent experiments.
P value for final time point as shown. Statistical analysis by Mann-Whitney test at day 25 after cell inoculation.
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Figure 5.

CD8™ T cells mediate antitumor response to ANGPT2 inhibition in mouse melanoma. A, SCID (C.B-/gh-1°/IcrTac-Prkdc*™®) mice deficient in Band T cells or C57BL/6
mice were inoculated with 2.5 x 10° YUMMERI.7 cells and treated with anti-ANGPT2 (REGN910) or human I9G (REGN1945). SCID and C57BL/6 mice were
administered anti-ANGPT2 every 3 days (4-5 total doses). C57BL/6 mice were treated with rat IgG or anti-CD8a antibodies on days —2 and —1 prior to anti-ANGPT2
treatment start (day O) and every 2 days following anti-ANGPT2 treatment start (eight total doses). B, Subcutaneous growth of YUMMER1.7 tumors in SCID mice
following IgG or anti-ANGPT2 treatment (IgG, n = 7; anti-ANGPT2, n = 7). Each curve represents individual mouse. C, Quantification of cleaved-activated caspase-3™
percent area shows no difference in apoptosis in the tumor core after IgG or anti-ANGPT2 treatment in SCID mice. D, Comparison of tumor vascular leakage measured
by extravasated fibrin(ogen) from tumor vessels (CD31) in the periphery and core after I9G and anti-ANGPT2 treatment in SCID mice showing reduced vascular
leakage after ANGPT2 blockade. Data combine two independent experiments. Error bars, SEM. P values as shown (P > 0.05 not labeled). Statistical analysis by
unpaired two-tailed Student ¢ test. E and F, Comparison of YUMML.7 (IgG, n = 7; anti-ANGPT2, n = 5; anti-ANGPT2 plus anti-CD8a, n = 7; E) and YUMMER1.7 (IgG,
n=>5;anti-ANGPT2, n=6; anti-ANGPT2 plus anti-CD8a, n = 6; F) tumor growth after IgG or anti-ANGPT2 treatment with or without CD8™ T-cell depletion in C57BL/6
mice. P value for final time point as shown. Statistical analysis by ordinary one-way ANOVA with Tukey correction for multiple comparisons. G, Quantification of
cleaved-activated caspase-3* percent area reveals no difference in apoptosis in the tumor core after I9G- or anti-ANGPT2 plus anti-CD8-treated
YUMMERI.7 mice. H, Quantification of vascular density (CD31) showing reduced vascular density after anti-ANGPT2 and anti-ANGPT2 plus anti-CD8a.
compared with IgG-treated control. I, Reduced vascular leakage in the tumor periphery after anti-ANGPT2 and anti-ANGPT2 plus anti-CD8o combination
treatment compared with IgG treatment in YUMMER1.7 melanoma. For C, D, G, H, and |, each data point represents individual mouse. Data combine three
independent experiments. Error bars, SEM. P values as shown (P > 0.05 not labeled). Statistical analysis by ordinary one-way ANOVA with Tukey correction
for multiple comparisons.
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(Fig. 5A). We confirmed complete depletion of CD8" T cells
through immunofluorescence staining of tumor tissues showing
no detectable CD8" T cells (Supplementary Fig. S12B). Consistent
with the SCID experiment, concurrent depletion of CD8" T cells
with ANGPT2 blockade abolished the antitumor effects of ANGPT2
inhibition, revealing YUMMI1.7 and YUMMERI1.7 tumor growth
and apoptosis comparable with IgG-treated controls (Fig. 5E to G)
despite decreased vascular density in the tumor and reduced
vascular leakage at the tumor periphery (Fig. 5H and I). By
corroborating studies in SCID mice, these data suggest that CD8"
T cells play a major role in the antitumor response resulting from
ANGPT?2 blockade.

Reversing T-cell exclusion by ANGPT2 inhibition enhances anti-
PD-1 therapy efficacy

To determine if improved T-cell infiltration to the tumor core by
ANGPT?2 blockade can modulate response to checkpoint inhibitor
therapy, we compared tumor progression after PD-1 inhibition with
or without ANGPT2 blockade in the YUMM1.7 and YUMMER1.7
mouse models. Previous studies demonstrated that YUMMERI1.7,
but not the less immunogenic YUMM1.7, is sensitive to checkpoint
inhibitors (34). For our studies, anti-ANGPT2 and anti-PD-1
antibodies were given alone or concurrently for 2 weeks
(Fig. 6A). As expected, PD-1 inhibition alone showed resistance
in YUMML1.7 tumors, which showed comparable tumor growth
with IgG-treated controls (P = 0.95; Fig. 6B and C). However,
combination treatment with PD-1 inhibitor and ANGPT2 inhibitor
in YUMML1.7 exhibited significantly improved antitumor effects
compared with anti-PD-1 monotherapy (P = 0.0003). Combination
therapy also enhanced the antitumor response mediated by anti-
ANGPT?2 alone (P = 0.02). Furthermore, consistent with previous
findings (34), PD-1 inhibition itself slowed the rate of immunogenic
YUMMERL.7 tumor growth compared with IgG-treated controls (P
= 0.001; Fig. 6E and F). The combination treatment of PD-1
inhibitor with ANGPT2 inhibitor enhanced antitumor effects com-
pared with either monotherapy alone (P = 0.04 for anti-PD-1 vs.
combination and P = 0.01 for anti-ANGPT2 vs. combination).
Consistently, our data revealed significantly higher apoptosis in
both YUMM1.7 and YUMMERI.7 tumors simultaneously targeted
for ANGPT2 and PD-1 than in either monotherapy alone (Fig. 6D
and G). The dual targeting of PD-1 and ANGPT2 further increased
CD8% T-cell infiltration in the tumor core compared with
monotherapies in YUMMERL1.7 tumors (36% and 57% increases
compared with anti-ANGPT2 alone and anti-PD-1 alone,
respectively; Fig. 6H). However, the combination treatment did
not significantly increase CD8" T-cell count in the tumor periph-
ery. Analysis of CD8" T-cell abundance across whole tumor cross-
sections showed the smallest spatial discrepancy in T-cell density
between the tumor periphery and core after combination therapy
compared with control and monotherapies (Fig. 6I). In addition, we
found that either anti-PD-1 or anti-ANGPT2 alone increased the
frequency of functional CD8" T cells measured by granzyme B
expression compared with control YUMM1.7 tumors (Fig. 6]). The
combination therapy with anti-PD-1 and anti-ANGPT2 showed
even higher frequency of functional CD8" T cells compared with
monotherapies. These findings suggest that ANGPT2 inhibition
enhances anti-PD-1 therapy in both anti-PD-1-resistant and
-responsive melanomas by improving T-cell infiltration to the
tumor core. Collectively, our data suggest that ANGPT2 limits the
efficacy of immunotherapy by inducing vascular destabilization at
the tumor periphery to promote T-cell exclusion (Fig. 7).
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Discussion

In this study, our data demonstrated the regulation of ANGPT2-
induced T-cell exclusion from the tumor core, highlighting ANGPT2/
TIE2 signaling as a potential target to promote immune activation and
enhance checkpoint inhibitor efficacy in melanoma. Specifically, we
showed that (i) ANGPT2 upregulation and vascular destabilization in
the tumor periphery are associated with T-cell exclusion from the
tumor center in human and murine melanomas; (ii) genetic deletion
and pharmacologic inhibition of ANGPT2 promote CD8" T-cell
infiltration to the tumor core by improving vascular integrity prefer-
entially at the tumor periphery, leading to delayed tumor growth in
syngeneic murine melanomas; (iii) the absence of CD8" T cells
counteracts antitumor effects following ANGPT2 neutralization; and
(iv) ANGPT?2 inhibition enhances the antitumor efficacy of anti-PD-1
therapy in both anti-PD-1-resistant and -responsive melanomas by
reversing T-cell exclusion.

Clinical and preclinical studies have demonstrated beneficial anti-
tumor effects when angiogenesis inhibitors are combined with check-
point inhibitors (14, 30, 44-47). Current vascular modulators primarily
target VEGF/VEGEFR, which is a predominant angiogenic signaling
pathway that promotes systemic and local immunosuppression (48-50).
The combination of bevacizumab, a humanized mAb targeting VEGF,
with checkpoint inhibitor therapy results in more favorable therapeutic
outcomes in patients with melanoma than does checkpoint blockade
alone (51). However, the emergence of resistance to anti-VEGF agents
often results in metastatic recurrence and has thus limited therapeutic
success. Preclinical studies have also shown that prolonged VEGF
signaling inhibition can paradoxically fuel tumor progression and
metastatic spread after initial treatment response (52, 53). Among
compensatory proangiogenic signaling, ANGPT2/TIE signaling has
been considered to be involved in anti-VEGF therapy resistance and
consequent cancer progression, making this pathway a valuable target to
overcome or reduce anti-VEGF resistance (43). Multiple ANGPT2-
specific antibodies have been developed and are currently being tested in
combination with other targeted therapies in clinical trials for patients
with cancer (24). Of note, targeting ANGPT2 in combination with
immune checkpoint inhibition is being tested in patients with advanced
solid tumors including melanoma (phase I: NCT02141542 and
NCT03239145). In addition, a recent study showed that acute pre-
surgical ANGPT?2 neutralization is sufficient to prolong mouse surviv-
al (54), emphasizing the importance of timed ANGPT2-targeted ther-
apy for maximizing therapeutic efficacy.

T-cell exclusion from the tumor parenchyma is one of the mechan-
isms underlying immunosuppression in the TME and drives primary
resistance to current immunotherapies (7, 8). Therefore, elucidating
the biology that underpins this distinct pattern of T-cell exclusion is
critical to identifying therapeutic targets and treatment strategies that
will potentiate the antitumor immune response to current immu-
notherapies. Recent preclinical studies, including one from the De
Palma group, have demonstrated that tumor vascular modulation
driven by the concurrent neutralization of VEGF and ANGPT2
contributes to antitumor immunity (29, 30, 55). Our findings help
define the mechanistic contributions of ANGPT2/TIE2 signaling to T-
cell exclusion and tumor growth in melanomas of differing immuno-
genicity. Although previous studies have traditionally relied on B16
melanoma to study tumor vascular remodeling and treatment efficacy
on the malignant growth of melanoma, B16 tumors do not recapitulate
the relevant driver and somatic mutations that distinguish human
melanoma as an immunogenic and aggressive cancer. We thus focused
on using the YUMM1.7 and YUMMER1.7 melanoma cell lines, both of
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Figure 6.

Reversing T-cell exclusion by ANGPT2 inhibition enhances anti-PD-1 therapy efficacy in mouse melanoma. A, YUMM1.7 or YUMMER1.7 cells were subcutaneously
inoculated in C57BL/6 mice and mice were treated with human (REGN1945) or rat 1gG, anti-ANGPT2 (REGN910) or anti-PD-1 monotherapies, or combination
(anti-ANGPT2 plus anti-PD-1) therapies. B and C, Averaged (B) and individual (C) growth of YUMM1.7 tumors in C57BL/6 mice following IgG, anti-ANGPT2, anti-PD-1,
or anti-ANGPT2 plus anti-PD-1treatment (IgG, n = 8; anti-ANGPT2, n = 8; anti-PD-1, n = 10; anti-ANGPT2 plus anti-PD-1, n = 9). D, Quantification showing greatest
apoptosis (activated caspase-3) in tumor cores of YUMMLI.7 mice treated with combination anti-ANGPT2 plus anti-PD-1therapy. E and F, Averaged (E) and individual
(F) growth of subcutaneous YUMMER1.7 tumors in C57BL/6 mice following I19G, anti-ANGPT2, anti-PD-1, or anti-ANGPT2 plus anti-PD-1 treatment (I9G, n = 6;
anti-ANGPT2, n =10; anti-PD-1, n = 9; anti-ANGPT2 plus anti-PD-1, n = 10). G, Quantification comparing apoptosis in YUMMER1.7 tumor cores of mice after indicated
treatments. H and I, Quantification showing CD8™ T-cell count in the tumor periphery and core (H) and CD8™ T-cell density normalized by distance from the tumor
margin (I) in YUMMER1.7 tumors after 1gG, anti-ANGPT2, anti-PD-1, or anti-ANGPT2 plus anti-PD-1 treatment. J, Comparison of functional CD8" T-cell population
(granzyme B™) in YUMML.7 tumors after 19G, anti-ANGPT2, anti-PD-1, or anti-ANGPT2 plus anti-PD-1 treatment. For D, G, H, and J, each data point represents
individual mouse. Error bars, SEM. P values as shown (P > 0.05 not labeled). Statistical analysis by ordinary one-way ANOVA with Tukey correction for multiple
corrections.

which harbor Braf, Pten, and Cdkn2a driver mutations, for compre-
hensive spatial analysis of CD8" T-cell distribution within the tumors.
Among the key findings of this study was the preferential vascular
stabilization in the tumor periphery and improved CD8* T-cell
infiltration to the tumor core following pharmacologic or genetic
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targeting of ANGPT2 in both YUMM1.7 and YUMMERI1.7 melano-
mas. This is clinically important because the density of tumor-
infiltrating CD8" T cells is one of the reliable predictors of response
to checkpoint inhibitors (56, 57). Interestingly, we found heterogeneity
in T-cell position in the tumor core after ANGPT2 blockade, as certain
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Figure 7.

Model depicting the role of ANGPT2 in T-cell exclusion, limiting anti-PD-1 efficacy. ANGPT2 promotes vascular destabilization at the tumor periphery and restricts
T-cell entry to the tumor core, thereby limiting tumor control and anti-PD-1 efficacy. Our study suggests ANGPT2 blockade enhances checkpoint inhibitor therapy by

reversing T-cell exclusion in melanoma. (Created with BioRender.com.)

regions of the tumor showed more enriched T-cell density than others.
Although not linked to tumor necrosis, further investigation is
required to understand the regulation of specific T-cell position within
the tumor. A previous study reported that the low somatic mutation
burden in YUMMI.7 cells results in limited tumor immune responses
represented by low T-cell infiltration, and that YUMMI1.7 consequent-
ly exhibits similar growth in the presence and absence of a functional
adaptive immune system (35). However, YUMMERL1.7 derived from
UVB irradiation and clonal selection of YUMM1.7 elicits a robust
immune response due to increased somatic mutation burden and
possibly more immunogenic neoantigens (34). Given the nature of
parental YUMMI.7 tumors resistant to checkpoint inhibitor therapy,
our data regarding YUMMI1.7 melanoma suggests that targeting
ANGPT2 can potentially render nonresponsive tumors susceptible.
Furthermore, our findings in YUMMERI1.7, which is highly immu-
nogenic and responsive to checkpoint inhibitor treatment, suggest that
targeting ANGPT2 can enhance the efficacy of checkpoint inhibitor
therapy in responsive melanoma patients. Our data demonstrate that
ANGPT?2 inhibition also improves T-cell function in tumors, which
could enhance checkpoint inhibitor therapy.

Our work continues to build upon previous findings regarding the
role of ANGPT?2, which is also known to control cytokine-induced
vascular leakage (58), in vascular destabilization, and has unique
implications in ANGPT2 regulation of T-cell exclusion through spatial
vascular changes in tumors. As a mechanism, our results suggest that
higher expression of adhesion molecules on endothelial cells at the
tumor periphery might contribute to the preferential entry of T cells
into the tissue at the tumor periphery rather than the tumor center.
Consistent with previous studies demonstrating that ANGPT2 mod-
ulates the expression of endothelial cell adhesion molecules (59), our
data show reduced endothelial expression of adhesion molecules in the
tumor periphery after anti-ANGPT2 treatment, reducing the spatial
discrepancy in adhesion molecule expression between the tumor
periphery and core, which might improve T-cell access to the tumor
core. Although earlier tumor xenograft studies in immunodeficient
mice demonstrated antitumor efficacy of ANGPT2 inhibition in
mice (38, 60), our results from immunodeficient and CD8" T-cell-
depleted mice suggest that the immune system, particularly CD8" T
cells, may serve as a primary determinant for antitumor efficacy by
anti-ANGPT2 under certain conditions. Although our study did not
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focus on the contribution of CD4™ T cells to antitumor efficacy after
targeting ANGPT?2, it is possible that CD4™ T cells play a partial and
complementary role in CD8 " T-cell-mediated antitumor action under
ANGPT?2 inhibition. In addition, given the different TMEs associated
with primary and metastatic tumors, including their immunologic
properties (61, 62), further investigation is required to fully understand
our findings in the context of metastatic disease.

Although it is known that ANGPT?2 is largely produced by endo-
thelial cells (22), some studies have also reported low levels of ANGPT2
expression by tumor cells (18, 63). Interestingly, a recent study showed
that tumor cell-derived ANGPT2 had no effect on vascular or immune
function while promoting the metastatic progression of B16 melano-
ma (64). Our studies in YUMM1.7 and YUMMERI.7 tumors show
predominant endothelial ANGPT?2 expression, which modulates both
vascular function and immune infiltration, also supported by the
human melanoma single-cell RNA-seq dataset used for our study
(GSE115978). The distinct contribution of ANGPT2 derived from
different cells to tumor immune modulation deserves further study.
Although our study did not investigate ANGPT1 levels during treat-
ment, based on our findings revealing enhanced phosphorylated TIE2
after ANGPT2 inhibition, a decreased ANGPT2/ANGPT1 ratio, an
indicator of vascular stability, is expected following anti-ANGPT2
treatment in our experimental models. Furthermore, our data dem-
onstrated spatial FOXOL1 activation at the tumor periphery, which
could promote endothelial ANGPT2 expression in a positive feedback
loop (39). Considering that hypoxia is another well-known regulator
for ANGPT?2 expression (65, 66), hypoxia-inducible factors could also
regulate. ANGPT2 expression in the tumor core, where vascular
density is low.

Although this study supports the indirect effects of ANGPT2 on
immune evasion by vascular destabilization, it is possible that
ANGPT2 promotes tumor progression through direct effects on
immune cells. Previous studies have shown that ANGPT2 enhances
the recruitment of TEMs, which have angiogenic and immunosup-
pressive functions (67-69). However, a recent study using multiple
preclinical tumor models and meta-analysis of RNA-seq data
reported a dispensable role of TEMs in tumor angiogenesis, metas-
tasis, and tumor recurrence after chemotherapy, challenging
the previously reported role of TEMs (70). For our FACS analyses,
we defined TEM population by referring to previous studies
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(F4/80*CD11b"Ly6C Ly6G CD11c CD206"; ref. 29) but also
observed a small subset of macrophages with TIE2 expression
(~0.36% of CD45™" cells) in YUMMERI1.7 tumors. Contrasting CD8™"
T-cell findings, our study demonstrated a less evident exclusion pattern
of immunosuppressive myeloid cells such as TAMs and MDSCs, whose
frequencies in tumors were not significantly changed after ANGPT2
inhibition, except for PMN-MDSCs. Nevertheless, our data suggest
other tumor immunosuppressive actions of ANGPT?2, as evidenced by
an increased M1/M2 TAM ratio and reduced frequency of Tregs in the
tumor core following ANGPT2 blockade. It is also noteworthy that basal
TIE2 expression in the tumor vasculature was low in the melanomas we
studied, similar to the phenotype of endothelial tip cells with TIE2
downregulation (71, 72).

In summary, this study establishes the mechanistic role of
ANGPT2/TIE2 signaling in T-cell exclusion and efficacy of anti-
PD-1 therapy in melanomas with distinct patterns of immunogenicity
(Fig. 7). Importantly, a recent clinical trial in hepatocellular carcinoma
has shown promising results after combined antiangiogenic and
checkpoint inhibitor treatment (73). Furthermore, another phase I
clinical study exhibited a reasonable safety profile when patients with
melanoma received anti-CTLA4 in combination with ANGPT2
inhibition (MEDI3617; ref. 74), which warrants further investigation
into the underlying mechanism of action to properly rationalize
combination therapy in different tumors. Our work focusing on the
spatial vascular regulation of T-cell exclusion from the tumor core in
melanoma has clinical significance for suppressing tumor progression
and potentially enhancing immune checkpoint inhibitor efficacy for
patients with cancer, especially for those harboring tumors with poor
immune cell infiltration and resistance to current immunotherapies.
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