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Abstract

Immune checkpoint therapies targeting CTLA-4 and PD-1
have proven effective in cancer treatment. However, the iden-
tification of biomarkers for predicting clinical outcomes and
mechanisms to overcome resistance remain as critical needs.
Angiogenesis is increasingly appreciated as an immune mod-
ulator with potential for combinatorial use with checkpoint
blockade. Angiopoietin-2 (ANGPT2) is an immune target in
patients and is involved in resistance to anti-VEGF treatment
with the monoclonal antibody bevacizumab. We investigated
the predictive and prognostic value of circulating ANGPT2 in
metastatic melanoma patients receiving immune checkpoint
therapy. High pretreatment serum ANGPT2 was associated with
reduced overall survival in CTLA-4 and PD-1 blockade-treated
patients. These treatments also increased serum ANGPT2 in
many patients early after treatment initiation, whereas ipili-
mumab plus bevacizumab treatment decreased serum concen-
trations. ANGPT2 increases were associated with reduced

Introduction

Recent developments in immune checkpoint therapy have chan-
ged the way patients with cancer are treated. Ipilimumab treatment,
which targets CTLA-4, improves overall survival (OS) in patients
with metastatic melanoma (1, 2). A phase I trial combining
bevacizumab, a humanized monoclonal antibody targeting VEGF,
with ipilimumab demonstrated favorable clinical activity com-

'Department of Medical Oncology, Dana-Farber Cancer Institute and Harvard
Medical School, Boston, Massachusetts. 2Center for Immuno-oncology, Dana-
Farber Cancer Institute and Harvard Medical School, Boston, Massachusetts.
3Department of Biostatistics and Computational Biology, Dana-Farber Cancer
Institute, Boston, Massachusetts. “Department of Pathology, Brigham and
Women's Hospital, Boston, Massachusetts. Melanoma Disease Center, Dana-
Farber Cancer Institute and Harvard Medical School, Boston, Massachusetts.
SMassachusetts General Hospital Cancer Center, Boston, Massachusetts. ’Beth
Israel Deaconess Medical Center, Boston, Massachusetts.

Note: Supplementary data for this article are available at Cancer Immunology
Research Online (http://cancerimmunolres.aacrjournals.org/).

Corresponding Author: F. Stephen Hodi, Dana-Farber Cancer Institute, 450
Brookline Avenue, Boston, MA 02215. Phone: 617-632-5053; Fax: 617-582-7992;
E-mail: stephen_hodi@dfci.harvard.edu

doi: 10.1158/2326-6066.CIR-16-0206

©2016 American Association for Cancer Research.

www.aacrjournals.org

response and/or overall survival. Ipilimumab increased, and
ipilimumab plus bevacizumab decreased, tumor vascular
ANGPT?2 expression in a subset of patients, which was associ-
ated with increased and decreased tumor infiltration by CD68™"
and CD163" macrophages, respectively. In vitro, bevacizumab
blocked VEGF-induced ANGPT2 expression in tumor-associated
endothelial cells, whereas ANGPT2 increased PD-L1 expression
on M2-polarized macrophages. Treatments elicited long-lasting
and functional antibody responses to ANGPT2 in a subset
of patients receiving clinical benefit. Our findings suggest
that serum ANGPT2 may be considered as a predictive and
prognostic biomarker for immune checkpoint therapy and
may contribute to treatment resistance via increasing proan-
giogenic and immunosuppressive activities in the tumor micro-
environment. Targeting ANGPT2 provides a rational combina-
torial approach to improve the efficacy of immune therapy.
Cancer Immunol Res; 5(1); 17-28. ©2016 AACR.

pared with ipilimumab alone (3). Anti-PD-1 therapy with nivo-
lumab or pembrolizumab, monoclonal antibodies that block
interactions of PD-1 with PD-L1 and PD-L2, improve survival or
have significant activity in a variety of cancer types, including
metastatic melanoma, non-small cell lung cancer, renal cell cancer,
bladder cancer, and Hodgkin disease (4-9). The combination of
CTLA-4 and PD-1 blockade yields significantly longer progression-
free survival and higher response rates than monotherapy in
melanoma patients (10-12). Yet identification of biomarkers for
predicting clinical outcomes to treatments and to search for
mechanisms to overcome resistance are an unmet need.
Increasing evidence suggests that angiogenic factors play
important roles in immune regulation and have immunoinhibi-
tory activities (13). VEGF inhibits dendritic cell maturation and
antigen presentation and tumor infiltration by lymphocytes,
while promoting regulatory T cell (Treg) and myeloid-derived
suppressor cell (MDSC) expansion in the tumor microenviron-
ment (14-18). Higher pretreatment serum VEGF is associated
with decreased survival in ipilimumab-treated metastatic mela-
noma patients (19). Angiopoietin-2 (ANGPT2), a ligand of the
receptor tyrosine kinase Tie-2, functions as a vessel-destabilizing
molecule and is a critical regulator of blood vessel maturation
(20, 21). ANGPT2 is primarily produced by endothelial cells
and facilitates angiogenesis. ANGPT2 is low in normal tissues
but often highly upregulated in the tumor vasculature (22, 23).
Elevated circulating ANGPT2 has been associated with poor
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prognosis and more invasive tumors in a variety of cancers,
including melanoma (21-27). ANGPT2 can also play a role in
inflammation (28, 29). Patients receiving immune therapy can
make antibodies to ANGPT2 as the result of treatment (30).
ANGPT?2 can confer compensatory resistance to antiangiogenesis
therapy targeting VEGF (29, 31-33), and high pretreatment
serum ANGPT?2 is associated with reduced response rate and
survival in metastatic colorectal cancer patients receiving anti-
angiogenesis therapy with bevacizumab (27). The possible
prognostic/predictive role of ANGPT2 and its potential as a
target for immune therapy requires further investigation.

The current study investigates the predictive and prognostic
value of serum ANGPT2 concentrations for immune check-
point therapy as well as investigating any synergistic effects of
ANGPT2 on immune regulation. We found that high baseline
circulating ANGPT2 concentrations, and early increases in
ANGPT2 during treatment, were associated with shortened OS
and/or reduced response rates. Immune checkpoint therapy
elicited functional humoral immune responses to ANGPT2.
Pathologic analyses revealed that immune checkpoint therapy
increased or decreased the infiltration of tumor macrophages in
association with elevated or reduced tumor vascular ANGPT2
expression. Additionally, ANGPT2 promoted PD-L1 expression
on M2-polarized macrophages. These findings suggest serum
ANGPT?2 as a potential biomarker for predicting clinical out-
comes to immune checkpoint therapy as well as a role for
ANGPT2 in resistance to these therapies and possible target for
synergistic combination treatments.

Materials and Methods

Tissue and blood collection

Patients with metastatic melanoma were treated and biospeci-
mens were collected per Dana-Farber/Harvard Cancer Center
Institutional Review Board (IRB)-approved protocols. Informed
consent was obtained from all the patients involved in this study
after the nature and possible consequences of the studies were
explained. Patients with advanced melanoma enrolled in the
phase I Ipi-Bev trial have been described previously (3). Demo-
graphics, disease status, and prior treatments of patients with
metastatic melanoma receiving ipilimumab or PD-1 blockade
treatment are summarized in Supplementary Table S1. For serum
collection, blood samples collected in Vacutainer tubes with
serum separator were centrifuged at 1,000x g for 15 minutes at
room temperature, and the supernatant (serum) was collected
and stored at <—20°C. For plasma collection, blood samples
collected in Vacutainer tubes containing heparin were diluted
with equal volume of RPMI1640 and subjected to Ficoll density
gradient separation of PBMCs. The supernatant (plasma) above
the PBMC layer was collected and stored at <—20°C.

Measurement of circulating ANGPT2

ANGPT2 in plasma/serum samples was measured using
Magnetic Luminex Screening Assay kits (R&D Systems) per manu-
facturer's instructions.

Culture and treatment of endothelial cells and melanoma cells

Tumor-associated endothelial cells (TEC) were isolated using
Dynabeads CD31 Endothelial Cell as guided by the manufac-
turer (Life Technologies) and confirmed by surface expression
of CD31 and VEGFR2 and tube formation (34). HUVECs were
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purchased from Lonza. TECs and HUVECs were cultured in
EGM-2 (Lonza). Melanoma cell lines K008, K033, and M23
were established approximately 25 years ago from harvested
fresh tissues on Dana-Farber/Harvard Cancer Center IRB-
approved protocols as described previously (35). Melanoma
A375 cells were obtained from ATCC approximately 10 years
ago. They were not authenticated but had confirmed expression
of MITF and melanocytic markers. Melanoma cells were cul-
tured in DMEM containing 10% FBS, penicillin (50 pg/mL),
and streptomycin (100 pg/mL). In some experiments, EC
and melanoma cells were cultured in a hypoxic chamber with
1% O,. To examine the effect of VEGF and bevacizumab on
ANGPT2 expression, EC and melanoma cells were incubated
with VEGF (100 ng/mL; Cell Guidance Systems) and/or bev-
acizumab (25 pg/mL; Genetech) in serum and angiogenesis
factor reduced EBM/EGM-2 (3:1, v/v) medium and DMEM
containing 1% FBS, respectively. To examine the effect of en-
riched endogenous ANGPT?2 antibodies on ANGPT2-mediated
Erk1/2 phosphorylation, HUVECs were serum starved for
6 hours and treated with ANGPT2 (400 ng/mL; R&D Systems)
preincubated with human normal IgG (Life Technologies) or
enriched ANGPT2 antibodies (1.2 ug/mL) for 15 minutes at
37°C and 5% CO,.

Generation and polarization of monocyte-derived
macrophages

Frozen PBMCs isolated from healthy donors were thawed
briefly at 37°C in a water bath, washed in R-PS [RPMI1640
containing 50 penicillin (ng/mL) and streptomycin (100 ug/mL)],
and incubated in R-PS containing 5% FBS (R-PS5) on cell culture
dishes for 1.5 hours. Floating cells were removed by washing
with R-PS at least 5 times. The attached monocytes were cultured
in R-PS10 medium (R-PS supplemented with 10% FBS) contain-
ing CSF1 (15-100 ng/mL; Biolegend) for 3 days to differentiate
into macrophages. After being washed with R-PS, the attached
monocyte-derived macrophages (MDM) were incubated with
fresh R-PS10 containing CSF1 for 3 more days. MDMs were
activated with CSF1 (100 ng/mL), IL4 (10 or 20 ng/mL; R&D
Systems), or IL10 (10 or 20 ng/mL; R&D Systems) for 2 days. In
some experiments, ANGPT2 (300 ng/mL; R&D Systems and
EMD Millipore) was added to MDMs after 3 days of differenti-
ation with CSF1 or when they were activated with 1L4 or IL10
to examine its effect on PD-L1 expression. Phenotypes of polar-
ized MDMs were analyzed by FACS after staining with APC-
conjugated CD80 (Clone 2D-10; Biolegend) and PE-conjugated
CD163 antibodies (Clone GHI/61; Biolegend).

Detection of PD-L1 expression on macrophages

MDMs were detached from culture dishes using Accutase
(Life Technologies), incubated with FcR blocker (Miltenyi
Biotec) for 30 minutes at 4°C, and stained with PE-conjugated
PD-L1 antibody (Clone 29E.2A3; Biolegend) in PBS containing
1% BSA for 30 minutes at 4°C. In some experiments, macro-
phages were stained with FTIC-conjugated CD68 antibody
(Clone FA-11; Biolegend) after PD-L1 staining and fixation/
permeabilization. Macrophages were analyzed using FACS and
the Flow]o software.

Detection of ANGPT2 antibodies in patient plasma samples

ANGPT2 antibodies in plasma samples were determined by
immunoblot analysis and ELISA using recombinant human
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ANGPT2 (R&D Systems). Immunoblot analysis of ANGPT2 anti-
bodies with plasma samples was performed as previously
described with minor modifications (3). Briefly, ANGPT2 was
run in SDS gels and transferred onto PVDF membranes. After
blocking with 5% BSA in PBS, the membranes were incubated
overnight with paired pretreatment and posttreatment plasma
samples diluted by 1 x 10> folds. Antibodies bound to ANGPT2
were detected with HRP-conjugated goat anti-human IgG anti-
body (Life Technologies) and visualized with ECL. For ELISA
measurement of ANGPT2 antibodies, recombinant human
ANGPT2 was coated in TBS onto 96-well plates overnight. The
plates were rinsed and blocked with a protein-free blocking
solution (Thermo Scientific) for 1.5 hours at room temperature.
Plasma samples were diluted by 500- to 2,000-fold in the blocking
solution containing 0.1% Tween-20 and incubated with coated
ANGPT?2 for 1 hour at 4°C. Wells coated with His tag were used as
background controls (named as "His Tag" background). To make
sure signals were from plasma antibodies, additional wells coated
with ANGPT2 and incubated with the Tween-20 containing
blocking solution without plasma were also included (named as
"No Plasma" background). The plates were washed extensively
with PBST (PBS plus 0.05% Tween-20) and incubated with
diluted rabbit F(ab')2 HPR anti-human IgG (SouthernBiotech)
for 1 hour at room temperature. The plates were washed thor-
oughly with PBST and incubated with diluted biotinyl-tyramide
(PerkinElmer) for 15 minutes at room temperature. After another
thorough washing with PBST, the plates were incubated with
streptavidin-HRP diluted in PBST plus 1% BSA for 30 minutes at
room temperature. The plates were washed thoroughly with PBST
and developed with TMB. OD at 450 and 570 nm was recorded
using a microplate reader. Antibody titer was calculated by sub-
tracting OD 570 from OD 450 and subtracting "His Tag" back-
ground and "No Plasma" background from ANGPT2 reading.

Purification of ANGPT2 antibodies from plasma
Recombinant human ANGPT2 (6 ug) was coupled to activated
NHS magnet beads (40 uL; Thermo Scientific). Plasma samples
(600 pL) were diluted with equal volume of PBS and incubated
with the ANGPT2-coupled beads with rotation at 4°C overnight.
The beads were pulled down with a magnet and washed with
PBS 5 times. The antibodies bound to ANGPT2 were eluted with
0.1 mol/L glycine (pH 2.5) from the beads and neutralized with
1/10 volume of 1 mol/L Tris-Cl (pH 9.0). The antibodies were
concentrated using an Amicon Ultra filter and stored in PBS
supplemented with 0.02% BSA at 4°C. IgG content was deter-
mined by ELISA against normal human IgG (Life Technologies).

Immunohistochemical (IHC) staining

For IHC staining of ANGPT2 and CD163, 5-um-thick paraffin-
embedded sections were pre-baked at 60°C for 1 hour, depar-
affinized, and rehydrated. Antigen retrieval was induced by heat-
ing sections in citrate buffer (pH 6.0, Invitrogen) for 30 minutes
using a steamer. After cooling for 30 minutes, sections were
treated with peroxidase block (DAKO) for 5 minutes, followed
by serum-free protein block (DAKO) for 20 minutes. Slides were
then incubated overnight at 4°C with primary antibodies against
ANGPT2 (1:25, sc-74403; Santa Cruz Biotechnology) or CD163
(1:200, 10D6; NeoMarkers) diluted in Da Vinci Green Diluent
(Biocare Medical). For secondary reagents, Envision anti-mouse
HRP-labeled polymer (DAKO) was applied for 30 minutes to
sections for CD163 staining. ANGPT2 sections were incubated
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with Novocastra Post Primary (Leica Biosystems) for 30 minutes,
followed by Novolink Polymer (Leica Biosystems) for 30 minutes.
Sections were then developed with diaminobenzidine (DAKO),
counterstained with hematoxylin, dehydrated, and mounted.
CD68 (PG-M1; DAKO) staining was performed using an auto-
mated staining system (Bond III; Leica Biosystems) following the
manufacturer's protocols for the Bond Polymer Refine detection
system (Leica Biosystems). Heat-induced antigen retrieval was
performed using ER1 solution (pH 6.0; Leica Biosystems) for 30
minutes. Anti-CD68 antibody was diluted 1:200 in Da Vinci
Green Diluent and incubated for 30 minutes. Slides were removed
from the autostainer to be dehydrated and mounted. ANGPT2
expression was observed in cytoplasm of tumor cells and endo-
thelia of small blood vessels. The expression was considered
positive if >10% of cells had cytoplasmic staining. The intensity
and the percentage of positive stained cells were assessed and
recorded separately. Scoring was performed twice with a 1-week
interval. For CD163 and CD68 staining, all slides were scanned
using the Aperio Scan Scope (Aperio Technologies). After saving
of each digital image, one to five representative areas of tumor
(excluding areas of necrosis, artifact and other poor quality
regions) were selected for analysis. Aperio ImageScope software
(Aperio) was used, including a positive pixel count algorithm.
Average percentage of area for positive staining was recorded as a
final result for each case. All the slides were evaluated and scored
by a pathologist (X. Liao) blinded to clinical data.

Immunoblot analyses

Cells were lysed in 1x lysis buffer (Cell Signaling Technology)
supplemented with proteinase inhibitor cocktail (Roche), and
centrifuged for 10 minutes at 14,000 rpm. Supernatants were
collected, run on SDS gels, and transferred onto membranes. The
membranes were blocked and probed with ANGPT2 antibody
(Clone F-1; Santa Cruz Biotechnology), Erkl/2 antibody, or
pErk1/2 antibody (Cell Signaling Technology). Representative
results from one of the two experiments are shown.

Statistical analysis

The algorithm of Contal-O'Quigley (36) was used to esti-
mate the optimal division points of pretreatment ANGPT2 and
fold changes in ANGPT2. This algorithm divides the sample
into high and low based on all possible values of pretreatment
ANGPT2 (or ANGPT?2 fold change) and assesses OS based on
the resulting two categories. The division point with the largest
log-rank statistic was considered to be the "best" division point
for the respective ANGPT2 measurement. OS was defined as
the time from trial enrollment to death from any cause. The
survival distribution was summarized using the method of
Kaplan-Meier; confidence intervals (CI) were estimated using
log (—log (survival)) methodology. To address the potential
for guarantee-time bias, three-month conditional landmark
analyses were used to explore the relationship between fold
change in ANGPT2 and survival. Patients who were alive and
had pretreatment and subsequent ANGPT2 measurements
within 3 months were followed forward in time. Cox propor-
tion hazards models were used to describe the relationship
between ANGPT2 categories and response or survival. Cox
models were stratified by trial (ipilimumab, ipilimumab plus
bevacizumab, PD-1 blockade) to allow for differences between
trials in the baseline hazard of death. Hazard ratios are shown
with 95% ClIs. Statistical significance of Cox model results is

Cancer Immunol Res; 5(1) January 2017

19

220z ¥snbny 9z uo 3senb Aq ypd°/1/¥61 1.5€2// L/1L/S/Hpd-a01e/saijounwwiLeoued/Bio sjeulnofioee):dpy wouy papeojumoq



Wu et al.

based on the Wald test. The association between pretreatment
serum ANGPT2 levels or ANGPT2 fold changes and clinical
responses, and the association between immune therapy and
serum ANGPT2 changes, were evaluated using Fisher exact
tests. The correlation between immune therapy and serum
ANGPT?2 fold changes was evaluated using the Kruskal-Wallis
test. Holm-Bonferroni correction was used to preserve overall
0.05 type-1 error for multiple comparisons. P < 0.05 was
considered statistically significant for all comparisons.

Results

Patients

Atotal of 48, 43, and 43 patients with advanced melanoma on
immune checkpoint therapy with ipilimumab, ipilimumab plus
bevacizumab, or PD-1 blockade, respectively, were analyzed for
serum ANGPT2 concentrations before and during treatment.
Patients enrolled in the phase I ipilimumab plus bevacizumab
trial have been described previously (3). Demographics, disease
status, and prior treatment of the patients on ipilimumab or PD-1
blockade treatment are summarized in Supplementary Table S1.
Approximately 16.7%, 19.6%, and 37.2% of patients on ipilimu-
mab, ipilimumab plus bevacizumab, or PD-1 blockade treatment,
respectively, achieved complete or partial responses. In addition,
33.3%, 47.8%, and 25.6% of them had stable disease. The median
follow-up time in the current dataset for all data combined was 33
months (95% CI, 22-40).

Poor survival in ANGPT2-high patients receiving ipilimumab
alone or with bevacizumab

To determine if pretreatment serum ANGPT2 levels were asso-
ciated with clinical outcomes, the patients were divided into two
groups, based on their pretreatment serum concentrations of
ANGPT2. The division point was determined using the Contal-
O'Quigley algorithm (36) and found to be 3,175 pg/mL for all
three groups of patients combined. High (>3175 pg/mL) or low
(<3175 pg/mL) pretreatment ANGPT2 concentrations were not
associated with pretreatment lactose dehydrogenase (LDH) con-
centrations, gender, or stage of pooled patients receiving ipilimu-
mab or ipilimumab plus bevacizumab (Supplementary Table S2).
The median OS of patients with high or low pretreatment serum
ANGPT2 was 12.2 (95% CI, 5.7-s) versus 28.2 (95% CI, 13.5-c0)
months (P = 0.165), respectively, for patients treated with ipili-
mumab alone (Supplementary Fig. S1A). High pretreatment serum
ANGPT2 was associated with reduced OS also in patients treated
with ipilimumab plus bevacizumab [median survival (high vs.
low): 10.9 (95% CI, 3.1-19.8) vs. 19.3 (95% CI, 16.1-c) months,
P = 0.0125; Supplementary Fig. S1B|. This pattern held when
data from patients treated with either ipilimumab or ipilimumab
plus bevacizumab were pooled [10.9 (95% CI, 6-20) vs. 19.7
(95% CI, 16-55) months, P = 0.004; Fig. 1A]. In the ipilimumab
plus bevacizumab treated patients, none of the 10 with high serum
ANGPT2 achieved complete or partial remissions, whereas 8 out
of the 33 (24.2%) with low ANGPT2 did. For ipilimumab alone,
patients with low or high pretreatment ANGPT2 levels had simi-
lar response rates (17.6% vs. 16.1%).

Reduced OS associated with ipilimumab-induced early
increases of serum ANGPT2

To examine whether dynamic changes in serum ANGPT2
were associated with treatment outcomes, posttreatment sam-

20 Cancer Immunol Res; 5(1) January 2017

ples collected within 3 months after treatment initiation were
analyzed. The division point for fold change of serum ANGPT2
within this time frame was 1.25 in all patients combined, as
determined using the Contal-O'Quigley algorithm. The medi-
an OS of ipilimumab-treated patients based on this cutoff
(>1.25 vs. <1.25) was 12.4 (95% CI, 5-55) versus 28.1
(95% CI, 14-e) months (P = 0.019; Supplementary Fig.
S1C). Ipilimumab plus bevacizumab-treated patients with fold
changes > 1.25 also had shortened OS (10.9 months, 95% CI,
5-00) compared with those with fold changes < 1.25 (18.0
months, 95% CI, 14-<), although this did not reach statistical
significance due to small number of patients (n = 4) with fold
changes > 1.25 (P = 0.59; Supplementary Fig. S1D). ANGPT2
increases were significantly associated with reduced OS when
data from patients receiving ipilimumab or ipilimumab plus
bevacizumab were pooled [median survival: 12.2 (95% CI, 5-
55) vs. 19.3 (95% CI, 16-35) months, P = 0.02; Fig. 1B]. All
patients treated with ipilimumab or ipilimumab plus bevaci-
zumab with ANGPT2 increases of at least 25% had either stable
disease or progressive disease, except for one ipilimumab-
treated patient with a 26.5% ANGPT2 increase who achieved
a partial response (Fig. 1C).

Reduced OS in ANGPT2-high patients treated with PD-1
blockade

Among the PD-1 blockade-treated patients, 34 had low and 9
had high pretreatment serum ANGPT2. High or low pretreatment
ANGPT2 was not associated with patient characteristics except for
LDH concentrations (Supplementary Table S2). High pretreat-
ment serum ANGPT2 was significantly associated with reduced
OS (P = 0.004; Fig. 1D). The median OS of patients with high
pretreatment ANGPT2 was 7.3 (95% CI, 3.4-25.9) months,
whereas that of patients with low pretreatment ANGPT2 was not
reached because more than half of the patients were still alive.
Patients with high or low pretreatment ANGPT2 had comparable
response rates (33.3% and 38.2%, respectively).

Reduced response to PD-1 blockade if early increases of serum
ANGPT2 were induced

Forty-three PD-1 blockade-treated patients with posttreat-
ment samples collected within a 3-month time frame were
analyzed for association of ANGPT2 fold changes and clinical
outcomes. Patients with progressive (PD) and stable disease
(SD) had significantly larger ANGPT2 fold changes than
patients with partial responses (PR; PR vs. PD, P = 0.007; PR
vs. SD, P=0.002; SD vs. PD, P = 0.87; Supplementary Fig. S2A).
Fold changes were significantly associated with clinical re-
sponses (P = 0.002), and small fold changes were significantly
associated with a higher response rate (58% vs. 6%; Fig. 1E).
Similar to ipilimumab-treated patients, all patients with
ANGPT?2 fold change > 1.25 had SD or PD, except one patient
with an ANGPT?2 fold change of 1.25 who achieved PR (Fig. 1F).
ANGPT?2 increases also appeared to be associated with reduced
OS [median survival 16.3 (95% CI, 6.8-) vs. 36.7 (95% CI,
13.7--0) months; Supplementary Fig. S2B], although it did not
reach statistical significance (P = 0.22).

High initial serum ANGPT2, then therapy-induced increase,
predicts poor OS and PD

We next investigated whether the combination of pretreat-
ment serum ANGPT2 concentrations and the fold change after
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Figure 1.

High pretreatment ANGPT2 concentrations and increases in serum ANGPT2 were associated with poor clinical outcomes to immune checkpoint therapy in
metastatic melanoma. A and B, Kaplan-Meier survival curves of pooled data from patients receiving ipilimumab or ipilimumab plus bevacizumab,

based on ANGPT2 pretreatment concentrations (A, n = 91) and fold changes (B, n = 84). C, ANGPT2 fold changes and clinical responses in pooled
patients receiving ipilimumab or ipilimumab plus bevacizumab (n = 84). Each bar represents a patient and its color indicates clinical response of the patient.
D, Kaplan-Meier survival curves of PD-1 blockade-treated patients by pretreatment ANGPT2 levels (n = 43). E, Proportions of PD-1 blockade-treated
patients with PR, SD, and PD by ANGPT2 fold changes (n = 43). F, ANGPT2 fold changes and clinical responses to PD-1 blockade (n = 43).

immune checkpoint therapy would enhance the predictive
power of serum ANGPT2. To do this, we combined datasets
of all three groups of patients. High pretreatment ANGPT2 was
associated with reduced OS in the pooled data [median sur-
vival: 10.9 (95% CI, 6.8-17.6) vs. 28.2 (95% CI, 18.6-c0)
months, P < 0.0001; Fig. 2A]. The hazard ratio estimated from
the Cox model stratified by trial is 2.48 (95% CI, 1.5-4.1; P =
0.0003). In addition, large ANGPT2 fold changes were associ-
ated with shortened OS [median survival: 12.4 (95% CI, 7.9-
54.8) vs. 22.9 (95% CI, 17.6-40.6) months, P = 0.002; Fig. 2B].
ANGPT?2 fold changes were also significantly associated with
clinical response (P = 0.001; Fig. 2C), and response was
significantly higher among patients with fold change < 1.25
(<1.25 vs. >1.25, 29.8% vs. 6.1%). Furthermore, the combi-
nation of pretreatment ANGPT2 serum concentrations and fold
changes was associated with OS (P = 0.001; Fig. 2D). Patients
with high pretreatment ANGPT2 and large fold changes had the
worst survival, whereas those with low pretreatment ANGPT2
and small fold changes had the best survival [median survival
7.9 (95% CI, 3.8-0) vs. 34.6 (95% CI, 18.7-0) months].

www.aacrjournals.org

Patients with high pretreatment ANGPT2 and small fold
changes or low pretreatment and large fold changes had inter-
mediate survival [13.6 (95% CI, 7.3-22.9) and 16.3 (95% CI,
10-54.8) months, respectively]|. The combination of pretreat-
ment ANGPT2 and fold changes was also significantly associ-
ated with clinical responses (P = 0.006; Fig. 2E). One of the 11
patients (9.1%) with high pretreatment ANGPT2 and large fold
changes achieved PR/CR, in comparison with 23 of the 72
patients (31.9%) with low pretreatment ANGPT2 and small
fold changes (P = 0.002). In contrast, 9 of the 11 patients
(81.8%) with high pretreatment ANGPT2 and large fold
changes had PD compared with 20 of the 72 patients
(27.8%) with low pretreatment ANGPT2 and small fold
changes. Patients with low pretreatment ANGPT2 and large
ANGPT?2 fold changes also had a low response rate (4.6%) than
patients with low pretreatment ANGPT2 and small fold
changes (P = 0.01). Patients with low pretreatment ANGPT2
and large ANGPT?2 fold changes or high pretreatment ANGPT2
and small fold changes had intermediate progression rates
(54.5% and 36.4%, respectively). These observations suggest

Cancer Immunol Res; 5(1) January 2017

21

220z ¥snbny 9z uo 3senb Aq ypd°/1/¥61 1.5€2// L/1L/S/Hpd-a01e/saijounwwiLeoued/Bio sjeulnofioee):dpy wouy papeojumoq



Wu et al.

A 100 B 100 C  100% -
90 1 _ 90 1 90% -
g 80 1 ;':9_' 80 1 80% - ESD
s I M = 9] ., 70% - mPD
S 60 ", < Z 60 "
2 i ART2 NN s L R 2 60% - NPRICR
f-:!‘l 50 1 "HPH—.* 5 50 1 '"’---,,. ’ E 0
= 401 Rt 2 40 1 iﬁl"'""-u- = 50% 1
g T & 40% -
g 30 ANGPT2 > 3175 s 301 FC21.25 .
O 201 3 20 30% -
] . 20% -
134 . Log-.rankPT 0-0001. 12 ] . Irog-rank.P=lo.02I 10“/: |
0 12 24 36 48 0 6 12 18 24 30 36 42 0% -
No. at risk Months No. at risk Months FC=21.25FC<1.25
— 36 15 4 1 1 — 33 24 14 8 5 5 3 1 (n=33) (n=94)
- 98 70 32 22 10 94 85 68 49 31 26 20 15 Fisher exact P = 0.001
D 100 1 = 100% -
- 90 90% A
§ 80 80% A
E 70 70% A
E 60 ‘E 60% -
7 50 & 50% A
= 40 -1 © 40% A
[ o
E 30 30% -
6 20 20% A
13 Log-rank P = 0.001 1g:f .
0 6 12 18 24 30 36 42 ’ IR
No. at risk Months s 6?03 G ¥0° L e0”
ANGPT2 >3175,FC2125 — 11 7 4 2 1 1 0 0 N1 ‘3‘\" ’ A1 X1t
27 <1 <27 2
ANGPT2 £3175,FC21.25 ===~ 22 17 10 6 4 4 3 ' W P ¥
ANGPT2 > 3175, FC<1.25 -~ 22 18 11 6 3 2 1 1 PN X pV

ANGPT2 = 3175, FC <1.25 72 67 57 43 28 24 19 14

Figure 2.

Fisher exact P = 0.006

High pretreatment serum ANGPT2 concentrations followed by treatment-induced increases were associated with the worst OS and progressive disease.
Data sets from patients receiving ipilimumab, ipilimumab plus bevacizumab or PD-1 blockade were combined and analyzed. A, Kaplan-Meier survival
curves based on pretreatment ANGPT2 levels (n = 134). B, Kaplan-Meier survival curves by ANGPT2 fold changes (n = 127). C, Proportions of patients
with complete remission/partial remission (CR/PR), stable disease (SD) and progressive disease (PD) according to ANGPT2 fold changes (n = 127). D,
Kaplan-Meier survival curves based on pretreatment ANGPT2 concentrations and fold changes (n = 127). E, Proportions of patients with CR/PR, SD,
and PD by the combination of pretreatment ANGPT2 levels and fold changes (n = 127).

that the combination of high pretreatment serum ANGPT2 and
large fold change following the initiation of treatment is a
stronger predictor for PD and poor OS than either alone.

Immune checkpoint therapy influenced serum ANGPT2
concentrations

We next compared the effects of ipilimumab, ipilimumab
plus bevacizumab, and PD-1 blockade on circulating ANGPT2.
We found that the effect of ipilimumab plus bevacizumab on
serum ANGPT2 was significantly different from that of ipili-
mumab and PD-1 blockade (P = 0.0001; Fig. 3A). Although
7.1%, 30.9%, and 39.5% of patients receiving ipilimumab plus
bevacizumab, ipilimumab, and PD-1 blockade, respectively,
displayed an increase in serum ANGPT2 by 25% or more,
38.1%, 16.7%, and 4.6% of patients, respectively, displayed a
decrease by at least 25% within 3 months after treatment
initiation (Fig. 3A). Furthermore, ipilimumab plus bevacizumab-
treated patients displayed smaller ANGPT2 fold changes than

22 Cancer Immunol Res; 5(1) January 2017

ipilimumab and PD-1 blockade-treated patients (P = 0.0001;
Fig. 3B; Supplementary Table S3).

Bevacizumab blocked VEGF-induced tumor vascular ANGPT2
expression

To further address the effect of bevacizumab on ANGPT2
expression, we examined ANGPT2 expression in cultured TECs
and tumor cells (detailed protocols are described in Materials
and Methods), as well as in paired pretreatment and posttreat-
ment tumor biopsies from patients treated with ipilimumab
or ipilimumab plus bevacizumab. Bevacizumab decreased
ANGPT2 expression in TEC after 96 hours (Fig. 3C). VEGF en-
hanced ANGPT2 expression in TEC under normoxic and hypoxic
conditions, while bevacizumab blocked VEGF-induced ANGPT2
expression (Fig. 3D). In melanoma cells, hypoxia increased
ANGPT?2 expression, whereas VEGF appeared to have no or mini-
mal inhibitory effects (Supplementary Fig. S3). Among 5 ipili-
mumab-treated patients whose tumors were analyzed, ANGPT2
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PD-1 blockade and ipilimumab increased, whereas ipilimumab plus bevacizumab (Ipi-Bev) decreased serum ANGPT2 in significant proportions of
patients. A, Proportions of patients displayed increase (fold change > 1.25), decrease (fold change < 0.75) or no change (0.75 < fold change < 1.25)
in ANGPT2 in response to immune checkpoint therapy. B, Ipilimumab plus bevacizumab-treated patients (n = 43) displayed smaller fold changes
than patients receiving ipilimumab (n = 41) or PD-1 blockade (n = 43). The diamonds, horizontal lines, and upper and lower boundaries of the
boxes represent the sample average, median, 75th and 25th percentiles, respectively. C, Bevacizumab (Bev) downregulated ANGPT2 expression in
TEC. D, VEGF promoted ANGPT2 expression and bevacizumab blocked VEGF-induced ANGPT2 expression in TEC. Representative images of two

experiments are shown.

was barely detected in the pretreatment tumors but highly
expressed in both tumor cells and endothelia of posttreatment
tumors in two of them (Fig. 4A; Ipi-P1 and Ipi-P2; Supplementary
Table S4). Another ipilimumab-treated patient also displayed
increased ANGPT2 expression in endothelial cells but not in
melanoma cells in posttreatment biopsies (Ipi-P3; Supplemen-
tary Table S4). In comparison, ANGPT2 expression was signifi-
cantly decreased in tumor vessels of the posttreatment biopsies
of 2 patients among the 7 ipilimumab plus bevacizumab-treated
patients analyzed (Fig. 4B; P1 and P28; Supplementary Table S4).
Our in vitro and in vivo findings support the inhibitory effect
of bevacizumab on VEGF-induced ANGPT2 expression in
tumor-associated endothelia. Nonetheless, ANGPT2 expression
in response to ipilimumab and ipilimumab plus bevacizumab is
heterogeneous, with modest decreases (Ipi-P4), increases (P20
and P27), or no change (P4, P9, and P31) in its expression having
also been observed (Fig. 4C; Supplementary Table S4). This may
reflect heterogeneity in the tumor microenvironment and the
complex regulation of ANGPT2 expression in tumors by multiple
factors (23).

Tumor vascular ANGPT2 was associated with macrophage
infiltration

Given the known expression of Tie-2 (ANGPT2 receptor)
on monocytes/macrophages (37, 38), we next asked if the

www.aacrjournals.org

addition of bevacizumab to ipilimumab treatment resulting
in decreased ANGPT2 expression had an impact on tumor
macrophage infiltration. Examination of the tumors from
ipilimumab-treated patients with robust ANGPT2 induction
revealed an increase in CD68" and CD163" macrophages as a
function of treatment (Fig. 4A; Supplementary Table S4). Simi-
larly, we observed increased infiltration of CD68" and CD163%
macrophages in the posttreatment tumor biopsies of the ipi-
limumab plus bevacizumab patients with increased vascular
ANGPT2 expression (Fig. 4C; Supplementary Table S4). In
contrast, substantially fewer CD68" and CD163* macrophages
were detected in posttreatment biopsies where ANGPT2 was
significantly downregulated in both tumor cells and TECs
(Fig. 4B). Additional paired biopsy analyses revealed that
changes in tumor CD68" and/or CD163" macrophage infil-
tration overall correlated with changes in tumor endothelial
ANGPT2 expression: increased CD68* and/or CD163" macro-
phages were observed in three of the four cases with elevated
vascular ANGPT2 expression in the posttreatment biopsies
(Supplementary Table S4; Fig. 4D), while decreased CD68"
and CD163" macrophages were detected in three of the three
cases with reduced vascular ANGPT2 expression in the post-
treatment biopsies (Supplementary Table S4; Fig. 4E). None-
theless, increased and decreased macrophage infiltration was
also observed in cases where vascular ANGPT2 was not altered
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Ipilimumab and ipilimumab plus bevacizumab influenced tumor ANGPT2 expression and macrophage infiltration. Paired and sequential pretreatment
and posttreatment tumor biopsies were stained with anti-ANGPT2, anti-CD68, and anti-CD163, respectively. A, ANGPT2 upregulation was accompanied by
increased infiltration of CD68" and CD163™ macrophages in posttreatment tumor of an ipilimumab-treated patient. B and €, ANGPT2 downregulation
and upregulation in posttreatment tumor vasculature of ipilimumab plus bevacizumab-treated patients was respectively accompanied by decreased

and increased infiltration of CD68" and CD163" macrophages. D and E, Semiquantitative analysis of macrophage infiltration in tumors with increased

(D, n = 4) and decreased (E, n = 3) vascular ANGPT2 expression.

by the treatment (Supplementary Table S4), suggesting that
other chemoattractants (such as CXCL12 and CCL2) may also
be involved in tumor macrophage recruitment (31, 39), as well
as inherent sampling bias and heterogeneity associated with
human sample collection.

ANGPT2 upregulates PD-L1 expression on M2-polarized
macrophages

The association of serum ANGPT2 concentration and clinical
outcomes to immune checkpoint therapy suggested that ANGPT2
may play additional roles in immune regulation. We thus exam-
ined the effect of ANGPT2 on PD-L1 expression on MDMs that
were activated with CSF1, IL4, or IL10 (40-42). CSF1, IL4, and
IL10-activated MDMs were derived from normal donors (de-
scribed in Materials and Methods) and expressed M2 marker
CD163, no or low M1 marker CD80 (Supplementary Fig. S4A),
and have been shown to have prometastatic, proangiogenic, and
immunosuppressive activities (40, 41, 43). ANGPT2 increased
PD-L1 expression on CSF1, IL10, and IL4-activated macrophages
(Fig. 5A-C). This effect was somewhat heterogeneous in magni-
tude among donors (Supplementary Fig. S4B and S4C).
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Immune checkpoint therapy elicited antibody responses to
ANGPT2

Ipilimumab plus bevacizumab can elicit humoral immune
responses to target antigens in patients with advanced melano-
ma (3, 34). Therefore, we investigated antibody responses to
ANGPT2 in patients receiving ipilimumab, ipilimumab plus
bevacizumab, and PD-1 blockade using immunoblot analyses
and ELISA. ANGPT2 antibody concentrations in the pretreat-
ment and posttreatment plasma samples of representative ipi-
limumab plus bevacizumab-treated patients were measured
(Fig. 6A and B). Approximately 8%, 19%, and 21% of the
patients, including responders and nonresponders (Supplemen-
tary Fig. S5A-S5C), displayed an increase in the ANGPT2 anti-
body level by 40% or more in response to PD-1 blockade,
ipilimumab, and ipilimumab plus bevacizumab, respectively
(Fig. 6C). Robust ANGPT2 antibody increases were detected in
two ipilimumab plus bevacizumab-treated patients (P16 and
P26) who survived for more than 3 years with stable disease
(Fig. 6A, B and D). Of note, the increase in ANGPT2 antibody
appeared to parallel a rise in circulating ANGPT2 in patient
P26 (Fig. 6D). A significant ANGPT2 antibody increase was
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ANGPT2 induces PD-L1 expression on M2-polarized MDMs. A-C, MDMs were differentiated from monocytes with CSF1 and then treated with ANGPT2
(300 ng/mL) for 3 days in the presence of CSF1 (A) or for 2 days in the presence of IL10 (B) or IL4 (C). MDMs were sequentially stained with PE-conjugated
PD-L1 antibody and FITC-conjugated CD68 antibody. Macrophages were gated on forward scatter/side scatter and analyzed for CD68 and PD-L1 expression
(A) or gated on CD68™ cells and analyzed for PD-L1 expression (B and C). Representative results of at least 4 independent experiments are shown.

also observed in a long-term responder of ipilimumab (Fig. 6E)  functionality of the endogenous ANGPT2 antibodies, we puri-
and PD-1 blockade (Fig. 6F). Longitudinal analyses revealed that  fied ANGPT2 antibodies from the posttreatment plasma of
ANGPT2 antibody levels increased following initial treatment patient P26 using ANGPT2 coupled beads (detailed protocols
and lasted for months to years (Fig. 6D-F). To determine the are provided in Materials and Methods). The enriched antibodies
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Figure 6.

Immune checkpoint therapy elicited antibody responses to ANGPT2. A and B, ANGPT2 antibodies were detected in pretreatment and posttreatment plasma
samples of ipilimumab plus bevacizumab-treated patients by immunoblot analysis (A) and ELISA (B). Clinical responses are also indicated. C, Proportions
of patients receiving ipilimumab plus bevacizumab (n = 43), ipilimumab (n = 36), and PD-1 blockade (n = 38) displayed an increase by 40% or more
in ANGPT2 antibody concentrations. D-F, Longitudinal analysis of serum ANGPT2 and/or ANGPT2 antibodies in patients receiving ipilimumab plus
bevacizumab (D), ipilimumab (E), or PD-1blockade (F). Dosing of ipilimumab, bevacizumab, or nivolumab was indicated on the x-axis. Day O is pretreatment.
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recognized ANGPT2 and inhibited ANGPT2-mediated Erk1/2
phosphorylation in HUVEC (Supplementary Fig. S6A and
S6B), demonstrating their capability of neutralizing
the biological activity of ANGPT2.

Discussion

Identification of predictive and prognostic biomarkers as
well as mechanisms of resistance to immune therapy will help
not only in selecting patients who may benefit from treatment
but also in finding combinatorial approaches that offer hope
for improved patient outcomes. We report that both high
pretreatment concentrations and increases in serum ANGPT2
early during treatment were associated with reduced survival
and/or response in patients receiving immune checkpoint
blockade. Although previous studies have identified serum
ANGPT2 as a prognostic biomarker for a number of types of
cancers, including melanoma and colon cancer being treated
with anti-VEGF containing therapy (23-27), the current obser-
vations suggest that pretreatment serum ANGPT2 concentra-
tion, ANGPT2 fold change, and their combination can poten-
tially be used as a prognostic and/or predictive biomarker for
immune checkpoint therapy.

Predictive and prognostic biomarker candidates for check-
point blockade have been difficult to reliably validate. Recent
candidates have included tumor and immune cell PD-L1
expression for anti-PD-1/PD-L1 therapy in many tumor types,
as well as the significance of a preexisting inflamed tumor
microenvironment to predict clinical benefit (44). Tumor het-
erogeneity and the focal and dynamic nature of PD-L1 expres-
sion makes such biomarker evaluation challenging (44). Sero-
logic markers may provide a global assessment of immune
activation and provide an immediate snapshot in the dynamic
process. Serum ANGPT2 can be easily measured and moni-
tored. It could be an additional parameter to consider for
prognostic and predictive evaluation of immune checkpoint
blockade in conjunction with other factors or on its own.
Additional prospective studies to confirm these initial observa-
tions are warranted as well as further understanding of the
complex biology influencing patient outcomes to treatment.

ANGPT2 is well known to have proangiogenic and protu-
moral activity, as well as function in resistance to anti-VEGF
therapy (20-22, 32, 45). The association of serum ANGPT2
level with poor clinical outcomes to immune checkpoint ther-
apy suggests that ANGPT2 may also contribute to resistance to
immune checkpoint therapy. This may be attributed to its role
in the recruitment of monocytes/macrophages into the tumor
microenvironment and induction of PD-L1 expression in M2-
polarized macrophages. We observed an association of tumor
vascular ANGPT2 expression and macrophage infiltration in
patient tumors, suggesting that tumor vascular ANGPT2 may
play a significant role in tumor macrophage recruitment. This is
consistent with previous findings from animal studies that
tumor-derived ANGPT2 and endothelial cell-specific overex-
pression of ANGPT2 promote tumor recruitment of macro-
phages (28, 29, 45, 46). In addition, we showed that ANGPT2
promoted PD-L1 expression on M2-polarized macrophages.
Tumor-associated macrophages (TAM) promote tumor initia-
tion, invasion, metastasis, angiogenesis, and immune suppres-
sion (47). High TAM infiltration correlates with a poor prog-
nosis in most human tumor types (48-50). Specifically,

26 Cancer Immunol Res; 5(1) January 2017

PD-L1" monocytes/macrophages effectively suppress tumor-
specific T-cell immunity, and tumor infiltration of PD-L1*
monocytes/macrophages is associated with disease progression
and reduced survival in patients (51). Because PD-1 blockade
and ipilimumab target distinct immune checkpoints and act on
different stages of T-cell activation, upregulation of PD-L1 may
confer resistance to ipilimumab-based therapy and limit effec-
tiveness of PD-1 or PD-L1 directed treatment. These studies
together may suggest a critical role for ANGPT2 in TAM recruit-
ment and in shaping the proangiogenic and immunosuppres-
sive environment of tumors.

The potential role of ANGPT?2 in resistance to anti—~CTLA-4 or
anti-PD-1 therapy is also supported by the ipilimumab and
PD-1 blockade-induced increase in serum ANGPT2 in substan-
tial proportions of the nonresponders. Increased ANGPT2
expression in tumors was also observed in ipilimumab-treated
patients. Ipilimumab plus bevacizumab decreased ANGPT2
expression in sera and in tumors, most pronounced in the
tumor vasculature. Together with the in vitro data, these findings
reveal an important role for VEGF in upregulation of tumor
vascular ANGPT2 expression, and prevention of such expres-
sion by bevacizumab, leading to decreased endothelial
ANGPT2 expression. This mechanism may prevent infiltration
of M2 macrophages into tumors. Such a phenomenon is in
agreement with animal studies showing that dual inhibition of
VEGF and ANGPT?2 led to reprogramming of macrophages in
glioblastoma (52, 53). Anti-VEGF may also reduce ANGPT2
expression in tumor cells by normalizing tumor vessels and
making the tumor microenvironment less hypoxic. Anti-VEGF
may reduce tumor vascular ANGPT2 expression at least with
initial treatment, thereby further contributing to the antitumor
effect of immune therapy. In addition, the ANGPT2-resistant
mechanism for anti-VEGF therapy may be a long-term conse-
quence and not significant during initiation of therapy.

Extending our previous findings (3, 34), we demonstrated that
immune checkpoint therapy elicited humoral immune responses
to ANGPT2. These responses were long lasting and robust in
several long-term survivors experiencing clinical benefit. ANGPT2
antibodies induced by immune therapy are functional in neu-
tralization of biological activity of ANGPT2 (30). Together with
the antitumor effect of ANGPT2 antibodies observed in animal
studies and clinical trials (54-57), antibody responses to ANGPT2
may potentially contribute to the antitumor activity of immune
checkpoint therapy, suggesting the need for further investigation.

In summary, serum ANGPT2 may be used as a prognostic
and/or predictive biomarker for immune checkpoint therapy.
ANGPT2 may constitute a resistance mechanism for immune
checkpoint therapy by enhancing tumor recruitment of
monocytes/macrophages and upregulating PD-L1 expression
in TAM. Additionally, reduction in tumor vascular ANGPT2
expression by anti-VEGF and antibody responses to ANGPT2
elicited by immune checkpoint blockade may enhance efficacy of
immune therapy. Therefore, ANGPT2 should be considered a
pertinent target for therapeutic intervention particularly in com-
bination with immune checkpoint blockade. These findings may
have immediate clinical implications for improving the efficacy of
current and developing cancer treatments.
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