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ABSTRACT
◥

This article investigates mechanisms of resistance to the VEGF
receptor inhibitor cediranib in high-grade serous ovarian cancer
(HGSOC), and defines rational combination therapies. We used
three different syngeneic orthotopic mouse HGSOC models that
replicated the human tumor microenvironment (TME). After 4 to
5 weeks treatment of established tumors, cediranib had antitumor
activity with increased tumor T-cell infiltrates and alterations in
myeloid cells. However, continued cediranib treatment did not
change overall survival or the immune microenvironment in two
of the three models. Moreover, treated mice developed additional
peritoneal metastases not seen in controls. Cediranib-resistant
tumors had intrinsically high levels of IL6 and JAK/STAT signaling
and treatment increased endothelial STAT3 activation. Combina-
tion of cediranib with a murine anti-IL6 antibody was superior to
monotherapy, increasing mouse survival, reducing blood vessel

density, and pSTAT3, with increased T-cell infiltrates in both
models. In a third HGSOC model, that had lower inherent IL6
JAK/STAT3 signaling in the TME but high programmed cell death
protein 1 (PD-1) signaling, long-term cediranib treatment signif-
icantly increased overall survival. When the mice eventually
relapsed, pSTAT3 was still reduced in the tumors but there were
high levels of immune cell PD-1 and Programmed death-ligand 1.
Combining cediranib with an anti–PD-1 antibody was superior to
monotherapy in this model, increasing T cells and decreasing blood
vessel densities. Bioinformatics analysis of two human HGSOC
transcriptional datasets revealed distinct clusters of tumors with IL6
and PD-1 pathway expression patterns that replicated the mouse
tumors. Combination of anti-IL6 or anti–PD-1 in these patients
may increase activity of VEGFR inhibitors and prolong disease-free
survival.

Introduction
Over the last decade there has been some improvement in the

treatment of high-grade serous ovarian cancer (HGSOC), with tar-
geted therapies such as antiangiogenic agents (1) but many patients
develop resistance to these agents (2). The VEGFR inhibitor, cedir-
anib (3) improves progression-free and overall survival when com-
bined with chemotherapy and PARP inhibitors (4) but little is known
about mechanisms of resistance to this agent. A small phase I study
investigated a combination of cediranib, olaparib, and durvalumab
[anti–programmed death-ligand 1 (PD-L1) antibody] in gynecologic
cancers (5). Although there were some favorable outcomes, patient
sample size was limited. Nevertheless, such trials highlighted the
potential for combining angiogenesis inhibitors with other biological
and immunotherapy agents in HGSOC.

We have previously investigated the role of IL6 in regulating the
inflammatory cytokine network found in HGSOC (6, 7) and in a series

of ex vivo and human tumor xenograft experiments, found that this
cytokine directly stimulated angiogenesis with defective pericyte cov-
erage (8). These studies on IL6-related inflammation and cancer
has led to some promising preclinical data on inhibitors of IL6 and
related signaling pathways (9). However, this has not translated
into therapeutic benefit in early-phase clinical trials of anti-IL6 or
anti-IL6 receptor antibodies, although durable responses were seen in
Castelman disease, a rare IL6-driven lymphoproliferative disease (10).
In a small phase II study of the anti-IL6 antibody siltuximab in
advanced HGSOC, we reported periods of disease stabilization and
reductions in circulating CCL2, CXCL12, VEGF, and C-reactive
protein in the treated patients, but no durable responses (7). However,
platelet counts were reduced providing evidence both for biological
activity and involvement of IL6 in the paraneoplastic thrombocytosis
often associated with HGSOC (11). Other immunotherapies have
failed to make an impact in HGSOC with little evidence of activity
of immune checkpoint blockade (12) although combination with
PARP inhibitors is showing some promise (13) and many other
combination trials are underway.

HGSOC has a complex tumor microenvironment (14–16) but our
understanding of the effects of targeted and immune therapies, and
preclinical study of their combination, has been hindered by the lack of
translationally relevant mouse models. We recently described new
orthotopic syngeneic HGSOC models with relevant genetic muta-
tions (17). The transcriptional profile, immune, vasculature, and
extracellular matrix (ECM) characteristics of these models showed
significant similarities with their human counterparts.

We have used these HGSOC models to explore mechanisms of
action and potential modes of resistance to cediranib, with the aim of
finding preclinical evidence for more effective combination therapies.
Long-term cediranib treatment revealed different modes of resistance
that were mediated by activation of the IL6/JAK-STAT or pro-
grammed cell death protein 1 (PD-1) signaling pathways. Treatment
of established peritoneal disease with combinations of cediranib and
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anti-IL6 or anti–PD-1 antibodies was superior to the monotherapies,
resulting in prolongedmouse survival. Using publicly available human
datasets, we identified similar subgroups associated with high IL6,
JAK-STAT, PD-1, and angiogenesis signatures that again correlated
with the distinct TME characteristics observed in our mouse models.
Our data indicate that combination of antiangiogenic agents with anti-
IL6 or anti–PD-1 therapy may be effective in subgroups of patients.

Materials and Methods
Tumor cell lines

HGSOCmouse orthotopic cell lines; 30200 and 60577 were derived
from serous ovarian cancer genetically engineered mouse models
(GEMM; ref. 15) and engineered to express Trp53�/�, Brca1�/�, and
Rb inactivation. Following intraperitoneal cell injection, they form
extensive disease in the omentum and also metastasize to the splee-
noportal fat, lesser omentum, and mesentery. The two models vary in
their average survival time with 20 weeks (30200) and 6weeks (60577).
HGS2 cell line was derived from a Pax-8-cre inducible GEMM driving
inactivation of Trp53, Brca2, and Pten in the fallopian tube epithelium.
This model is syngeneic with C57 BL/6J background and upon
intraperitoneal cell injection form extensive disease in the omentum
and peritoneum similar to the other models by 12 to 14 weeks.

These orthotopic transplantable lines were grown in DMEM/F12
Ham medium (Sigma-Aldrich) constituted with 2% FBS (Gibco-
Invitrogen), 100 units/mL penicillin G sodium, and 100 mg/mL
streptomycin sulfate (Invitrogen). The medium was also supplemen-
ted with 5 mL of 100� Insulin/Transferrin/Selenium (Invitrogen),
5 mL of 50 mg/mL of Hydrocortisone (Sigma-Aldrich), 5 mL of 100x
anti-anti (Gibco), and 500 ml of 10 mg/mL murine EGF. Cells were
trypsinized with 0.25% trypsin-EDTA (Sigma-Aldrich) and split 1:4.

Mouse lung endothelial cell line
Mouse lung endothelial cell line (MLEC) was kindly given by

Professor Kairbaan Hodivala-Dilke, was used for in vitro studies. This
cell line was isolated and cultured as described previously (36). MLEC
were grown and cultured in endothelial growth medium (HPA
laboratories) and maintained within 3 to 4 passages.

In vivo studies
All animal experiments have been conducted in accordance with

Animals (Scientific Procedures) Act 1986, and under the license
PBE3719B3 with the approval of Queen Mary University of London
(QMUL; London, United Kingdom) Ethics committee, an Institution-
al Animal Care and Use Committee (IACUC).

Procedures observed the guidelines approved by the ethics com-
mittees of QMUL under the Home Office Project license PBE3719B3.
For survival experiments, mice were culledwhen they reached humane
endpoint as defined in the license.

1 � 107 cells diluted in 300 mL were injected i.p. into 8-week-old
either FVB/NCrl (60577, 30200) or C57 BL/6J female mice (HGS2
model) from Charles River, UK. Mice were treated with 5 mg/kg
cediranib (Selleck Chemicals) or vehicle control (4% DMSO in water)
oral gavage daily five times a week starting at 3 days and a week after in
60577, at 10 weeks in 30200, and at 7 weeks in HGS2 model until
experimental endpoint. 2mg/kg anti-IL6 or isotype control (BioXCell)
were given twice weekly i.p., starting at 10 weeks in 30200 model or
7 weeks in HGS2 model after cell injection. Anti–PD-1 10 mg/kg or
isotype control (Biolegend) was administered i.p. twice a week for
6 weeks starting at week 2 in 60577model. For short-term experiments
(Fig. 1), the mice were treated for a period of 4 to 5 weeks, for survival

experiments the treatments continued till endpoint or for 6 weeks in
the case of anti–PD-1. Anti–PD-1 treatments were discontinued after
6 weeks due to toxicity related weight loss in mice. For survival
experiments, we used 7 to 8 mice per group as described in the figure
legends and carried out repeat experiments either in the samemodel or
in different models.

The endpoint of these mice are assessed by a combination of factors
like; extensive disease in the peritoneum, abdominal swelling as a result
of built up of ascites and other humane endpoint signs including slower
movement, hunched posture, labored breathing, and in occasional
cases significant weight loss. For all in vivo experiments, mice were
randomly assigned to treatment groups. In cases where experiments
were not blinded, endpoint decisions were made by an independent
member of the animal facility.

Protein extraction from mouse tumors
Using gentle MACS dissociater,75 mg of in vivo–treated 30200 and

HGS2 tumors were homogenized and lysed in 1 mL of cold RIPA lysis
buffer and extraction buffer (Thermo Fisher Scientific) containing
Pierce Protease and Phosphatase Inhibitor Mini Tablet (Thermo
Fisher Scientific). The lysates were then centrifuged at 1,500 rpm for
10minutes and supernatants were collected. Samples were always kept
on ice between each step. Then, using a probe sonicator set at 40%
amplitude, the supernatants were sonicated for 10 to 20 seconds bursts.
Sonicated samples were then left on a roller for 30 minutes at 4�C. The
samples were then centrifuged for 15 minutes at 13,500 rpm at 4�C.
Pellets were then discarded and the samples were stored at �20�C.

Protein extraction from MLEC
2 � 105 MLEC cells were plated in a six-well plate with 2 mL

endothelial medium. After the cells were attached, supernatant was
removed and cells were treated with varying concentrations of either
mouse IL6 (mIL6), VEGF, cediranib, or their combinations in 2 mL of
serum-free endothelial cell media for 24 hours. Cells were then washed
with PBS and harvested using RIPA buffer (R0278, Sigma-Aldrich)
with proteinase and phosphatase inhibitors.

Western blotting
Western blotting was performed using the Invitrogen NuPAGE

System. Protein concentration was calculated using the bicinchoninic
acid (BCA) assay according to the manufacturer’s protocol. Samples
were prepared by adding 30 mg of protein to sample buffer and
reducing agent. Proteins were separated in NuPAGE 4% to 12%
Bis-Tris gels. Resolved proteins were transferred using Invitrolon
PVDF/Filter Paper Sandwiches (Invitrogen) and XCell II Blot Module
system (Invitrogen). Immunodetection was performed by adding a
substrate for the HRP (Amersham ECL Western Blotting Detection
Reagents) followed by an exposure onto the ChemiDoc system. The
following antibodies were used phospho-STAT3 (Tyr705), STAT3,
phospho-ERK1/2 (Thr202/Tyr204), and ERK1/2 all from Cell Signal-
ing Technology. a-Tubulin was purchased from Sigma-Aldrich. Den-
sitometry analysis normalizing phospho protein against total protein
for western blot was carried out using ImageJ software.

Flow cytometry
Mouse omental tumors were collected in ice-cold PBS and were

minced in collagenase from Clostridium histolyticum (2 mg/mL,
Sigma-Aldrich), and DNase I from bovine pancreas (25 mg/mL,
Sigma-Aldrich) in HBSS (Sigma 1X). The minced tumors were then
digested for 20minutes at 37�C in a shaker. The tissue was then passed
through a 70-mm cell strainer and resuspended in flow cytometry
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Figure 1.

Short-term and survival effects of cediranib treatment on immune microenvironment in two HGSOC mouse models. Mice injected with 30200 or 60577 were
given oral gavage; vehicle control or cediranib 5 mg/kg five times a week starting at 10 weeks (30200) or 3 days (60577) after cell injection for a period of 4 to
5 weeks (short-term treatment) or until endpoint (survival indicated by dotted lines). A, Omental weight and flow cytometric analysis of lymphoid infiltrate
in 30200 short-term treated tumors (n¼ 4). B, Omental weight and flow cytometric analysis of lymphoid infiltrate in 60577 short-term treated tumors (n¼ 7).
C, Survival curve and flow cytometric analysis of lymphoid infiltrate in 30200 model (n ¼ 9–10). D, Survival curve and flow cytometric analysis of lymphoid
infiltrate in 60577 model (n ¼ 7).
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buffer (PBS, 2.5% BSA, 2 mmol/L EDTA) and cells counted. Cells
were plated in a 96-well plate (2 million cells/well) and resuspended
in Fc block CD16/32 (eBioscience,101320) for 15 minutes. Staining
antibodies were diluted 1:200 unless differently specified: anti-CD45-
BV785 1:100 (Biolegend,103149), anti-CD3 PE-Cy7 1:50 (Biole-
gend,100320), anti-CD4 BV605 1:100 (Biolegend,100548), anti-CD8
BV710 (eBioscience,17–0081–83), anti-CD11b BV650 (Biole-
gend,101239), anti-F4/80 PE (Biolegend,123110), anti-CD19 PE Daz-
zle (Biolegend,115534), anti–PD-1 e450 (eBioscience,48–9981–82),
anti–PD-L1 (BV421, Biolegend,374508), anti-MR FITC (Biole-
gend,141704), and anti-MHCII APC-Cy7 (Biolegend,107628).
Viability was assessed with Fixable Viability Dye eFluor506
(eBioscience, v65–0866–18) diluted 1:200. Staining was performed
for 30 minutes at 4�C. The cells were then washed and fixed (1:1 FACS
buffer and 4% formalin). Flow cytometric analysis was performed
using an LSRFortessa cell analyzer (BD Biosciences) and FACSDiva
software Version 10. Data were transferred and analyzed using the
FlowJo software (Tree Star).

IHC
Omental tissues fixed in 4% formaldehyde were transferred to 70%

ethanol, paraffin-embedded, and 4-mm sections were cut. These cut
sections were used to perform IHC staining.

The slides were first deparaffined by submerging twice in
xylene for 5 minutes. Slides were then rehydrated for 2 minutes
in each of the following ethanol solutions: 100%, 90%, 70%, 50%,
and finally in ddH2O for 3 minutes. Antigen retrieval was per-
formed using the citrate buffer for 30 minutes at 98�C. Following
antigen retrieval the slides were washed and treated with 3% H2O2
(Thermo Fisher Scientific, H/1800/15) in PBS for 30 minutes. After
peroxide blocking the slides were washed again and blocked with
goat or rabbit serum for 45 minutes. The primary antibody was
diluted 1:100 for Endomucin (Santa Cruz, Sc-65495), 1:40 for
pSTAT3 (Cell Signaling Technology, 9145S), 1:500 Cytokeratin 8
(Abcam, ab53280), 1:100 Ki67 (Abcam, ab16667) in blocking
buffer and incubated overnight at 4�C. The following day the
slides were washed three times and the secondary antibody i.e.,
anti-rabbit HRP or anti-rat HRP were added for 45 minutes at
room temperature. Color was developed with Diaminobenzidine
substrate-chromogen (Dako Liquid DABþ Substrate Chromogen
System, K3468 Dako) and tissues were counterstained with Gill’s
hematoxylin I (Sigma-Aldrich, GHS1128), washed, dehydrated in
ethanol, and mounted in DPX (Sigma-Aldrich, 06522). Additional
chromogens, Vector VIP (purple) and AP blue were also used for
multiplex staining.

Immunofluorescence
The rat aortic rings were cultured in a 48-well plate for 7 to 10 days

using recombinant rat IL6, VEGF, cediranib, and its combinations.
The rings were then washed with PBS, fixed in 4% formaldehyde for 20
minutes. The wells were then washed once in PBS and the rings were
permeabilized with 0.5%Triton X-100 in PBS for 30minutes. Then the
wells were washed twice in PBS and stained with 100 mL of BS-1 Lectin
FITC (1mg/mL; Sigma-Aldrich, catalog no. L9381/L5264; 1:200), anti-
actin, alpha smooth muscle actin (a-SMA) Cy3 (Sigma-Aldrich,
catalog no. C6198; 1:500) overnight at 4�C. The following day, plates
werewashed twice in PBS and the rings were removed from the 48-well
plate, using a syringe needle, placed on a microscope slide and
mounted with Prolong Gold DAPI containing medium (Invitrogen,
catalog no. P36931). The slides were left to dry and imaged using
confocal microscopy (Zeiss LSM 510 META).

ELISA
Mouse IL6 cytokine concentrations in MLEC treated with recom-

binantmIL6 and cediranib weremeasured usingQuantikine ELISA kit
(R&D Systems) according to themanufacturer’s protocol. Absorbance
was measured at 450 nm using an Opsys MR plate reader (Dynex
Technologies).

RNAscope
In-situ hybridization was completed using the manufacturers’

protocol for RNAscope [Advanced Cell Diagnostics Bio-Techne
(ACD)]. Formalin-fixed, paraffin-embedded (FFPE) human HGSOC
samples were deparaffinized by being heated for 1 hour at 60�C and
then submerged in xylene twice for 5 minutes. Slides were then
submerged in 100% ethanol twice for 1 minute. Tissues were
outlined with a hydrophobic barrier pen and treated with company
provided hydrogen peroxide for 10 minutes, then rinsed twice in
distilled water. The slides were then boiled in target retrieval reagent
for 15 minutes, washed in distilled water, dipped in 100% ethanol,
and allowed to dry. Tissue sections were permeabilized by incu-
bating with protease plus reagent in a HyBEZ Hybridization System
(ACD) for 30 minutes at 40�C.

IL6/IL6 receptor (IL6R) probes were added for 2-hour incubation at
40�C. The hybridization signals were amplified using the AMP 1 to 6
reagents provided. Slides were treated with AMP reagents at room
temperature or 40�C for either 15 or 30 minutes, as detailed in the
manufacturer’s protocol. After the addition of AMP6, the slides were
incubated in DAB for 10 minutes. Slides were washed and counter-
stained with 50% hematoxylin for 2 minutes and then washed again
briefly in distilled water. Before mounting, the slides were dehydrated
by incubating 2 minutes in 70% ethanol, twice 2 minutes in 95%
ethanol, and 5minutes in xylene. Coverslips were mounted onto slides
using DPX mountant (Sigma-Aldrich). Slides were viewed under a
bright-field panoramic digital slide scanner (3DHISTECH).

Bioinformatic analyses
The Cancer Genome Atlas (TCGA) ovarian Affymetrix U133a

2.0 Array (18) was downloaded from UCSC Cancer Browser and
the normalized gene expression dataset of clinically annotated
primary, untreated ovarian tumor samples (n ¼ 571) was extracted.
The International Cancer Genome Consortium (ICGC) ovarian
dataset (19) was extracted from the exp_seq.OV-AU.tsv.gz file
from the ICGC Data Portal. Untreated, primary samples were used
(n ¼ 70). Only genes that achieved at least one read count in at
least 10 samples were selected, producing 18,010 filtered genes
in total and log2 counts per million (cpm) normalization was
applied. Gene lists for HALLMARK_IL6_JAK_STAT3_SIGNAL-
ING, LU_TUMOR_ANGIOGENESIS_UP, KEGG_JAK_STAT_
SIGNALING_PATHWAY and REACTOME_PD-1_SIGNALING
were downloaded from MSigDB genesets (http://www.gsea-msigdb.
org/gsea/msigdb/genesets.jsp). Single sample gene-set enrichment
analysis for these pathways, calculating a gene-set enrichment score
per sample was performed using R package gene set variation
analysis (GSVA; ref. 20). Heatmaps of GSVA scores with K-means
row-clustering of the indicated pathways were constructed using R
package ComplexHeatmap (21). ConsensusTME was applied on the
normalized gene expressionmatrices to examine enrichment of tumor
microenvironment cells in the TCGA and ICGC sample clusters (22).

Quantification and statistical analysis
Stained tissue sections were scanned either with 3DHISTECH

Panoramic 250 digital slide scanner or with Zeiss LSM 510 META
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confocal microscope. IHC staining quantification was carried using
Definiens software (Definiens AG). Bioinformatic analyses were done
using R language programming software. Qupath software was used
for pSTAT3 nuclear tumor area analysis.

Statistical analyses were carried out using Graph pad prism
software version 8. Data were tested to assess Gaussian distribution
and two group data were analyzed using unpaired Student t test.
Survival data were analyzed using Kaplan–Meier method using
log-rank test. Multi-group statistical analyses were conducted
using one-way ANOVA. The significance of all tests were defined
as �, P < 0.05; ��, P < 0.01; and ���, P < 0.001.

Data and materials availability
All data associated with this study are provided with the sub-

mission of the main article or can be found in the Supplementary
data file.

Results
Short-term cediranib treatment has immunemodulating effects
in mouse HGSOC models

Our aim was to understand the effects of cediranib on established
tumor growth and model resistance to treatment. The orthotopic
transplantable mouse models 30200 and 60577 share common
genetic mutations (17, 23), replicate key aspects of the human
TME, but vary in their average survival time and transcriptomes.
Both models are syngeneic to FVB mice and primarily form omental
tumors with time to humane endpoint of 6 to 8 weeks for 60577,
and 4 to 6 months for 30200 (17). We previously found well-
established omental tumors at 10 weeks in 30200 and as early as a
week in 60577 after postintraperitoneal, tumor cell injection (17).
Cediranib treatment commenced 10 weeks (30200) or 3 days
(60577) after intraperitoneal injection and we measured effects on
omental tumor growth and TME immunity after 4 to 5 weeks
treatment. Treatment caused a significant reduction in omental
weight (a surrogate for tumor burden; ref. 17) in both models
(Fig. 1A, P < 0.05; Fig. 1B, P < 0.005). The average tumor burden
decreased from 80 mg (30200) and 65 mg (60577) to 30 mg in
both models. Flow cytometry analysis of tumors showed that
cediranib caused significant changes in omental TME. There was
a significant increase in CD3þ (P < 0.007), CD4þ (P < 0.01), CD8þ T
(P < 0.02) cells and CD19þ B (P < 0.03) cells (Fig. 1A; Supple-
mentary Fig. S1A) in the 30200 model. There was a concomitant
decrease in F4/80þ macrophages (P < 0.005) but there were no
differences in the expression of mannose receptor (MR) or MHC
class II (MHCII) on myeloid cells (Supplementary Fig. S1A) sug-
gesting there were no major changes in the phenotype of tumor-
associated macrophages (TAM). In 60577 tumors there was also a
significant increase in CD3þ (P < 0.008) and CD4þ T (P < 0.01) cells
but no change in CD8þ T cells and CD19þ B cells after cediranib
treatment (Fig. 1B; Supplementary Fig. S1B). In terms of myeloid
cells, there was a significant increase in MR (P < 0.01) and MHCII
(P < 0.005) but no difference in overall F4/80þ cells (Supplementary
Fig. S1B).

Therefore, 4 to 5 weeks cediranib treatment decreased omental
tumor burden and led to a 1.5- to two-fold increase in lymphocyte
populations in both mouse models. We also observed a concomitant
1.5-fold decrease in TAMs in 30200 model and some changes in TAM
phenotype in 60577 model.

To obtain insights into cediranib resistance, we continued the
treatment to humane endpoint. In the 30200 model, continuation of

cediranib treatment did not increase survival benefit or change the
number and phenotype of immune infiltrate in omental tumors
(Fig. 1C; Supplementary Fig. S1C). Moreover, postmortem examina-
tion revealed additional peritoneal metastases in some of the treated
mice but none were found in controls (P < 0.04; Supplementary
Fig. S1D).

In contrast, continued cediranib treatment significantly increased
survival in 60577 mice with median survival increasing from 31 to
71 days (Fig. 1D). No differences were observed in MHCII but there
was a significant increase in MRþ F4/80 (P < 0.0001) cells in treated
tumors (Supplementary Fig. S1E). Therewas also a 1.5-fold decrease in
CD3þ (P < 0.02), CD8þ (P < 0.03) and nearly six-fold decrease in
CD19þ (P < 0.0006) cells but no change in CD4þ T cells (Fig. 1D;
Supplementary Fig. S1E). No additional peritoneal metastases were
recorded in the 60577-bearing mice.

Therefore, although the two models shared similar responses
to short-term cediranib treatment, this was not sustained in 30200
model. An increase in peritoneal metastasis with no change in
immune population at endpoint suggested acquired resistance
to cediranib that may have been driven by malignant cells.
Although there was a significant survival benefit with long-term
cediranib treatment of 60577 tumors, the decline in T-lymphocyte
populations suggested that eventual resistance involved inactiva-
tion of adaptive immune responses. We hypothesized that cedir-
anib may induce different pathways of resistance in the two
HGSOC models.

Involvement of IL6 and STAT3 signaling in resistance to
cediranib

As activation of alternative signaling pathways such as IL6, IL8, and
FGF upon inhibition of VEGFR signaling is proposed as a mechanism
of acquired resistance to antiangiogenic therapies in some murine
models and patients (24–26), we investigated these in our models. We
focused on IL6 because we had previously shown that IL6 induced
defective angiogenesis in HGSOC (8) and our work linked IL6
signaling with other angiogenic factors such as IL8 in an autocrine
cytokine network in patients with HGSOC treated with anti-IL6
antibodies (7). Also, the 30200 and 60577 models had significant
differences in levels of expression of the IL6 reactome pathway (17).
Further interrogation of our RNA sequencing (RNA-seq) datasets
revealed significantly higher levels of IL6, JAK2, and STAT3mRNA in
the 30200 tumors compared with 60577 tumors (Fig. 2A; Supple-
mentary Fig. S2A). We stained for endomucin, as a measurement of
blood vessel density, and pSTAT3 as the downstream target of IL6
in 30200 tumors from the 4- to 5-week treatment experiments.
Endomucin-positive blood vessels were significantly decreased
(Fig. 2B; P < 0.01) in treated tumors but there was no change in the
overall pSTAT3 levels (Fig. 2C). However, we noticed some differ-
ences in pSTAT3 staining on the tumor vasculature, not in the
percentage of positive pSTAT3 nuclei in luminated vasculature
(Supplementary Fig. S2B), but in the proportion of luminated vessels
with higher pSTAT3 staining intensity (P < 0.05) in the short-term
cediranib-treated group compared with controls (Fig. 2D). This
suggested a potential role of cediranib in potentiating IL6/STAT3
signaling in endothelial cells. Using recombinant IL6 and VEGF to
mimic the paracrine mediators in tumors, we studied the direct effects
of cediranib onMLECs.Western blot analysis onMLEC using various
conditions of recombinant IL6, VEGF, and cediranib, revealed acti-
vation of pSTAT3 when mIL6 was present (Fig. 2E). We postulated
that cediranib treatment in tumors with endogenous high IL6 levels
could lead to enhanced pSTAT3 signaling on the endothelial cells.
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ELISA of supernatants revealed a concomitant increase in mIL6
level in the mIL6 plus cediranib group compared with mIL6 alone
(Supplementary Figs. S2C).

To further understand cediranib-mediated IL6/pSTAT3 signal-
ing on endothelial cells, we carried out a dose-response study
with varying concentrations of recombinant mIL6 and found
a dose-dependent increase in pSTAT3 levels when combined
with cediranib (Supplementary Fig. S2D). These data suggested
that cediranib-mediated effects on pSTAT3 signaling in endothe-
lial cells arises in conditions with higher concentrations of
IL6 and this could be involved in cediranib resistance in the
30200 model.

We extended these results using the rat aortic ring assay (8). Staining
of vascular mural cells around the vessels revealed far fewer a-SMA-
positive cells on the rat IL6 (rIL6) plus cediranib group as compared
with VEGF and rIL6 alone (Supplementary Fig. S2E). As pericyte
depletion was known to induce angiogenic growth and metastatic

spread of disease, we speculated that STAT3 activation could be
driving tumor angiogenesis and metastasis at survival endpoint in
30200 model as a result of cediranib-induced increased IL6 secretion
and downstream activation of endothelial cells.

Unlike in short-term treated 30200 tumors, there was no change in
vessel density or pSTAT3 expression with cediranib treatment in
30200 survival endpoint tumors (Fig. 2F). However, Western blot
analysis revealed a slight increase in pSTAT3 in cediranib-treated
omental tumors and a strong induction of pSTAT3 in cediranib-
treated additional peritoneal tumors compared with the control
omental tumors (Fig. 2G; Supplementary Fig. S2F). Conversely, there
was a decrease in pERK levels in the cediranib-treated omental and
peritoneal tumors compared with the control omental tumors
(Fig. 2G). These data demonstrated sustained inhibition of the VEGF
signaling in cediranib-treated tumors at survival endpoint but sug-
gested potential escape and regrowth of peritoneal tumors via the IL6/
STAT3 signaling. Activation of IL6 downstream signaling is a potential

Figure 2.

The IL6 pathway is involved in development of resistance to cediranib in 30200 model. A, Boxplots of log2 RPKM gene expression of indicated genes in
omentum, 30200, and 60577 tumors (n ¼ 4, 4, 5 respectively). B, IHC for endomucin and pSTAT3 in control and cediranib short-term treated 30200 tumors.
C, IHC for pSTAT3 in control and cediranib short-term treated 30200 tumors. D, Intensity of pSTAT3 staining in control and cediranib short-term
treated luminated vessels. E, Western blot analysis of pSTAT3, STAT3, and b-actin in MLEC treated with recombinant mIL6, VEGF, and cediranib. F, IHC
for endomucin in control and cediranib-treated 30200 tumors at survival endpoint. G, Western blot analysis of pSTAT3, STAT3, pERK, ERK, and a-tubulin in
30200 control treated omental tumors, cediranib-treated omental, and peritoneal tumors collected at endpoint. Ome, omentum; ced, cediranib; EP, endpoint;
perit, peritoneal; TP, short-term treated.
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mode of resistance to cediranib in mouse models enriched for IL6
pathways.

Combination of anti-IL6 and cediranib treatment increases
mouse survival

We next combined cediranib with a murine anti-IL6 blocking
antibody that had immunomodulatory effects in the 30200 mod-

el (17). There was a significant increase in survival with anti-IL6
monotherapy (P < 0.03) and a more striking increase with com-
bination group (P < 0.0002) as compared with controls. The median
survival increased from 153 days in control group to 212 days in
combination group with no formation of additional peritoneal
metastasis (Fig. 3A). There was a 1.5-fold reduction in the omental
tumor burden in anti-IL6 group (P < 0.03), and a four-fold

Figure 3.

A combination of cediranib and anti-IL6 antibodies increasesmouse survival in 30200model. Mice injectedwith 30200were treatedwith control, cediranib, anti-IL6,
or combination of cediranib and anti-IL6. Vehicle control and cediranib was administrated by oral gavage 5 mg/kg five times a week, IgG control and anti-IL6 was
given as i.p. 2 mg/kg twice aweek. All treatment commenced at 10 weeks following cell injection andwas carried on till endpoint or till maximum treatment duration
as guided by home office license. A, Combined survival curve of 30200 model treated with cediranib, anti-IL6, or the combination (n ¼ 12–13 per group).
B, Quantification of omental weight across all groups from two experiments. C, Flow cytometric analysis of lymphoid infiltrate in all groups from one experiment.
D, IHC staining for endomucin in all groups from two combined experiments. Ced, cediranib.
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reduction with combination treatment (P < 0.001), compared with
control mice (Fig. 3B). There was a trend in decrease in F4/80
TAMs with combination therapy, however, significant decrease was
only noted in the anti-IL6 (P < 0.03) group as compared with
controls, as previously published (17) and an increase in MHCII
expression in the combination group compared with anti-
IL6 group (Supplementary Fig. S3A). In terms of lymphoid cells,
although we did not observe any significant increases with either of
the monotherapies, we noted significant increases in combination
group compared with the controls. This included a —2- to 3 -fold
significant increase in CD3þ (P < 0.03) and CD4þ T (P < 0.02) cells
compared with controls (Fig. 3C) in endpoint tumors. There was
also a trend to an increase of CD8þ T cell in the combination arm (P
< 0.06) as compared with control but no differences observed in
CD19þ cells across the different groups (Fig. 3C; Supplementary
Fig. S3A). In conclusion, by combining anti-IL6 with cediranib, we
were able to significantly increase survival and T-lymphocyte
populations in the TME. Vessel density was significantly reduced
at endpoint in the combination arm (P < 0.04) compared with
control and monotherapies (Fig. 3D) as were a two-fold decrease in
malignant cell marker cytokeratin 8 (CK8; P < 0.001), but no change
in proliferating Ki67-positive cells (Supplementary Figs. S3B).
There were no overall differences in pSTAT3 staining between the
groups at endpoint (Supplementary Fig. S3C), however tumors in
the cediranib (P < 0.02), anti-IL6 (P < 0.02), and combination group
(P < 0.0002) displayed less pSTAT3 expression in malignant cell
area compared with stroma (Supplementary Fig. S3C) which was
greatest with the combination therapy (Supplementary Fig. S3D).

Therefore, resistance to cediranib in the 30200 model could be
partially overcome by inhibiting IL6 signaling; combination treatment
increased survival, reduced tumor burden, and angiogenesis.

Cediranib and anti-IL6 antibody treatment increases survival in
a second murine HGSOC model

We next investigated the combination of cediranib and anti-IL6 in
another orthotopic murine HGSOC, HGS2 (17). Cediranib treatment
of established peritoneal tumors commenced 7 weeks after intraper-
itoneal injection of tumor cells and continued until humane endpoint.
There was no significant effect on mouse survival (Fig. 4A) nor
omental tumor burden (Fig. 4B) and, as with 30200, we found
additional peritoneal metastases in the cediranib-treated group that
were not found in control mice (P < 0.02; Fig. 4C).

HGS2 tumors had highest levels of IL6 pathway gene expression
compared with 30200 or 60577 models (Fig. 4D). Therefore, we
investigated pSTAT3 staining in luminated vasculature and found a
significant increase in both the percentage of positive pSTAT3 nuclei
(P < 0.004) and intensity of pSTAT3 staining (P < 0.05) in cediranib-
treated vessels compared with controls (Fig. 4E and F). Western blot
analysis revealed a slight increase in pSTAT3 signaling in the cedir-
anib-treated omental tumors and amuchhigher increase of pSTAT3 in
the cediranib-treated additional peritoneal tumors, similar to the
30200 tumors (Fig. 4G).

These data suggested that HGS2 tumors may also acquire resis-
tance to cediranib-therapy via the activation of IL6 signaling. We
previously showed no beneficial effect on survival with anti-IL6
antibody therapy in the HGS2 model (17). However, combination
of cediranib and anti-IL6 antibody treatment of established tumors
significantly increased mouse survival with some mice surviving
320þ days after start of the experiment (Fig. 4H). In the mice that
eventually developed tumors, there was a trend towards reduced
omental tumor weight and no additional peritoneal tumors were

seen (Fig. 4I). Flow cytometric analysis of the TME revealed a four-
fold increase in CD3þ T cells (P < 0.003) and a significant decrease
in CD11bþ myeloid cells (P < 0.0005) in combination arm com-
pared with controls (Fig. 4J). IHC staining for pSTAT3 also
revealed a significant reduction in the combination of anti-IL6
and cediranib treated omental tumors compared with controls
(P < 0.02; Fig. 4K). Taken together, the results suggest that anti-
IL6 treatment may abrogate cediranib resistance and that we may be
able to predict treatments that successfully combine with cediranib
by interrogating the intrinsic gene expression pathways of advanced
untreated tumors, at least in these mouse models.

We predicted that in tumors with low intrinsic levels of IL6
signaling, such as seen in 60577, cediranib would be able to
inhibit both VEGF and IL6 signaling pathways. In support of this,
we found a significant decrease in angiogenesis in long term
cediranib-treated omental 60577 tumors as measured by endomu-
cin staining (P < 0.0001) and a significant decrease in STAT3
activation (P < 0.0009; Supplementary Figs. 4A).

There were significant differences in immune checkpoint pathways
between 60577 and 30200 models in our RNA-seq data especially in
the PD-1 reactome pathway (Supplementary Fig. 4B). Flow cytometric
analysis of cediranib-treated 60577 tumors at endpoint revealed
a significant increase in PD-1 levels on CD3þ (P < 0.01) and CD19þ

(P < 0.04) cells and significant increase in PD-L1þMRþ macrophages
(P < 0.0001; Supplementary Fig. 4C). This suggested that upregulation
of PD-1 signaling might be involved in resistance to cediranib in
60577 model.

Combining anti–PD-1 antibodywith cediranib increases survival
of 60577-bearing mice

Anti–PD-1 antibody treatment of established 60577 tumors started
a week after cediranib treatment began and continued for 6 weeks at
which point the anti–PD-1 treatment was stopped due to signs
of toxicity. Cediranib treatment continued to humane endpoint.
Cediranib and anti–PD-1 antibodies monotherapies significantly
increased survival in 60577 (median survival 58 days compared with
49 in control) model but combination of the two agents had a greater
effect (median survival 68 days; P < 0.001; Fig. 5A). There was an
almost two-fold significant increase in omental weight, possibly due
to infiltration of immune cells, in anti–PD-1 group compared to
cediranib group (P < 0.005) but no significant changes with the
combination treatment at endpoint (Fig. 5B). The increases in survival
in treatment arms were accompanied with changes in tumor immune
infiltrate. Therewas a significant increase inCD3þT cells in anti–PD-1
(P < 0.05) and combination arm (P < 0.02) as compared with the
control group (Fig. 5C). This significant increase correlated with a
significant increase in CD4þ T cells in combination group (P < 0.02)
(Fig. 5C; Supplementary Fig. S5A). Notably, there was a significant
increase in CD8þ cells in combination group (P < 0.02) as compared
with cediranib alone, suggesting that anti–PD-1 treatment can rescue
the dampening of CD8þ T-cell numbers observed with cediranib-
therapy alone. In addition, there was a 1.5- to two-fold significant
decrease in vessel density in cediranib arm (P < 0.03) as previously
observed in Supplementary Fig. 4A as well as a more marked three-
fold decrease in combination group (P < 0.0001; Fig. 5D). There
were no changes in Ki67-positive proliferating cells and there was a
decreasing trend in CK8þ tumor cells in combination arm (P < 0.07)
compared with control (Supplementary Fig. S5B). In summary, a
combination of cediranib and anti–PD-1 enhanced the survival
benefits and overcome the protumoral response mediated by
cediranib treatment in 60577 model.
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Figure 4.

A combination of cediranib and anti-IL6 also increase mouse survival in HGS2 model of HGSOC. Mice injected with HGS2 cells were treated with vehicle control or
cediranib oral gavage 5 mg/kg five times a week starting 8 weeks after cell injection until endpoint. A, Survival curve of cediranib-treated HGS2 model (n ¼ 7 per
group). B, Quantification of tumor weight in omentum. C, Analysis of peritoneal metastasis in cediranib-treated HGS2 tumors at endpoint. D, Boxplot of GSVA
enrichment scores for 30200, HGS2, and 60577 (n ¼ 4, 4, 5 respectively). E, pSTAT3 staining on rumanted vasculature in control and cediranib survival tumors.
F, Intensity of pSTAT3 staining in control and cediranib endpoint treated vessels. G, Western blot analysis of pSTAT3, STAT3 a-tubulin in HGS2 control treated
omental tumors, cediranib-treated omental, and peritoneal tumors collected at endpoint. Mice injected with HGS2 cell were treated with control or combination of
cediranibplus anti-IL6. Vehicle control and cediranibwere administratedbyoral gavage5mg/kg five times aweek, IgG control and anti-IL6were given as i.p. 2mg/kg
twice aweek. All treatment commenced at 7.8 weeks following cell injection andwas carried on till endpoint.H, Survival curve of HGS2model treated with control or
combination (n¼ 7 per group). I, Analysis of tumor weight in control and combination treated HGS2 model at endpoint. J, Flowcytometric analysis of lymphoid and
myeloid population in combination treatedHGS2 tumors.K, IHC staining for pSTAT3 in control and the combination treated group. Perit, peritoneal; Mets, metastasis;
OT, omental tumors; Ced, cediranib.
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Analysis of IL6, PD-1, and angiogenesis pathways in human
HGSOC tumors show translational significance of mouse
model data

We next wanted to investigate the signaling pathways behind these
mechanisms in humanHGSOC and to see if there is a similar variation
between patients. There are a number of reports relating to the PD-1
pathway and its significance on immune status in HGSOC (27–29).
PD-1 and PD-L1 protein is found in HGSOC biopsies, with PD-L1

primarily found on macrophages and some malignant cells and PD-
1 generally found on lymphocytes (27, 29). With limited data on the
cellular location of IL6 and its gp80 receptor in HGSOC, we conducted
RNAscope and IHC analysis on HGSOC biopsies. IL6 mRNA was
predominantly stromal and IL6R mRNA expression mainly in malig-
nant cell areas. IL6 and IL6R protein were found predominantly in
malignant cell areas with some stromal staining (Fig. 6A). We also
performed IHC multiplex staining for IL6, PAX8 (HGSOC tumor

Figure 5.

Combination of anti–PD-1 and cediranib increases survival in 60577 model. Mice injected with 60577 cells were treated with control, cediranib, anti–PD-1, or
combination of cediranib plus anti–PD-1. Vehicle control and cediranib were administrated by oral gavage 5mg/kg five times aweek, IgG control and anti–PD-1 were
given i.p. 2 mg/kg twice a week. Cediranib treatment commenced aweek after cell injection and was continued till endpoint, anti–PD-1 treatment started at 2 weeks
following cell injection and was given for a period of 6 weeks (indicated by dotted lines). A, Survival curve of 60577 model treated with cediranib, anti–PD-1, or the
combination (n¼ 7per group).B,Quantification of omentalweight at endpoint.C, Flow cytometric analysis of lymphoid infiltrate in all treated groups.D, IHC staining
for endomucin in all groups. Ced, cediranib.
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marker), and CD3 on HGSOC patient biopsies and observed IL6
brown staining colocalized in areas with purple tumor cells and some
blue tumor-infiltrating lymphocytes (Supplementary Fig. 6A).

If the findings in our mouse models were relevant to patients, we
should be able to find subsets of HGSOC tumors that resembled
the variation in transcriptional pathways found in mouse tumors.
We interrogated two publicly available transcriptional datasets from
primary HGSOC biopsies studying levels of the IL6, JAK-STAT, and
PD-1 pathways and assessed their relationship to levels of angiogenesis

and immune cell pathways. We conducted clustering analysis of the
TCGA (18) ovarian cancer dataset based on GSVA enrichment
scores (20) of IL6, JAK-STAT, and tumor angiogenesis pathways and
identified 10 clusters with distinct expression patterns (Fig. 6B;
Supplementary Table S1A). Of particular interest were clusters 6 to
9: cluster 6 presented elevated IL6/JAK-STAT with low angiogenesis;
cluster 7 high IL6/JAK-STAT and high angiogenesis; cluster 8 low IL6/
JAK-STAT and elevated angiogenesis; cluster 7 low IL6/JAK-STAT
and low angiogenesis (Fig. 6C). Among these subgroups of patients,

Figure 6.

Clustering of TCGA dataset based on
angiogenesis, IL6, and PD-1 pathway
expression. A, RNAscope and IHC for
IL6 and IL6R in HGSOC patient biop-
sies. B, Heatmap illustrates GSVA
enrichment scores for Lu tumor angio-
genesis up, Kegg JAK-STAT signaling
pathway, and Hallmark IL6-JAK-STAT
signaling from MSigDB calculated for
each sample of the TCGA ovarian
dataset (n¼ 571).C,Boxplots illustrate
GSVA scores for Lu tumor angiogen-
esis up, Kegg JAK-STAT signaling
pathway, and Hallmark IL6-JAK-
STAT across clusters 6, 7, 8, and 9
representing four major patterns of
pathways’ expression (n ¼ 57, 65,
38, 79 respectively).D,ConsensusTME
applied on sample clusters identified
in (B). Boxplots illustrate GSVA scores
for macrophages and endothelial cells
across the four clusters of interest. E,
Heatmap illustrates GSVA enrichment
scores for Lu tumor angiogenesis up
and Reactome PD-1 signaling calculat-
ed for each sample of TCGA ovarian
dataset. F, Boxplots illustrate GSVA
scores for Lu tumor angiogenesis up
and Reactome PD-1 signaling across
clusters 5, 1, 10, and 9 representing the
four major expression patterns of
these pathways (n ¼ 46, 65, 76, 43
respectively). G, ConsensusTME was
applied on the sample clusters identi-
fied in (E). Boxplots illustrate GSVA
scores for CD4 and CD8 T cells across
four clusters of interest.
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clusters 6 and 7 closely resembled IL6 and JAK-STAT signaling pattern
found in 30200 and HGS2 mouse models whilst clusters 8 and 9
resembled the 60577 transcriptome.We next asked whether high IL6-,
JAK-STAT–expressing human biopsies shared additional TME fea-
tures with the respective mouse models using ConsensusTME (22).
This revealedmacrophages and endothelial cells to be enriched in high
IL6 clusters compared with low IL6 clusters (Fig. 6D; Supplementary
Table. S1B). This correlated with our previous multi-scale study on the
mouse models which revealed 30200 and HGS2 tumors with highest
number of macrophages compared to low IL6-expressing model
60577 (17). Furthermore, higher enrichment in endothelial cells in
high IL6 clusters again associated with the signature found in high IL6-
expressing murine models.

We repeated the same analysis on the ICGC (19) ovarian
cancer dataset. We could again identify patient clusters with
similar patterns of high and low IL6, JAK-STAT, and angiogenesis
signatures (Supplementary Fig. S6A and B; Supplementary
Table S2A). The pattern of TME macrophage and endothelial
characteristics also correlated with high IL6 and JAK-STAT sig-
nature as seen in TCGA dataset (Supplementary Fig. S6C; Supple-
mentary Table. S2B).

We then subgrouped patients with HGSOC based on their PD-1
and angiogenesis signatures. Unsupervised clustering was applied to
the TCGA dataset using the GSVA scores of the PD-1 and tumor
angiogenesis pathways (Fig. 6E; Supplementary Table. S1C). Of
particular interest to us were clusters 1,10, 5, and 9, first two
displaying high levels of PD-1 with high or low angiogenesis and
latter two exhibiting low PD-1 expression with high or low angio-
genesis (Fig. 6E and F). ConsensusTME analysis showed that high
PD-1 clusters 1 and 10 were also enriched for the CD4 and CD8
signatures unlike the other clusters with low PD-1 levels (Fig. 6G;
Supplementary Table S1D). This directly translates into our mouse
models where we found that one of the defining characteristics of
the 60577 tumors is higher infiltration of T lymphocytes compared
with 30200 and HGS2 (17).

We further validated these findings in ICGC dataset where we
found similar clusters of PD-1 and angiogenesis signaling patterns
(Supplementary Fig. S6D and S6E; Supplementary Table S2C).
Again, clusters with high enrichment of the PD-1 reactome pathway
were also enhanced for T-lymphocyte signaling with increase in
CD4 and CD8 expression (Supplementary Fig. S6F; Supplementary
Table S2D).

In conclusion, analysis of ICGC and TCGA transcriptional datasets
revealed strong correlations between high levels of angiogenesis
signatures, the IL6 and PD1 pathways and immune cell signatures,
indicating that our findings in mouse models could be translated to
subsets of patients with HGSOC.

Discussion
In preclinical experiments using established peritoneal tumors from

three different mouse models of HGSOC, we have identified two
pathways of cediranib-mediated resistance and confirmed the signif-
icance of these data with combination therapies by analysis of tran-
scriptomic databases from patient samples. Previous studies with
antiangiogenic agents have reported immunostimulatory effects with
increase in immune infiltration as a result of transient physical changes
on tumor vasculature due to vessel normalization and alleviation of
hypoxia (30). This correlated with our short-term cediranib studies
that showed an increase in T-lymphocyte populations and further
supported previous findings on the immunosuppressive roles of VEGF

pathway in tumors (31, 32). Conversely, the opposite is observedwhere
prolonged treatment with antiangiogenic agents lead to vessel dam-
aging effects enhancing metastasis and reduced penetration of the
tumor by immune cells (33). In our models with higher levels of
intrinsic IL6 signaling pathways (30200 and HGS2), we observed this
deleterious effect with increase in metastasis and reverting of tumor
suppressive immune cell phenotype following cediranib-treatment
at endpoint.

Sustained vessel normalization with the blockade of angiopoeitin-2
(ANG2) along with VEGF inhibition has been reported as a more
effective strategy in increasing pericyte coverage and improving
functionality of tumor vasculature (34). In concordance to this, we
have previously shown IL6 can drive destabilized vasculature with loss
of pericytes via activation of the ANG2 signaling and that anti-IL6
therapy can normalize this effect in xenograft models of ovarian
cancer (8). We therefore believe at least in 30200 and HGS2, a robust
effect on reprogramming the tumor vasculature and immune surveil-
lance following cediranib-therapy was achieved with a combination of
anti-IL6 agents.

The immune-mediated effects not only varied between the different
models but also within same model after short versus sustained
treatment with cediranib. Anti-VEGF therapy-induced inhibition of
adaptive immune response as a result of enriched PD-1 signaling on
immune cells was seen in 60577 model. The dampening of T-cell
response observed with long term cediranib treatment that facilitated
anti–PD-1 combination in 60577model, was a similarmechanism that
dictated successful combination of PARP inhibitors with anti–PD-1
therapy in ovarian cancer patients (35).

The potential cediranib combinations uncovered with anti-IL6 and
anti–PD-1 antibodies are therapies that are approved and routinely
used in clinic for various diseases. Anti-IL6 therapies are currently used
to treat conditions like uveitis, neuromyelitis optica, andmost recently,
COVID-19 pneumonia (36). Phase II studies of anti-IL6 antibody
siltuximab, in metastatic castration resistant prostate cancer and
platinum resistance ovarian cancer have shown limited, but some
biological effect in the latter trial, indicating potential for blocking this
pathway in cancers (7, 37). More recent studies using gene expression
analysis of patients with prechemotherapy treated gastric cancer
identified an IL6 stromal signature predictive of poor response to
chemotherapy (38). This study again highlighted the importance of
selecting subgroups of patients that would benefit from these biological
interventions.

Gene expression analysis of HGSOC patient clusters enriched for
angiogenesis, IL6, JAK-STAT, and PD-1 pathways that shared sim-
ilarities in characteristics with themousemodels of interest, in terms of
macrophage, endothelial and T-cell phenotypes provided further
validation of the models and drug combinations.

This study also heightens the need for identifying specific clusters of
patients that share intrinsic molecular signatures, thereby allowing for
better stratification and design of combinations following antiangio-
genic treatment in HGSOC.

Authors’ Disclosures
F.R. Balkwill reports other support from Verseau Therapeutics Inc. outside the

submitted work. No disclosures were reported by the other authors.

Authors’ Contributions
G. Gopinathan: Conceptualization, data curation, software, formal analysis,

validation, investigation, methodology, writing–original draft, writing–review and
editing. C. Berlato:Data curation, formal analysis, investigation, writing–review and

Differential Response and Resistance to Cediranib in HGSOC

AACRJournals.org Mol Cancer Ther; 21(6) June 2022 1041



editing. A. Lakhani: Data curation, software, investigation. L. Szabova: Resources,
writing–review and editing. C. Pegrum: In vivo supervision. A.-R. Pedrosa: Formal
analysis, writing–review and editing. F. Laforets: Investigation, methodology,
writing–review and editing. E. Maniati: Conceptualization, data curation, software,
formal analysis, investigation, writing–review and editing. F.R. Balkwill: Conceptu-
alization, resources, supervision, funding acquisition, writing–original draft, project
administration, writing–review and editing.

Acknowledgments
This work was funded by Cancer Research UK Program Grants (grant nos.

C587/A16354, C587/A25714 to G. Gopinathan, C. Berlato, E. Maniati, A. Lakhani,
F. Laforets, F.R. Balkwill); A.-R Pedrosa was funded by Radiation ResearchUnit at the
Cancer Research UK City of London Centre Award C7893/A28990. L. Szabova
project was funded in whole or in part with Federal funds from the NCI, NIH, under
contract number HHSN261201800001I (the content of this publication does not
necessarily reflect the views or policies of the Department of Health and Human

Services, nor does mention of trade names, commercial products, or organizations
imply endorsement by the U.S. Government).

E. Maniati acknowledges support from Cancer Research UK Centre of Excellence
Award to Barts Cancer Centre (London, UK, reference C16420/A18066) for
bioinformatics.

We would like to thank the Barts Cancer Institute Biological Services Unit and the
Animal Technician Services for all their invaluable help and support during the
lockdown period. In particular, we thank Jordan Chattenton for his time and service
with the in vivo experiments. We would also like to thank the BCI Flow Cytometry
Facility which is funded by aCore ServiceGrant at Barts Cancer Institute (CoreAward
C16420/A18066).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

Received August 11, 2021; revised January 11, 2022; accepted March 2, 2022;
published first March 21, 2022.

References
1. Lheureux S, Braunstein M, Oza AM. Epithelial ovarian cancer: Evolution

of management in the era of precision medicine. CA Cancer J Clin 2019;69:
280–304.

2. Moserle L, Jimenez-Valerio G, Casanovas O. Antiangiogenic therapies: going
beyond their limits. Cancer Discov 2014;4:31–41.

3. Brave SR, Ratcliffe K, Wilson Z, James NH, Ashton S, Wainwright A, et al.
Assessing the activity of cediranib, a VEGFR-2/3 tyrosine kinase inhibitor,
against VEGFR-1 and members of the structurally related PDGFR family.
Mol Cancer Ther 2011;10:861–73.

4. Liu JF, Barry WT, Birrer M, Lee JM, Buckanovich RJ, Fleming GF, et al. Overall
survival and updated progression-free survival outcomes in a randomized phase
II study of combination cediranib and olaparib versus olaparib in relapsed
platinum-sensitive ovarian cancer. Ann Oncol 2019;30:551–7.

5. Zimmer AS, Nichols E, Cimino-Mathews A, Peer C, Cao L, Lee MJ, et al.
A phase I study of the PD-L1 inhibitor, durvalumab, in combination with
a PARP inhibitor, olaparib, and a VEGFR1–3 inhibitor, cediranib, in
recurrent women’s cancers with biomarker analyses. J Immunother Cancer
2019;7:197.

6. Kulbe H, Chakravarty P, Leinster DA, Charles KA, Kwong J, Thompson RG,
et al. A dynamic inflammatory cytokine network in the human ovarian
cancer microenvironment. Cancer Res 2012;72:66–75.

7. Coward J, Kulbe H, Chakravarty P, Leader D, Vassileva V, Leinster DA, et al.
Interleukin-6 as a therapeutic target in human ovarian cancer. Clin Cancer Res
2011;17:6083–96.

8. Gopinathan G, Milagre C, Pearce OM, Reynolds LE, Hodivala-Dilke K,
Leinster DA, et al. Interleukin-6 stimulates defective angiogenesis.
Cancer Res 2015;75:3098–107.

9. Taniguchi K, Karin M. IL-6 and related cytokines as the critical lynchpins
between inflammation and cancer. Semin Immunol 2014;26:54–74.

10. van Rhee F, Fayad L, Voorhees P, Furman R, Lonial S, Borghaei H, et al.
Siltuximab, a novel anti-interleukin-6 monoclonal antibody, for Castleman’s
disease. J Clin Oncol 2010;28:3701–8.

11. Stone RL, Nick AM, McNeish IA, Balkwill F, Han HD, Bottsford-Miller J,
et al. Paraneoplastic thrombocytosis in ovarian cancer. N Engl J Med 2012;
366:610–8.

12. Matulonis UA, Shapira-Frommer R, Santin AD, Lisyanskaya AS, Pignata S,
Vergote I, et al. Antitumor activity and safety of pembrolizumab in patients with
advanced recurrent ovarian cancer: results from the phase II KEYNOTE-100
study. Ann Oncol 2019;30:1080–7.

13. Farkkila A, Gulhan DC, Casado J, Jacobson CA, Nguyen H, Kochupur-
akkal B, et al. Immunogenomic profiling determines responses to com-
bined PARP and PD-1 inhibition in ovarian cancer. Nat Commun 2020;11:
1459.

14. Pearce OMT, Delaine-Smith RM, Maniati E, Nichols S, Wang J, Bohm S, et al.
Deconstruction of a metastatic tumor microenvironment reveals a common
matrix response in human cancers. Cancer Discov 2018;8:304–19.

15. Zhang AW,McPherson A,Milne K, Kroeger DR, Hamilton PT,Miranda A, et al.
Interfaces of malignant and immunologic clonal dynamics in ovarian cancer.
Cell 2018;173:1755–69.

16. Jimenez-Sanchez A, Cybulska P, Mager KL, Koplev S, Cast O, Couturier
DL, et al. Unraveling tumor-immune heterogeneity in advanced ovarian
cancer uncovers immunogenic effect of chemotherapy. Nat Genet 2020;52:
582–93.

17. Maniati E, Berlato C, Gopinathan G, Heath O, Kotantaki P, Lakhani A, et al.
Mouse ovarian cancer models recapitulate the human tumor microenvironment
and patient response to treatment. Cell Rep 2020;30:525–40.

18. Cancer Genome Atlas Research N. Integrated genomic analyses of ovarian
carcinoma. Nature 2011;474:609–15.

19. Patch AM, Christie EL, Etemadmoghadam D, Garsed DW, George J, Fereday S,
et al. Whole-genome characterization of chemoresistant ovarian cancer. Nature
2015;521:489–94.

20. Hanzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for
microarray and RNA-seq data. BMC Bioinf 2013;14:7.

21. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinformatics 2016;32:
2847–9.

22. Jimenez-Sanchez A, Cast O, Miller ML. Comprehensive benchmarking and
integration of tumor microenvironment cell estimation methods. Cancer Res
2019;79:6238–46.

23. Szabova L, Bupp S, Kamal M, Householder DB, Hernandez L, Schlomer JJ,
et al. Pathway-specific engineered mouse allograft models functionally
recapitulate human serous epithelial ovarian cancer. PLoS One 2014;9:
e95649.

24. Bergers G, Hanahan D. Modes of resistance to anti-angiogenic therapy. Nat Rev
Cancer 2008;8:592–603.

25. Haibe Y, Kreidieh M, El Hajj H, Khalifeh I, Mukherji D, Temraz S, et al.
Resistance mechanisms to anti-angiogenic therapies in cancer. Front Oncol
2020;10:221.

26. Itatani Y, Kawada K, Yamamoto T, Sakai Y. Resistance to anti-angiogenic
therapy in cancer-alterations to anti-VEGF pathway. Int J Mol Sci 2018;19:
1232.

27. Martin de la Fuente L,Westbom-Fremer S, ArildsenNS,Hartman L,Malander S,
Kannisto P, et al. PD-1/PD-L1 expression and tumor-infiltrating lymphocytes
are prognostically favorable in advanced high-grade serous ovarian carcinoma.
Virchows Arch 2020;477:83–91.

28. Hamanishi J, Mandai M, Abiko K, Matsumura N, Baba T, Yoshioka Y,
et al. The comprehensive assessment of local immune status of ovarian
cancer by the clustering of multiple immune factors. Clin Immunol 2011;
141:338–47.

29. Drakes ML, Mehrotra S, Aldulescu M, Potkul RK, Liu Y, Grisoli A, et al.
Stratification of ovarian tumor pathology by expression of programmed cell
death-1 (PD-1) and PD-ligand- 1 (PD-L1) in ovarian cancer. J Ovarian Res 2018;
11:43.

30. Huang Y, Goel S, Duda DG, Fukumura D, Jain RK. Vascular normalization as an
emerging strategy to enhance cancer immunotherapy. Cancer Res 2013;73:
2943–8.

31. Huang Y, Yuan J, Righi E, Kamoun WS, Ancukiewicz M, Nezivar J, et al.
Vascular normalizing doses of antiangiogenic treatment reprogram the

Mol Cancer Ther; 21(6) June 2022 MOLECULAR CANCER THERAPEUTICS1042

Gopinathan et al.



immunosuppressive tumor microenvironment and enhance immunotherapy.
Proc Natl Acad Sci U S A 2012;109:17561–6.

32. Voron T, Colussi O, Marcheteau E, Pernot S, Nizard M, Pointet AL, et al.
VEGF-A modulates expression of inhibitory checkpoints on CD8þ T cells in
tumors. J Exp Med 2015;212:139–48.

33. KhanKA,Kerbel RS. Improving immunotherapy outcomeswith anti-angiogenic
treatments and vice versa. Nat Rev Clin Oncol 2018;15:310–24.

34. Peterson TE, Kirkpatrick ND, Huang Y, Farrar CT, Marijt KA, Kloepper J, et al.
Dual inhibition of Ang-2 and VEGF receptors normalizes tumor vasculature
and prolongs survival in glioblastoma by altering macrophages. Proc Natl Acad
Sci U S A 2016;113:4470–5.

35. Farkkila A, Gulhan DC, Casado J, Jacobson CA, Nguyen H, Kochupurakkal
B, et al. Author correction: immunogenomic profiling determines responses

to combined PARP and PD-1 inhibition in ovarian cancer. Nat Commun
2020;11:2543.

36. Choy EH, De Benedetti F, Takeuchi T, Hashizume M, John MR, Kishimoto T.
Translating IL-6 biology into effective treatments. Nat Rev Rheumatol 2020;16:
335–45.

37. Fizazi K, De Bono JS, Flechon A, Heidenreich A, Voog E, Davis NB, et al.
Randomised phase II study of siltuximab (CNTO 328), an anti-IL-6 monoclonal
antibody, in combination with mitoxantrone/prednisone versus mitoxantrone/
prednisone alone in metastatic castration-resistant prostate cancer. Eur J Cancer
2012;48:85–93.

38. Ham IH, Oh HJ, Jin H, Bae CA, Jeon SM, Choi KS, et al. Targeting interleukin-6
as a strategy to overcome stroma-induced resistance to chemotherapy in gastric
cancer. Mol Cancer 2019;18:68.

AACRJournals.org Mol Cancer Ther; 21(6) June 2022 1043

Differential Response and Resistance to Cediranib in HGSOC



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


