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Graphical Abstract

The oral USP7 inhibitor, ADC-159, reduces sVEGF from CAFs and impacts
tumor vasculature. USP7 inhibition affects HIF-1α transcriptional modulation,
tumor hypoxia and remodeling of the tumor microenvironment creating a
permissive immunemicro-climate for infiltrating lymphocytes turning immuno-
logically ‘cold’ tumors, ‘hot’. In preclinical models, combination treatment of
ADC-159 with immunotherapy agents delivers improved anti-tumor efficacy and
survival.
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Abstract
Background:Understanding how tomodulate themicroenvironment of tumors
that are resistant to immune checkpoint inhibitors represents a major challenge
in oncology.Here we investigate the ability of USP7 inhibitors to reprogram the
tumor microenvironment (TME) by inhibiting secretion of vascular endothelial
growth factor (VEGF) from fibroblasts.
Methods: To understand the role played by USP7 in the TME, we systematically
evaluated the effects of potent, selective USP7 inhibitors on co-cultures compris-
ing components of the TME, using human primary cells. We also evaluated the
effects of USP7 inhibition on tumor growth inhibition in syngeneicmodels when
dosed in combination with immune checkpoint inhibitors (ICIs).
Results: Abrogation of VEGF secretion from fibroblasts in response to USP7
inhibition resulted in inhibition of tumor neoangiogenesis and increased tumor
recruitment of CD8-positive T-lymphocytes, leading to significantly improved
sensitivity to immune checkpoint inhibitors. In syngeneic models, treatment
with USP7 inhibitors led to striking tumor responses resulting in significantly
improved survival.
Conclusions:USP7-mediated reprograming of the TME is not linked to its previ-
ously characterized role in modulating MDM2 but does require p53 and UHRF1
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in addition to the well-characterized VEGF transcription factor, HIF-1α. This
represents a function of USP7 that is unique to fibroblasts, and which is not
observed in cancer cells or other components of the TME. Given the potential
for USP7 inhibitors to transform “immune desert” tumors into “immune respon-
sive” tumors, this paves the way for a novel therapeutic strategy combining USP7
inhibitors with immune checkpoint inhibitors (ICIs).

KEYWORDS
ADC-159, CAFs, deubiquitylating enzymes, DUBs, HAUSP, HIF-1α, immune checkpoint
inhibitors, immune therapy, IO, neoangiogenesis, TME, tumour microenvironment, USP7,
VEGF

1 INTRODUCTION

To enablemetastatic disease progression, a number of hall-
marks need to be acquired by both cancer cells and com-
ponents of the tumour microenvironment (TME).1 The
orchestration of TME changes that occur during tumouri-
genesis affects the entire stroma including endothelial
cells, immune cells, fibroblasts and the extra-cellular
matrix.2 Changes in the TME not only facilitate the
transition from benign to aggressive tumours, but also
contribute to tumour heterogeneity, variation in patient
responses and can lead to cancer therapy resistance.3
Recent advances in cancer immunotherapy have presented
opportunities to treat cancers that were not responsive to
previous standard-of-care therapies.4,5 However, clinical
resistance to immunotherapy can be driven by immuno-
suppressive mechanisms, such as dysfunctional T-cells, an
absence of tumour T-cell infiltration, or a loss of tumour
recognition by T-cells.6
An important factor in the remodelling of the TME is

the transcription factor HIF-1α.7 HIF-1α activates the tran-
scription of genes involved in angiogenesis, metabolism,
proliferation/survival and invasion/metastasis.7–12 HIF-1α
upregulates VEGF transcription in response to hypoxia in
solid tumours.13,14 Levels of circulating VEGF correlate
with decreased disease-free survival and overall survival
in various solid cancers.15,16 Our understanding of HIF-1α
stability and p53 modulation is largely driven by studies
in endothelial cells or cancer cells, and there is limited
information available regarding its regulation in other
components of the TME.17
In cancer cells, ubiquitin specific protease 7 (USP7,

HAUSP) is best known for removing ubiquitin molecules
from the oncoprotein MDM2 in the p53 tumour sup-
pressor pathway.18,19 To date, however, the role of USP7
in TME biology remains largely unknown. Recently,
breakthroughs have been made in the discovery of novel
highly potent and selective USP7 inhibitors, providing

powerful pharmacological tools to further explore USP7
biology.20–22
To understand the role played by USP7 in the TME,

we systematically evaluated the effects of potent, selective
USP7 inhibitors23,24 on co-cultures comprising compo-
nents of the TME, using human primary cells. We report
a critical role for USP7 in regulation of HIF-1α mediated
VEGF production by cancer-associated fibroblasts (CAFs)
leading to reprograming of the TME. USP7 inhibition in
fibroblasts leads to a significant decrease in tumour neoan-
giogenesis, modulation of the tumour immune microenvi-
ronment, tumour growth inhibition and striking tumour
responses in syngeneic models when dosed in combina-
tion with immune checkpoint inhibitors (ICIs), resulting
in significantly improved survival.

2 RESULTS

USP7 promotes the secretion of VEGF by activated fibrob-
lasts. We used our previously described highly potent and
selective USP7 inhibitor AD-0424 to explore the role of
USP7 in modulating the TME. AD-04 treatment caused a
dramatic > 300-fold decrease in secreted VEGF (sVEGF)
in co-culture systems containing primary human dermal
fibroblasts (HDFs) co-cultured with stimulated PBMCs in
the presence or absence of human lung (H1299) or colorec-
tal (HT-29) cancer cells (Figure 1A). VEGF modulation in
response to USP7 inhibition was confirmed in HT-29 cells
co-cultured with activated PBMCs and multiple primary
human fibroblasts, including HDFs and primary lung
fibroblasts WI-38; whereas ent-AD-04, the inactive enan-
tiomer of AD-04,24 had no significant effect on sVEGF
levels (Figure 1B, and Figure S1A). To confirm which cell
type drives the sVEGF reduction observed in co-cultures,
we monitored VEGF secretion in each cell type indepen-
dently. In cancer cells (HT-29), AD-04 had a minimal
impact on sVEGF levels (Figure 1C). In contrast, AD-04
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F IGURE 1 AD-04 decreases secreted VEGF levels in activated primary fibroblasts and CAFs. (A) Co-cultures of primary human
fibroblasts with non-small lung cancer cells (HT-1299) or colorectal cancer cells (HT-29) and primary human dermal fibroblasts (HDF) with
activated PBMCs were treated with vehicle (DMSO) and various concentrations of AD-04 for 48 h. Biomarker levels were measured using
ELISA and presented as log-transformed ratio. Individual cell lines or cultures were treated with AD-04 at either .3 µm or 1 µm ent-AD-04 for
48 h and secreted VEGF levels were measured by ELISA in cell culture supernatants using: (B) HT-29 cells were co-cultured with primary
human dermal fibroblasts (HDFs) and anti-CD3/CD28-stimulated PBMCs. (C) HT-29 alone. (D) HDFs co-cultured with
anti-CD3/CD28-stimulated PBMCs, and (E) primary adenocarcinoma-associated fibroblasts (CAFs). (F) Secreted VEGF was measured by
ELISA in supernatants from USP7 CRISPR/Cas9 knock-out HDFs co-cultured with activated PBMCs. (G) Knock-out efficiency was
confirmed by immuno-blot; Cas9, chromosome 12 safe region knock-out and LacZ were used as negative controls. Data presented as
mean ± S.E.M., **p < .01, ***p < .001, ****p < .0001 (ANOVA), ns not significant.

markedly decreased sVEGF levels in multiple primary
fibroblasts activated in a co-culture with anti-CD3/anti-
CD28 stimulated PBMCs (Figure 1D).25 The decrease in
sVEGF from fibroblasts was independent of the method
used to activate them as similar results were obtained
following activation by FGF-2 or TGF-β (Figure S1B,C).
Moreover, comparable decreases in sVEGF were observed
in both primary colorectal adenocarcinoma fibroblasts
(CAFs) (Figure 1E and Figure S1D) and lung CAFs (Figure
S1D) upon AD-04 treatment. In addition to decreasing

sVEGF levels in the culture supernatant, treatment with
AD-04 also decreased levels of intracellular VEGF protein
in activated fibroblasts and CAFs, but not in cancer cells.
The on-target specificity of AD-04 in its modulation of
VEGF secretion in primary human fibroblasts was further
confirmed by USP7 CRISPR/Cas9 knock-out, which
resulted in complete abrogation of sVEGF in co-cultures
of HDFs with activated PBMCs (Figure 1F). The lack of
impact of USP7 inhibition on sVEGF in epithelial cancer
cells was not due to a lack of target engagement as AD-04
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demonstrated potent target engagement in both primary
fibroblasts and cancer cells (assessed using ubiquitin
activity-based probe competition assays26; Figure S2).
Taken together, these results demonstrate that USP7
inhibition modulates not only secreted VEGF protein but
also cellular VEGF levels in activated fibroblasts.
USP7 promotes HIF-1α stabilization in hypoxic fibrob-

lasts. HIF-1α is a key modulator of VEGF expression.7
Therefore, as expected, under hypoxia (.1% O2), HIF-1α
CRISPR/Cas9 knock-out resulted in complete abrogation
of sVEGF levels demonstrating the strict requirement of
HIF-1α for VEGF expression in fibroblasts under low
oxygen levels (Figure 2A). Importantly, hypoxia-induced
secretion of VEGF was inhibited by AD-04 in HDFs and
WI-38 fibroblasts (Figure 2B) as well as in lung and colon
CAFs (Figure 2C). Since HIF-1α stability is regulated by
ubiquitination27 and USP7 is a deubiquitinating enzyme,
we investigated whether USP7 directly modulates HIF-
1α polyubiquitination. In HDFs cultured under hypoxia,
polyubiquitinated proteins were pulled down using Tan-
demUbiquitin Binding Entities (TUBEs, K48/K63 or K63).
AD-04 treatment increased K48 polyubiquitinated HIF-1α
accumulation (Figure 2D left panel) but not K63 polyu-
biquitinated species (Figure 2D right panel). Moreover,
the HIF-1α half-life was reduced by approximately 40%
in response to AD-04 (Figure 2E). These findings indi-
cate thatUSP7 inhibition increasesK48 polyubiquitination
of HIF-1α and consequently accelerates its proteasome-
mediated degradation.
USP7 regulates HIF-1α in a p53-dependent manner

and deubiquitinates UHRF1. To evaluate whether USP7-
mediated modulation of sVEGF in primary fibroblasts
involves its canonical target MDM2, AD-04 was bench-
marked against well characterized MDM2 antagonists. In
contrast toAD-04,MDM2antagonists (SAR405838) did not
affect sVEGF neither in activated fibroblasts nor cancer
cells (Figure S3A). Notably however, while MDM2 is not
involved, CRISPR/Cas9 knock-out of p53 resulted in com-
plete abrogation of sVEGF induction in HDFs co-cultured
with activated PBMCs (Figure 3A), suggesting that USP7
modulates VEGF expression in a p53-dependent manner
in fibroblasts. Moreover, as observed in cancer cells,24
inhibition of USP7 in fibroblasts leads to p53 stabiliza-
tion and increased expression of its canonical target, p21
(Figure 3B) and this may offer an additional anti-cancer
benefit. MDM2 levels are very low/undetectable at base-
line in fibroblasts, although they were induced in response
to Nutlin.
To further explore the USP7-dependent, MDM2-

independent mechanism of action in fibroblasts, we
performed a differential gene expression analysis in
cancer cells versus fibroblasts. Genes differentially regu-
lated in response to USP7 inhibition only in fibroblasts

were prioritized and overlapped with known USP7
binders. UHRF1 (Ubiquitin-like PHD and RING finger
domain-containing protein 1) is a critical regulator of the
epigenome28 and was the only differentially expressed
gene to be a known USP7 binder as well as previously
described as a VEGFmodulator29 (Figure 3C). UHRF1 was
therefore further investigated as a potential modulator of
VEGF in fibroblasts. Notably, a slower migrating UHRF1
species was selectively observed in HDFs treated with
AD-04 (Figure 3D); this suggested mono-ubiquitylation of
UHRF1 in response to USP7 inhibition. Moreover, when
immunoprecipitated UHRF1 proteins were probed with
an anti-ubiquitin antibody, a bandwas detected only in the
AD-04 treated group at the expected size for Ub-UHRF1
(Figure 3E). USP7 was also co-immunoprecipitated with
UHRF1 indicative of their presence in a co-complex
(Figure 3E). The slower migrating band was confirmed as
ubiquitylated UHRF1 when immunoprecipitated UHFR1
proteins were incubated with non-selective recombinant
catalytic domain of USP2 or USP21 post pull-down,
resulting in loss of the AD-04-induced slower migrating
band (Figure 3F). Finally, sVEGF was not detected in
supernatants from hypoxic HDFs in which UHRF1 was
knocked out (Figure 3G), demonstrating its direct role in
modulation of VEGF in HDFs.
To have a better understanding of USP7-mediated

VEGF modulation, a transcriptomic analysis was per-
formed in HDFs. Gene expression was monitored by
RNAseq in HDFs treated with AD-04 under both nor-
moxic and hypoxic conditions. A comparative pathway
analysis at baseline showed that the HIF-1α expression
network was the most significantly enriched pathway in
hypoxia-activated fibroblast samples (Figure 3H). Differ-
ential induction of VEGF mRNA in AD-04 versus control-
treated hypoxic fibroblasts was subsequently confirmed by
Q-PCR (Figure 3I). Altogether, these data demonstrate that
USP7 regulates VEGF expression in activated fibroblasts at
the transcriptional level by regulating the ubiquitination
status of HIF-1α and UHRF1.
USP7 promotes cell invasion and blood vessel forma-

tion in vitro. To understand the functional implications
of USP7-mediated modulation of VEGF in the TME, we
examined the effect of AD-04 on proliferation, migration
and invasion of the various cellular components of the
tumour using live cell time-lapse imaging. Firstly, AD-04
had no effect on cancer cell, fibroblast, or endothelial cell
proliferation (Figure S3B). Next, we examined the effect of
AD-04 treatment on migration of cells using the scratch
wound cellmigration assay. Again, USP7 inhibition did not
impact cell migration in either cancer cells, fibroblasts or
endothelial cells (Figure S3C). Finally, the impact of AD-
04 on the invasive capability of the cells was examined
in a scratch wound cell invasion assay. AD-04 showed no
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F IGURE 2 Inhibition of VEGF secretion from fibroblasts by USP7 is HIF-1 dependent. (A) HIF-1α CRISPR/Cas9 knock-out HDFs were
cultured under hypoxia and cell culture supernatants collected to measure secreted VEGF levels by ELISA. Knock-out efficiency was
confirmed by immuno-blot where Cas9, chromosome 12 safe region and LacZ knock-out were used as negative control. (B) HDFs and WI-38
fibroblasts cultured in hypoxia and treated with AD-04 at either .3 or 1 µm ent-AD-04 at 1 µm and secreted VEGF levels were measured by
ELISA in cell culture supernatants. (C) Primary patient-derived colon and lung CAF cells were cultured under hypoxia and treated with
AD-04 at either .3 or 1 µm ent-AD-04 at 1 µm and secreted VEGF levels were measured by ELISA in cell culture supernatants treated with
AD-04 in hypoxia. (D) Tandem Ubiquitin Binding Element (TUBE) pull-down assay was completed in HDFs under hypoxia using either
K48/K63 or K63 specific linkage Ubiquitin antibodies. Treatment with AD-04 demonstrates increased K48/K63-linked but not K63 HIF-1α
polyubiquitination in HDFs. (E) Cycloheximide AD-04 reduces HIF-1α half-life in HDFs. Data presented as mean ± S.E.M., *p < .05,
****p < .0001 (ANOVA), ns not significant.
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effect on cancer cell (CT-26) or endothelial cell (HUVEC)
invasion (Figure S3D). Activated fibroblast invasion was
significantly attenuated upon AD-04 treatment in HDFs
and WI-38 fibroblasts, but not by treatment with the anti-
VEGF antibody bevacizumab (Figure 4A). These findings
demonstrate the ability of AD-04 to specifically inhibit
the invasive capacity of activated fibroblasts, distinct from
anti-VEGF agents.
In addition to their primary role in the synthesis and

maintenance of the extracellular matrix (ECM), fibrob-
lasts have the capacity to alter themechanical extracellular
microenvironment and therefore regulate vascularization
processes.30 Fibroblast-derived VEGF can induce, support
and modulate endothelial cell sprouting and the expan-
sion of capillary-like networks (tubes) in vitro.31,32 The
effect of AD-04 on the capacity of HDFs to support the for-
mation of capillary-like structures was therefore assessed.
Fibroblast co-cultures with primary human endothelial
cells (HUVEC) were treated with AD-04 either immedi-
ately post-seeding or several days after seeding once tubes
had already formed (Figure 4B). After 14 days, co-culture
of HDFs and HUVECs resulted in the formation of vas-
cular tubes. Unlike bevacizumab, which only caused tube
‘normalization’, AD-04 led to concentration-dependent
inhibition of tube formation (Figure 4C, top panel). Inter-
estingly, when pre-formed capillary-like networks were
treated with AD-04, the effect on tube length was sig-
nificantly less pronounced (Figure 4C, bottom panel).
Taken together, these results indicate that USP7 inhibition
results in inhibition of de novo tube formation by sVEGF
modulation in fibroblasts.
USP7-dependent fibroblast-derived VEGF promotes

tumour cell growth and survival. To evaluate the role
of USP7 on cancer cell growth under conditions where
cancer cells are interacting with other TME components,
we assessed the response of 3D tumour spheroids com-
posed of cancer cells, fibroblasts and CD3/CD28-activated
immune cells to treatment with the USP7 inhibitor.

AD-04 significantly decreased the growth of spheroids
formed from HT-29 cells, primary HDFs and activated
PBMCs, while ent-AD-04 did not have any significant
effect (Figure 5A). Notably, AD-04 had no impact on the
growth of HT-29 spheroid monocultures. The same was
observed in spheroids formed from HT-29, primary colon
CAFs and activated PBMCs (Figure S4). To determine
the role of fibroblast-derived VEGF in mediating these
effects, VEGF expression in HDFs was targeted using
RNA interference (Figure 5B). Notably, depleting VEGF
in fibroblasts phenocopied the effects of USP7 inhibition
on spheroid growth in the tri-cultures, and there was no
additional effect of inhibiting USP7 in VEGF-depleted
fibroblast tri-cultures, demonstrating the key role of
fibroblast-secreted VEGF in determining the response of
tumour spheroids to USP7.
USP7 modulates in vivo TME by decreasing VEGF,

tumour vasculature and growth. In vitro data presented
above indicates that USP7 inhibition has a marked effect
on fibroblast-mediated angiogenesis and impacts tumour
spheroid growth, and only in the presence of fibrob-
lasts and activated immune cells. The full anti-tumour
effects of USP7 inhibition can therefore only be assessed
in an immune-competent setting in vivo, such as in a
syngeneic cancer model. Subsequently, we developed an
orally bioavailable, potent and specific USP7 inhibitor,
ADC-159 (Figure S5; Table S1–S3). ADC-159 was dosed
orally to CT-26-bearing mice for 14 days and was very well
tolerated (Figure S6A). Circulating serum VEGF levels
were decreased by 46% (p = .001) in the ADC-159-treated
group (Figure 6A), consistent with the modulation of
VEGF observed in vitro in response to USP7 inhibition.
Importantly, ADC-159 inhibited the formation of mature
blood vessels in the CT-26 tumours (Figure 6B) as mon-
itored by the disappearance of elongated endothelial cell
structures (detected by CD31 staining). Furthermore, the
co-localization of CD31 structures with NG2, the peri-
cyte marker of mature blood vessels was reduced by 89%

F IGURE 3 AD-04 modulates HIF-1α signaling pathway in hypoxia activated fibroblasts. (A) TP53 CRISPR/Cas9 knock-out HDF cells
were cultured under hypoxia and secreted VEGF levels were measured by ELISA in supernatants. TP53 knock-out efficiency was confirmed
by immuno-blot. (B) HDF cells were treated under hypoxia for 6 h with either 1 µm AD-04 or 1 µm Nutlin-3a. (C) Schematic representation of
genes differentially modulated by AD-04 in activated HDFs but not in p53-wild-type cancer cells. Of these 2212 genes, known USP7 interactors
were identified. (D) HDF cells were treated with either 1 µm AD-04, ent-AD-04 or Nutlin-3a for 6 h and immunoblotted for UHRF1. A band
correlating with 8 kDa increase in UHRF1 protein size correlated with ubiquitinylation was present in AD-04-treated HDFs but not in MDM2
antagonist (Nutlin)-treated cells. (E) Co-immunoprecipitation of UHRF1 and immunoblotting with UHRF1, USP7 and Ubiquitin in HDF
cells. HDFs were treated with under hypoxia for 3 h followed by 1 µm, AD-04, 10 µmMG-132 or DMSO. (F) Co-immunoprecipitation of
UHRF1 and immunoblotting with UHRF1 in HDF cells transfected with siRNA towards USP2 or USP21. HDF cells were treated with either
DMSO or 1 µm AD-04 for 4 h. (G) UHRF1 knock-out HDF cells cultured under hypoxia and secreted VEGF levels were measured by ELISA in
supernatants. UHRF1 knock-out efficiency was confirmed by immuno-blot. (H) Network pathway ranking for genes differentially regulated
by AD-04 in HDFs under normoxia versus hypoxia; AD-04 modulates the HIF-1αmRNA expression network (KEGG definition) in
hypoxia-activated fibroblasts. (I) HDF cells were treated with 300 nm AD-04 under hypoxia for 6 and 24 h, VEGF mRNA expression levels
were measured by RT-qPCR.
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8 of 21 JURISIC et al.

F IGURE 4 USP7 modulates cell migration and neovascularization. (A) Scratch wound invasion assays were used to analyze HDF and
WI-38 cells were with either DMSO, .3, or 1 µm of AD-04, 1 µm ent-AD-04 or .25 mg/mL of VEGF inhibitor bevacizumab for 6 days. (B)
Schematic representation of tubule formation experiment. (C) HDF and HUVEC co-cultures were treated with vehicle (DMSO) and indicated
concentrations of AD-04, ent-AD-04 or bevacizumab prior (top) or after (bottom) tube formation then analyzed for CD31 staining.
Representative pictures taken at day 14. Tubule formation was quantified by measuring tube length in microns (right). Data presented as
mean ± S.E.M., *p < .05, **p < .01, ***p < .001, ****p < .0001 (ANOVA), ns not significant.

(p= .002) in the ADC-159-treated group (Figure 6C). Unbi-
ased quantification of the number of mature blood vessel
within tumours (CD31+) demonstrated an 86% decrease
upon ADC-159 dosing (p = .0062, Figure 6D). Necrotic
areas inside the tumour were significantly increased in
the ADC-159 treated group (Figure S6B). VEGF has been
shown to impair leukocyte-endothelial interactions by
reducing the adhesion molecules, ICAM-1, VCAM-1, and
LFA-1, in angiogenic vessels and hampering the infiltra-
tion of T-effector cells into tumours.33,34 Notably, we found
that USP7 inhibition increased gene expression levels of
ICAM-1 (log2 fold changes = .85, padj = .017), VCAM-1
(log2 fold changes = .72, padj = 1.9 × 10−4), and ITGB-2
(log2 fold changes= 1.26, padj= 1.84× 10−4) in the tumour

(Figure S6C). ADC-159 treatment led to a 58% decrease in
CT-26 tumour area by histological evaluation (p = .044,
Figure 6E). USP7 inhibition in the CT-26 tumour model in
vivo was verified by monitoring USP7 target engagement
(Figure S6D) as well as by monitoring induction of the
well-characterized biomarker of p53 pathway activation,
GDF-1535 (Figure S6E).
USP7 inhibition promotes anti-tumour immunity

leading to synergy with immune-checkpoint-inhibitors,
improved tumour efficacy and significant gains in sur-
vival benefit. As well as its role in promoting tumour
neoangiogenesis, VEGF is also known to play a role
in tumour-induced immunosuppression, including
inhibiting T-cell recruitment.36 It was therefore notable
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F IGURE 5 USP7-dependent fibroblast-derived VEGF promotes tumour cell growth and survival in co-cultures of tumour spheroids. (A)
Spheroid growth was measured over 6 days from co-culture of HT-29 cells, HDFs and PBMCs (top left), HT-29 cells and HDFs (middle) or
HT-29 cells alone (top right) treated with 1 µm of either AD-04 or ent-AD-04. (B) Spheroid growth was measured from HT-29 cells, PBMCs,
and siVEGF knock-down treated HDF cells treated with either 1 µm of AD-04 or ent-AD-04 for 6 days; knock-down efficiency of siVEGF
HDFs was measured by secreted VEGF ELISA (right panel). Data presented as mean ± S.E.M., *p < .05, **p < .01, ***p < .001, ****p < .0001
(ANOVA), ns not significant.

that ADC-159 treatment caused a 3.16-fold increase in
CD8-positive T-lymphocytes per square millimetre of
CT-26 tumour as assessed by quantitative IHC (p = .0058,
Figure 7A,B) and confirmed by flow cytometry (1.92-fold
increase, p = .0011, Figure 7C). Anti-PD-L1 treatment
alone did not significantly increase the infiltration of
CD8-positive T-lymphocytes into CT-26 tumours, nor
did it further enhance the increase observed in response
to ADC-159 (Figure 7C). Importantly, no significant
effects were observed on CD4-positive T-helper cells or
FOXP3-positive regulatory T-cells (Figure S7A,B). Inter-
estingly, we observed a 2.63-fold increase in PD-L1 protein
levels in ADC-159-treated tumours compared to vehicle
as measured by flow-cytometry (p < .0001, Figure 7D)
and IHC H-scores (16%, p = .03, Figure S7C,D). When
assessed by Q-PCR, we also observed a 4.56-fold increase
in CTLA-4 levels compared to vehicle treated tumours.
As a measurement of anti-tumour immune responses

we investigated IFNγ levels. At the time-point used (13
days), only a minimal impact was observed on tumour
levels of IFNγ following treatment with ADC-159 alone.
However, we observed a synergistic increase in serum
IFNγ in the combination group (Figure 7F) consistent
with the presence of cytotoxic anti-tumour T-cells in these
allografted CT-26 tumours. No changes were detected in
other pro-inflammatory cytokines such as IL-2, which
supports our early BioMAP results.
Considering these results, we went on to evaluate the

functional impact of USP7 inhibition on immune check-
point response in vivo in a series of CT-26 tumour models.
ADC-159was combinedwith anti-PD-L1, anti-PD-1 or anti-
CTLA-4 antibodies and used to treat immune-competent
mice bearing CT-26 allograft tumours. Importantly, com-
bination of ADC-159 with each of all three ICIs produced
strong anti-tumour efficacy, including durable tumour
regressions and tumour responses, compared to the single
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10 of 21 JURISIC et al.

F IGURE 6 Modulation of serum VEGF and neovascularization in vivo in CT-26 tumours in response to USP7 inhibition. (A) ADC-159
modulated circulating VEGF levels in vivo. Serum samples from CT-26 tumour-bearing mice were collected after 14 daily doses and
circulating serum VEGF levels measured by ELISA (n = 10 mice/group). Data presented as mean ± S.E.M., **p < .01 (ANOVA). (B) ADC-159
prevented tumour vessel maturation. CT-26 tumour FFPE blocks (n = 4/group) were prepared after 14 days of ADC-159 treatment and
co-stained with CD31 (green), NG2 (red), and DAPI (blue) showing distinct changes in CD31+ vessels (green) and NG2 pericytes (red);
magnification = ×10 (NPD.view2), scale bar = 50 microns. Quantitative immunofluorescence was performed to assess these changes: (C)
pericyte coverage (colocalization of CD31 and NG2), and (D) elongated vessels (CD31+); ROI = region of interest. (E) Viable tumour areas
were also quantified histologically.

agent treatments (Figure 8). This was reflected in signifi-
cantly increased survival benefit using humane surrogate
endpoints for each of the combination arms (Figure 8, right
hand panels).

3 DISCUSSION

We have demonstrated that the inhibition of USP7
in the fibroblast compartment of the TME leads to
a significant decrease in VEGF secreted by activated
fibroblasts. This effect is specific to activated fibrob-
lasts and not cancer cells, PBMCs, or endothelial cells.
Non-activated fibroblasts do not secrete VEGF, indi-
cating that USP7 inhibition is unlikely to affect resting
fibroblast physiology. Fibroblast activation can occur
following stimulation with various factors including
FGF-2, TGF-β, hypoxia, or interaction with immune cells.
Regardless of the method of stimulation, treatment with
USP7 inhibitor led to a significant decrease in VEGF
secretion from activated fibroblasts and cancer-associated
fibroblasts.

VEGF is a key mediator of the immunosuppressive
microenvironment.37 By modulating VEGF secretion from
activated fibroblasts in the TME, USP7 impacts several
key aspects of the TME: neovascularization, immune cell
recruitment, invasion, and extracellular matrix remod-
elling. Fibroblasts are essential for neovascularization,38
and our results demonstrate that following USP7 inhibi-
tion, the ability of fibroblasts to support neovascularization
is significantly impaired in vitro and in vivo. In fact,
the functional importance of VEGF in tumour angio-
genesis and immunosuppression reinforced the rationale
for the development of VEGF/VEGFR targeting agents.39
Although VEGF therapies deliver favourable outcomes
in some patients, improvements in progression-free sur-
vival and quality of life can be brief leading to modest
improvements in overall survival in most patients.39–41
This can be due to several escape/resistance mechanisms
that allow tumours and immune cells to adapt to the loss
of tumour vessels by either re-establishing growth through
neovascularization or by altering their growth behaviour
without revascularization.42–44 For example, beyond neo-
vascularization, VEGF can reduce T-cell infiltration into
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F IGURE 7 USP7 inhibition by ADC-159 modulates the immune tumour microenvironment in CT-26 tumours. Treatment with ADC-159
increased (A) recruitment of CD8-positive lymphocytes in engrafted CT-26 tumours (n = 5 satellite mice/group) after 13 days of dosing as
assessed by immunohistochemistry (IHC; ×10 magnification (NDP.view2), scale bar = 250 microns) and (B) quantitative IHC (data (n = 5)
presented as mean ± S.E.M., **p < .01, ****p < .0001, unpaired t-test) and (C) flow cytometry (data (n = 5) presented as mean ± S.E.M.,
**p < .01, one-way ANOVA with Dunnett’s multiple comparison test); and increased (D) PD-L1 expression in CT-26 tumours as measured by
flow cytometry (data (n = 5) presented as mean ± S.E.M., ****p < .0001, unpaired t-test), and increased (E) circulating serum IFNγ levels
when measured by ELISA, but only when dosed in combination with anti-PD-L1 (data presented as mean ± S.E.M., n = 14 mice/group,
****p < .0001, one-way ANOVA Brown-Forsythe).

tumours and influences the regulatory function of sys-
temic immune cells, thereby reducing the anti-tumour
immune response. Furthermore, VEGF can cause cluster-
ing defects on the surface of endothelial cells by inhibiting
lymphocyte adhesion to activated endothelial cells, and
the subsequent trafficking of infiltrating T-cells across the
endothelia into the tumour.45,46
Functionally, USP7 inhibition in the CT-26 syngeneic

mouse model led to increased recruitment of CD8+ lym-
phocytes to the tumour but did not affect CD4+ or
regulatory T-cells. “Immune desert” type tumourmicroen-
vironments are increasingly recognised as a major reason
for lack of efficacy/resistance to ICIs or other immune-
targeted therapies and are linked to poor outcomes for
patients inmultiple cancers.47 Our data provide a rationale
for combining USP7 inhibitors with ICIs in patients with
immune desert TMEs. A small number of studies have pre-
viously linkedUSP7 tomodulation of the TME, specifically

to modulation of regulatory T-cells.48–50 However, first-
generation USP7 inhibitors were used in these studies and
the irreversible nature of their mode of action, undefined
selectivity, and non-optimized physicochemical properties
makes it difficult to interpret the results obtained with
these early pharmacological tools.51,52 In our hands, ADC-
159, which is a second-generation, potent, selective, and
reversible USP7 inhibitor, does not significantly modulate
the level of regulatory T-cells in vivo, whilst significantly
enhancing the recruitment of CD8+ lymphocytes.
Mechanistically, USP7 inhibition results in mod-

ulation of HIF-1α polyubiquitination specifically in
fibroblasts, accelerating its already fast turnover via
proteasomal degradation in the TME. Previous findings
in cancer cells have indicated that hypoxia-induced K63-
polyubiquitinated USP7 deubiquitinates HIF-1α causing
CBP-mediated H3K56 acetylation on the gene promoter of
HIF-1α to advance epithelial-to-mesenchymal transition
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12 of 21 JURISIC et al.

F IGURE 8 USP7 inhibition promotes anti-tumour immunity leading to synergy with immune checkpoint inhibitors. Individual tumour
response curves of CT-26 allograft tumours (n = 10 mice mice/group) treated with single agent ADC-159 and a series of immune checkpoint
inhibitors, alone and in combination, leading to survival benefit. (A) CT-26 tumours treated with vehicle (black lines), ADC-159 alone (red
lines), mouse anti-PD-L1 alone (dark blue lines), or ADC-159 in combination with anti-PD-L1 (purple lines); Kaplan-Meier Survival analysis
of preceding treatment groups. (B) The same CT-26 allograft study treated with vehicle (black lines), ADC-159 alone (red lines) [included for
side-by-side comparison], anti-CTLA-4 alone (green lines), or ADC-159 in combination with anti-CTLA-4 (brown lines); Kaplan-Meier
Survival analysis of preceding treatment groups. (C) An independent CT-26 allograft study treated with vehicle (black lines), ADC-159 alone
(red lines), mouse anti-PD-1 alone (pale blue lines), or ADC-159 in combination with anti-PD-1 (pink lines); Kaplan-Meier Survival analysis of
preceding treatment groups. In all experiments, ADC-159 was dosed once daily p.o. at 75 mg/kg and ICI agents were dosed i.p. at 10 mg/kg
twice weekly (panels A and B) or every four days (Q4D; panel C) for the duration of the experiment. CR = complete responder (tumour
volume = 0 for three consecutive measurements or 10 days; also classed as a tumour-free survivor if tumour volume = 0 at study end).
Kaplan-Meier Survival curves showing improved survival benefit of ICI agents when dosed in combination with the USP7 inhibitor, ADC-159.
Survival proportions were calculated from surrogate humane tumour volume endpoints; mice surviving to study end where censored. Dotted
line indicates the 50% survival fraction. Levels of statistical significance (log-rank test), * p < .05, **p < .01, ***p < .001, ****p < .0001, ns not
significant, n = 10 mice/group.

and metastasis.53 Genetic and biochemical validation
in cancer cells54,55 have indicated that USP7 deubiquiti-
nates and stabilizes the E3 ligase, MDM2. Surprisingly,
MDM2 antagonists did not modulate VEGF expression
in fibroblasts, suggesting a difference in the USP7 mode
of action between cancer cells and fibroblasts. Our study
demonstrates, for the first time, a critical requirement for
the MDM2 target, p53, in modulating VEGF expression in
fibroblasts. p53 has been reported to interact directly with
HIF-1α, thereby modulating VEGF expression. However,
reports are conflicting,56–60 and no previous study has
examined the role played by USP7 in modulation of VEGF
expression in human fibroblasts.
In addition to HIF-1α and p53, we found that the

UHRF1 E3 ligase is part of the USP7-mediated regulation
of VEGF in fibroblasts. UHRF1 is a key epigenetic reg-
ulator and recruits DNA methyltransferase 1 (DNMT1)
to methylated DNA.61 USP7 is a well-characterized regu-
lator of polycomb repressor complex 1 (PRC1), a critical
epigenetic regulator.62 It has been reported that USP7
binds to UHRF1, promoting its deubiquitination thereby
increasing its stability and chromatin binding.63 We

found that USP7 inhibition resulted in the generation
of a mono-ubiquitylated form of UHRF1 in hypoxic
fibroblasts and that UHRF1 was absolutely required for
VEGF production in hypoxic fibroblasts. Previous studies
have linked DNMT1 and UHRF1 to the modulation of
VEGF signalling, but only in cancer cells. Overall, these
results suggest that USP7-dependent, UHRF1-mediated
epigenetic regulation of the VEGFA locus is necessary to
enable efficient recruitment of HIF-1α and p53 to drive
transcription in hypoxic fibroblasts.
In summary (Figure 9), we have identified a novel, ther-

apeutically relevant mode of action of USP7 in modulating
and reprograming the TME by directly impacting VEGF
in fibroblasts. USP7-mediated reprograming of the TME is
not linked to its previously characterized role in modulat-
ing MDM2 but does require p53 and UHRF1 in addition to
HIF-1α. This represents a function of USP7 that is unique
to primary or cancer-associated fibroblasts, and which is
not observed in cancer cells or other cells present in the
TME. Given the potential for USP7 inhibitors to trans-
form “immune desert” tumours into “immune responsive”
tumours, this paves theway for a novel therapeutic strategy
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F IGURE 9 Conceptualization—Pharmacological inhibition of USP7 delivers multi-modal effects on the tumour microenvironment
which translates into benefit in combination with immunotherapies. (1) The oral USP7 inhibitor, ADC-159, reduces sVEGF from CAFs and
impacts tumour vasculature. (2) USP7 inhibition affects HIF-1α transcriptional modulation, tumour hypoxia and remodelling of the tumour
microenvironment creating a permissive immune micro-climate for infiltrating lymphocytes—turning immunologically ‘cold’ tumours, ‘hot’.
(3) In preclinical models, combination treatment of ADC-159 with immunotherapy agents delivers improved anti-tumour efficacy and
survival.

combining USP7 inhibitors with ICIs. As such, we propose
USP7 inhibitors as a new class of small molecule immune
modulators specifically targeting cancer-associated fibrob-
lasts with therapeutic potential in solid tumours that are
unresponsive to existing immune oncology treatments.

4 MATERIALS ANDMETHODS

4.1 Materials and reagents

The MDM2 antagonists Nutlin-3a (Tocris; #3984),
SAR405838 (MedchemExpress; MI-773, #HY-17493) and
RG7112 (MedchemExpress; #HY-10959), bevacizumab
(Genentech; CAS, 216974-75-3), pembrolizumab (Merck,
Kenilworth, NJ, USA), anti-mouse PD-L1 (10F9G2, BioX-
cell, USA), anti-mouse CTLA-4 (9D9, BioXcell, USA),
and anti-mouse PD-1 (RMP1-14, BioXcell, USA) were
purchased from commercial suppliers as indicated and
used with no further purification. AD-04 and ent-AD-04
were synthesized according to O’Dowd et al.23 ADC-159
was synthesized according to the procedure outlined in
the Supporting Information.

4.2 Cells and culture conditions

All primary cells and cell lines were obtained from the
American Type Culture Collection (ATCC), authenticated
by STR profiling (Promega) and shown to be mycoplasma-
free using theMycoAlertmycoplasma detection (LT07-318;
Lonza). For growth, cells were maintained at 37◦C in a
humidified atmosphere with 5% CO2. HT-29 (colorectal)
cells were cultured in McCoy’s medium 5A supplemented
with 10% (v/v) FBS, 1% (v/v) penicillin–streptomycin, 1%
(v/v) L-glutamine. LNCaP (prostate) cells were cultured
in RPMI supplemented with 15% (v/v) FBS, 1% (v/v)
penicillin-streptomycin, 1% (v/v) l-glutamine. H1299
(lung), and CT-26.WT (mouse colon carcinoma) cells were
cultured in RPMI supplemented with 10% (v/v) FBS and
1% (v/v) penicillin-streptomycin. MCF7 (breast cancer;
WT p53) cells were cultured in Eagle’s Minimum Essential
Medium supplemented with 10% (v/v) FBS, .01 mg/mL
human recombinant insulin and 1% (v/v) penicillin-
streptomycin. HDF were cultured in fibroblasts basal
media supplemented with Fibroblast Growth Kit–Low
Serum (final concentration for each component was
as follows: l-glutamine 7.5 mM; rhFGF basic 5 ng/mL;
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rhInsulin 5 µg/mL; Hydrocortisone 1 µg/mL; Ascorbic
acid 50 µg/mL; FBS 2%). WI-38 were cultured in Eagle’s
Minimum Essential Medium supplemented with 10%
(v/v) FBS. In order to acquire myofibroblast phenotype,
WI-38 and HDFs were co-cultured with anti-CD3/anti-
CD28 stimulated PBMCs or were stimulated by FGF-2 or
TGF-β. HUVEC were cultured on flasks coated with .2%
gelatine in vascular cell basal media supplemented with
Endothelial Cell Growth Kit-BBE (final concentration
for each component is as follows: Bovine brain extract
(BBE) .2%; rhEGF 5 ng/mL; l-glutamine 10 mm; Heparin
sulphate .75 Units/mL; Hydrocortisone 1 µg/mL; Ascorbic
acid 50 µg/mL, and 2% FBS: 2%). Medium and supple-
ments were purchased from Life Technologies and ATCC
except where indicated. Frozen primary human PBMCs
were purchased from Cambridge Biosciences and BioIVT.
Cancer associated fibroblasts (CAFs, colon cancer CAF05
and lung cancer CAF07-AD) were purchased from Vitro
Biopharma. CAFs were maintained and expanded in Vit-
roPlusIII low serum, complete medium (Vitro Biopharma,
Cat. No. PC00B1).

4.3 Target engagement assay

HT-29 and HDF cells were treated with vehicle (DMSO)
or USP7 inhibitors for 2 h. HDF were placed in hypoxic
chamber while other cells remained in normoxia. Follow-
ing incubation, cells were washed extensively thrice with
1× PBS and harvested in TE lysis buffer containing 50 mm
Tris–HCl (pH 7.4), 150 mm NaCl, 5 mm MgCl2, .5 mm
EDTA, .5% NP40, 10% glycerol, 2 mm DTT, and clarified
cell lysates (30 µg) incubated with Ub-PA (8 µg/mL final
concentration; UbiQ-057 from UbiQ) in assay buffer con-
taining 50 mm Tris–HCl (pH 7.6), 5 mm MgCl2, 250 mm
sucrose, .5 mm EDTA, and 2 mm DTT for 30 min. The
reaction was terminated by the addition of LDS sample
buffer (Life Technologies) and heated to 95◦C. Samples
were then analyzed by western blotting using the anti-
USP7 antibody (#4833; 1:1000 dilution). EC50 values were
determined upon densitometry analysis. Band intensities
were quantified using ImageJ software where the upper
bands (USP7-Ub) and lower bands (USP7) were calculated
as a percentage of the corresponding DMSO controls
(±Ub-PA) and values were then normalized to the sum
of the lower and upper bands for each concentration. The
same procedure was followed for ex vivo tumour samples.

4.4 Cell proliferation assays

Cells were seeded in 96-well plates at a density of 3000
cells/well. Cell proliferation was monitored with IncuCyte

live cell analysis imaging system (Sartorius). Data are
presented as mean ± S.E.M. (n ≥ 3).

4.5 In vitro co-culture tube formation
assay and immunostaining

HDFs were seeded in 96-well plates to form a monolayer
followed by addition of HUVECs. To assay the effect on
new vessel formation, cultures were treated with AD-04
(10 nm–1 µm), ent-AD-04, DMSO or bevacizumab 24 h
post-seeding. The effect on existing vessels was assayed
by allowing tubes to form prior to treatment. Cells were
treated every 3 days during 14 days of incubation, followed
by washing with PBS and fixation with 4% formaldehyde
for 15 min at room temperature (RT). Cells were permeabi-
lized with 1× PBS containing .1% Triton X-100 for 5 min at
RT and blocked 30 min in 1% BSA/PBS. Afterwards, cells
were incubated with primary CD31 antibody (MA5-13188;
1:50 dilution) followed by incubation with secondary
Alexa fluor 488F (A28175; 1:2000). Immunolabelled sam-
ples were counterstained with Hoechst 33342 nuclear
dye (#62249, Thermo Fisher; 1:1000 dilution). Tubes
were visualized with INCell Analyzer 2000 using a 2X
magnification objective. Tube length was measured and
quantified using the AngioTool software for each imaging
session (available in the public domain at https://ccrod.
cancer.gov/confluence/display/ROB2/Downloads).

4.6 Ubiquitination assays

HDFs were incubated under hypoxic condition for 3 h
followed by 1 h treatment with a proteasome inhibitor,
MG132 at 10 µm, AD-04 at 1 µm, or DMSO. Cells were lysed
in a buffer containing 50 mm Tris-HCl (pH 7.5), 150 mm
NaCl, 1 mm EDTA, 1% NP-40, 10% Glycerol, 50 mm NaF,
5 mm sodium pyrophosphate, 10 mm glycerol phosphate,
1 mm sodium orthovanadate, protease (PhosSTOP, Roche),
and phosphatase inhibitor cocktail tablet (complete Mini,
Roche), 50 µm PR-619 (SML0430; Sigma), 10 mm N-ethyl
maleimide (E3876; Sigma), and 25 µm MG-132 (SML1135;
Sigma). Lysates were pre-cleared by centrifugation at 4◦C
for 15 min at 16 000×g and protein concentration deter-
mined using BCAprotein kit assay (#23227; ThermoFisher
Scientific). 20 µL of samples was taken as input. Pre-
cleared supernatant containing .5 mg of total protein was
added to 20 µL equilibrated Agarose-TUBE 1 or TUBE 2
(UM401 or UM402; Life Sensors) beads and incubated for
2 h at 4◦C on a rocker platform. Beads were collected by
low-speed centrifugation (1000–5000 × g, 4◦C) for 5 min
and washed twice with 1 mL TBS-T (20 mm Tris-HCl, pH
8.0, .15 m NaCl, .1% Tween-20). Finally, beads were resus-
pended in 30 µL of LDS sample buffer (Life Technologies)
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and boiled for 10 min at 95◦C. Samples were subjected
to Immuno-blot analysis by using anti-HIF-1α antibody
(#14179; 1:500 dilution).

4.7 In vitro deubiquitination assay with
USP2 and USP21 catalytic domain

HDF cells were treated with AD-04 and Nutlin-3a for 4 h
followed by lysis in RIPA buffer (10 mm Tris, pH 7.5,
100mmNaCl, 1%NP-40, .1% SDS, 1% sodiumdeoxycholate,
and 50 mm NaF) supplemented with protease and phos-
phatase inhibitors, and 10 mm N-ethylmaleimide (NEM).
Cell lysates were cleared by centrifugation, equal amounts
for each condition were incubated with prewashed pro-
tein G agarose and anti-UHRF1 antibody (MABE308;
1:250 dilution) for 2 h at 4◦C. Beads were washed three
times with RIPA buffer, twice with deubiquitination assay
buffer (50 mm HEPES pH 7.3, .5 mm EDTA) and finally
resuspended in 250 mL of deubiquitination assay buffer
with 2 mm DTT. Samples with or without USP2 cat-
alytic domain (100 nm; R&D, E-504-050) or USP21 catalytic
domain (100 nm; R&D, E-622-050) were incubated in
a thermoshaker for 8 h (37◦C, 1000 rpm). Beads were
then washed twice with 10 mm Tris pH 7.5, proteins
eluted with SDS sample buffer and samples analyzed
by immunoblotting with anti-UHRF1 antibody (#12387;
1:1000 dilution).

4.8 Cycloheximide chase assay

HDF cells were incubated for 3 h in hypoxic condi-
tions followed by treatment with AD-04 ± cycloheximide
(100 µg/mL) to block nascent protein synthesis. Cells were
harvested and lysed in Laemmli sample buffer (S3401;
Sigma) at different time points and subjected to west-
ern blot analysis using anti-HIF-1α antibody (#14179; 1:500
dilution) and β-actin (#A5316; 1:2000 dilution) as a loading
control.

4.9 Western blotting

Samples were run on a NuPAGE 4–12% bis-tris or tris-
acetate protein gel (ThermoFisher) and transferred to a
nitrocellulose membrane, which was blocked and incu-
bated overnight with primary antibody at 4◦C, washed
with TBS-T, incubated with secondary antibody followed
by washing with TBS-T and imaged using an Odyssey
CLx (Li-Cor). Western blotting analyses were carried out
using primary antibodies purchased from Cell Signaling
Technology; anti-USP7 (#4833; 1:1000 dilution), anti-HIF-
1α antibody (#14179; 1:500 dilution), anti-Vinculin (#13901;

1:2000 dilution), anti-β-actin (#8457; 1:2000 dilution), anti-
p21 (#2947, 1:1000 dilution), Sigma; anti-β-actin (#A5316;
1:2000), Santa Cruz; anti-p53 (sc-126; 1/500 dilution), Mil-
lipore; anti-MDM2 (#OP46; 1:200 dilution). Secondary
antibodies were used at 1:5000 dilution and purchased
from LiCOR Biosciences. Specific antibodies used are as
follows: IRDye 800CW Goat anti Mouse IgG (925-32210),
IRDye 680LT Goat anti Mouse IgG (925-68020), IRDye
800CWGoat anti Rabbit IgG (925-32211), and IRDye 680LT
Goat anti Rabbit IgG (925-68021).

4.10 Co-immunoprecipitation assays

HDFs were treated with a proteasome inhibitor, MG132,
AD-04, or DMSO and incubated in hypoxia for 4 h. Cells
were lysed as described above. 20 µL of samples was
taken as input. Pre-cleared supernatant containing .5 mg
of total protein was added to 50 µL of Dynabeads Protein A
(10002D; ThermoFisher Scientific) coupled to anti-UHRF1
antibody (MABE308; 1:250 dilution) or anti-USP7 anti-
body (#4833; 1:50 dilution) and incubated with rotation
for 10 min at room temperature. Beads were collected by
placing tubes onmagnet andwashed three timeswith TBS-
T. Afterwards, beads were resuspended in 30 µL of LDS
sample buffer (Life Technologies) and boiled for 10 min
at 95◦C. Samples were subjected to Western blot analy-
sis by using anti-ubiquitin antibody (BML-PW8810; 1:500
dilution), anti-USP7 antibody (#4833; 1:1000 dilution), or
anti-UHRF1 antibody (#12387; 1:1000 dilution).

4.11 Detection of VEGF using
enzyme-linked immunosorbent assay

For the co-culture experiments, 5×104 cancer cells were
seeded in transwells in .5 mL complete growth medium
and placed on the top of 1 ×104 fibroblasts plated in 12-well
in 1 mL low serum growth media overnight. Next day,
cancer cells were washed with PBS and media replaced
with reduced (1%) serum growth media. 5×105 PBMCs
were plated on top of fibroblasts, incubated for 45 min
and activated with CD3 (BD Bioscience; Clone HIT3a,
1 µg/mL final concentration) and CD28 (BD Bioscience;
clone CD28.2, 5 µg/mL final concentration). Afterwards,
co-cultures were treated with vehicle (DMSO), AD-04,
and ent-AD-04 for 48 h at 37◦C in 5% CO2. Monoculture
experiments, 1×104 cells were seeded in 12-well in 1 mL
of complete growth media (cancer cells) or low serum
growth media (fibroblasts) and incubated overnight.
Next day, cancer cells were washed with PBS and media
replaced with reduced (1%) serum growth media followed
by treatment with vehicle (DMSO), AD-04, ent-AD-04,
MDM-2 antagonists nutlin-3a (#3984; Tocris), SAR405838
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(#HY-17493, MI-773; MedchemExpress), and RG7112
(#HY-10959; MedchemExpress) for 48 h at 37◦C in 5% CO2
in normoxia or hypoxia. Afterwards, cell culture media
was collected, cell debris were removed by centrifugation,
and the concentration of VEGF in the cell culture super-
natants was measured using the human/mouse VEGF
immunoassay Quantikine ELISA kit (R&D systems,
Minneapolis, MN, USA) according to the manufacturer’s
instructions. For the intracellular VEGF detection, total
protein concentration was determined by BCA protein kit
assay (#23227; Thermo Fisher Scientific) and VEGF levels
determined using the same kit described above.

4.12 BioMAP phenotypic screen

BioMAP primary human cell systems (Diversity plus;
Eurofins, USA) were screened. These studies follow the
guidelines for human subject research under HHS human
subject regulations (45 CFR Part 46) for the United
States. Human neonatal foreskin fibroblasts (HDFs) from
three donors were pooled and cultured according to
the supplier’s (Lonza, Inc., Allendale, NJ) recommenda-
tion. Peripheral blood mononuclear cells (PBMCs) were
prepared from buffy coats from healthy human donors
according to standard methods. Autoimmune HDFSAg
system consisted of primary human dermal fibroblasts
(HDFs) was co-cultured with PBMCs stimulated with
Superantigens (SAg) to model chronic T-cell activation
and inflammation. Stromal oncology colorectal cancer and
non-small cell lung cancer (NSCLC) panels were com-
posed of cancer cells (HT-29 or H1299), HDFs and PBMCs
stimulated with SAg. This model captured the interac-
tions between tumour cells, stimulated immune cells and
the host stromal network. Co-cultures were activated with
SAg, (20 ng/mL) and treated with vehicle and AD-04 at
the concentration of 10, 3.3, 1.1, and .37 µm for 48 h.
Biomarkers were measured in co-culture supernatants by
ELISA: MCP-1, VCAM-1, Collagen I, IP-10, MMP-1, sIL-
10, sIL-17A, sIL-17F, sIL-2, sIL-6, SRB, sTGFβ, sTNFα,
sVEGF, IL-8, MIG, MCSF, uPAR, Col-III, IP-10, EGFR,
HGF, Pal-1, PBMC Cytotoxicity, tPA, uPA, sGranzymeB,
sPGE2, sIFg, Sil-13, sMDC, Collagen III, MMP-9, TIMP-2,
CEACAM5, andKeratin 20. Biomarker levels are presented
as log-transformed ratios (log10 𝐴𝐷−04

Vehicle control
).

4.13 CRISPR/Cas9 RNPs knock-out

USP7 specific crRNA and the non-specific tracrRNA (both
Integrated DNA Technologies-IDT, Coralville, IA, USA)
were mixed in equimolar concentrations in a microcen-
trifuge tube to form tracrRNA:crRNA duplex (guide RNA).
Samples were heated at 95◦C for 5 min and allowed to

TABLE 1 CRISPR sgRNAs.

Target
gene

Guide
no. sgRNA sequence (5′−3′)

USP7 1 GTGTACATGATGCCAACCGA
USP7 2 CTACGTCGGCTTAAAGAATC
USP7 3 TGATGGACACAACACCGCGG
HIF1A 1 ACTAAAGGACAAGTCACCAC
HIF1A 2 ACTTTGTCTAGTGCTTCCAT
TP53 1 ATGTGTAACAGTTCCTGCAT
TP53 2 TCCACTCGGATAAGATGCTG
TP53 3 CACTTTTCGACATAGTGTGG
LacZ 1 GAAGTGTTGCCATTCAATTC
Chr12 safe
region

1 GCTGGTGGTCAGATGCGGGA

cool-down at RT. To form a ribonucleoprotein (RNP) com-
plex of recombinant Cas9 coupled to the guide RNA, Cas9
enzyme (IDT, 21 µm final concentration) was added to the
tracRNA:crRNA duplex. RNP complex was incubated at
RT for 20 min. Prior to electroporation, HDFs were har-
vested by trypsinization and washed with PBS. Pellets con-
taining 5×105 cells were mixed with 94 µL of Nucleofector
solution (AmaxaHumanDermal FibroblastsNucleofector,
Lonza), 5 µL of the correct RNP or 2 µg total pmaxGFP
and 1 µL of Alt-R Cas9 Electroporation Enhancer (IDT,
final concentration 1 µm) were added to each tube, mixed
and transferred to electroporation cuvette. Subsequently,
the cells were nucleofected by using the U-020 program
from the nucleofection device (Nucleofector IIb Device,
Lonza) and 500 µL of pre-warmed culture medium was
immediately added to the cells. Cells were grown for 9
days allowing the phenotype to develop. Cells were subse-
quently harvested and lysed in radioimmunoprecipitation
(RIPA) buffer containing 50mmTris–HCl (pH 7.6), 150mm
NaCl, 1 mm EDTA, 1.0% NP40, .25% Na-deoxycholate, and
supplemented with a phosphatase (PhosSTOP, Roche),
protease inhibitor cocktail tablet (complete Mini, Roche),
10 mm N-ethyl maleimide (#692905; Sigma) and 25 µM
MG-132 (SML1135; Sigma). 30 µg of protein was used for
western blot analysis. .1×105 cells were plated in 12-well in
1 mL low serum growth media under hypoxic conditions
for 48 h and VEGF levels were determined in cell culture
supernatants using the VEGF immunoassay Quantikine
ELISA kit (R&D systems,Minneapolis,MN,USA). The full
list of sgRNAs used is detailed in Table 1

4.14 Migration and invasion assays

96-well ImageLock plates (Sartorius) were coated
with .1 mg/mL growth factor reduced Matrigel (#356230;
Life Sciences) and incubated for 1 h at 37◦C. Cells
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were seeded a density of 10 000–40 000 cells/well in
100 µL/well and incubated overnight. Next day, wounds
were simultaneously created in all wells using the
IncuCyte WoundMaker (Sartorius). After wounding,
media was aspirated from each well and cells were washed
twice with PBS. For invasion cells were overlayed with
50 µL of the Matrigel top layer at 3 mg/mL and incubated
for 30 min at 37◦C. Afterwards, 100 µL of culture media
containing vehicle (DMSO), AD-04, ent-AD-04 and beva-
cizumab was added to each well. Cell plates were placed
into the IncuCyte live-cell analysis system (Sartorius) and
each well imaged using 10× objective every 2 h for the
total of 5 days. Images were analyzed using IncuCyte Cell
Migration and Invasion software (Sartorius) and results
presented as percentage of wound confluence.

4.15 CT-26 in vivo syngeneic tumour
model

CT-26 mouse colorectal cancer cells were grown in RPMI
supplemented with 10% foetal bovine serum at 37◦C in
an atmosphere of 5% CO2 in air and were mycoplasma-
free. Cells in exponential growth phase were harvested
for implantation into female BALB/c mice, approximately
6−8 weeks old at initiation of the experimental phase.
Each mouse was injected subcutaneously in the right rear
flank with 5×105 viable CT-26 tumour cells in .1 mL of
PBS. Mice were palpated and weighed twice per week
until tumours were measurable with electronic callipers.
Tumour volume (mm3) was then estimated three times a
week using the equation: Tumour volume (TV)= .5((W)2 ×
L), where W is the shortest tumour diameter (width)
and L is the longest perpendicular diameter (length), in
millimetres. Body weights were measured on the same
days, and daily during the dosing phase. When the mean
tumour volume of the implanted cohort reached approxi-
mately 75 mm,3 fit and healthy mice were randomized to
treatment groups (n= 10/group) using a stratified random-
ization approach so that there was no statistical difference
(ANOVA Brown-Forsythe) between the group tumour vol-
umes (StudyDirector software version 3.1.399.19, StudyLog
Systems Inc., South San Francisco, USA). Group sizes
were prospectively estimated using an in-house Power Cal-
culator (Microsoft Excel with macro functionality) and
historical tumour volume data from 5 independent CT-
26 in vivo growth curves using unlogged paired data and
the following powering criteria: 80% power (2-sided), 95%
probability, and a predicted effect size of 50%. An addi-
tional animal was assigned to the estimated group size
to allow for technical issues without losing statistical
power. The day of randomization/group assignment was
denoted as Day 0 and dosing commenced the following

day. Dosing and tumour/body weight measurements were
conducted in a laminar flow cabinet and clinical obser-
vations were carried out at least once daily. All in vivo
study data was collected in StudyDirector software version
3.1.399.19 (StudyLog Systems Inc., South San Francisco,
USA). The vehicle orADC-159 (75mg/kg or 100mg/kg)was
administered orally (p.o.) once daily to ensure free-plasma
coverage over the cellular TE EC50, while immune check-
point inhibitors (10 mg/kg) were dosed intraperitoneally
(i.p.) once every 4 days. Mice (n = 5) were housed in indi-
vidually ventilated cages (IVCs) with ad libitum access to
food and water and provided with environmental enrich-
ment (mouse house, cylinder and tissue nesting material).
Humane surrogate endpoints were applied to all groups as
follows: tumour volume not to exceed 1800 mm,3 tumour
ulceration not to exceed 25% of tumour surface area or
reach full skin thickness, and body weight loss not to
exceed 20% of starting weight on Day 0. These humane
surrogate endpoints were applied to the Kaplan-Meier sur-
vival analyses. Mice were euthanized at humane surrogate
endpoints using approved humanemethods carried out by
skilled operators. All procedures involving the care and use
of animalswere approved by a local IACUCgroup and con-
ducted by trained personnel in accordance with AAALAC
regulations and good veterinary practice.

4.16 Flow cytometry

Harvested tumours were collected in HBSS medium,
minced and incubated 30 min at 37◦C in non-enzymatic
cell dissociation buffer followed by mechanical dissocia-
tion through a 70 µm filter. Viable cells were then enriched
using Ficoll gradient. All cell suspensions were counted,
and one million viable cells were seeded in 96-well plates
in 100 µL of staining buffer for acquisition. Non-specific
bindingwas performed usingmouse FcR blocking reagent.
Fixable Viability Dye eFluor 780 (eBiosciences, 65-0865-
14) was used to assess cell viability. Antibodies directed
against the CD45 (clone 30-F11, Biolegend, 103149), CD3
(clone 17A2, BD, 740268), CD8 (clone 53−6.7, eBiosciences,
61-0081-82), and anti-PD-L1 (clone 10F.9G2, Biolegend,
124334) were added. Stained cells were analyzed with a
Fortessa X20 cytometer (BD Biosciences).

4.17 Histology, immunohistochemistry,
and immunofluorescence

Freshly collected tumour tissues were placed in 10% NBF
and fixed for 24 h at RT followed by trimming to the
thickness which did not exceed 3–5 mm. After rinsing
with running water, the specimens were transferred to
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TABLE 2 RT-qPCR primer sequences.

Gene Forward sequence (5′−3′) Reverse sequence (5′−3′)
VEGF AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA
18srRNA GATCAAAACCAACCCGGTCA CCGTTTCTCAGGCTCCCTCT

the vacuum tissue processor (HistoCore PEARL, Leica)
for dehydration, then embedded into FFPE blocks using
Tissue Embedding Center (EG1150, Leica). FFPE blocks
were sectioned with a manual rotary microtome (RM2235,
Leica), 4 µm thickness/section. Sections were processed
for staining with hematoxylin and eosin (H&E), immuno-
histochemistry (IHC), or immunofluorescent (IF) analysis.
For IHC, sections were stained with primary antibodies
specific for anti-PD-L1 (ab174838F) and CD8 (#98941) or IF
sections were stained with primary antibodies specific for
CD31 (ab28364), NG2 (AB5320), and cell nuclei were coun-
terstained with DAPI. All stained sections were scanned
with Pannoramic Digital Slide Scanners for 40× magnifi-
cation (3DHISTECH, Pannoramic SCAN). All the images
were analyzed with HALO platform where tumour area
and large areas of necrosis were quantified. Non-tumour
tissue on the periphery was excluded. Elongated blood
vessels and pericyte co-localization was quantified using
Visiopharm platform. Quantitative histological analyses
were performed at OracleBio Ltd. (Scotland, UK).

4.18 RT-qPCR

Total RNA was extracted using the RNeasy Plus minikit
(QIAGEN) followingmanufacturer’s instructions and then
reversed transcribed using iScript cDNA Synthesis Kit
(Bio-Rad). The primers used in this study are listed in
Table 2 in the supplemental data. PCR program was used
as following: 98◦C for 30 s; then 40 cycles of 92◦C for 1 s and
60◦C for 15 s. Samples were run on LightCycler 480 system
(Roche) using SYBR Green Master mix (QIAGEN). Reac-
tions were performed with 25 ng of template cDNA. Tran-
script levels of genes were normalized to a reference index
of housekeeping genes (18S ribosomal RNA and RPS2).

4.19 Spheroid formation and treatment

HT-29 spheroids were generated by seeding 1,500 HT-
29-GFP cells with 1500 human colorectal cancer asso-
ciated fibroblasts (CAF05) or human dermal fibroblasts
(HDFs) or 3000 HT-29GFP cells per well in ultra-
low attachment round bottom 96 well plates (Corn-
ing 7007). Spheroids were grown in tumour growth
media, McCoy’s media, supplemented with 10% FBS
and 1% penicillin–streptomycin, with the presence of

CD3/CD28 activated human PBMCs (effector-to-target cell
ratios = 5:1) purchased from Cambridge Bioscience Ltd,
and BioIVT, with stimulatory molecules anti-CD3/anti-
CD28 (BD555336/555725, described previously). Treat-
ments, including inactive compound control (1000 nm),
and AD-04 (1000 nm), were added to the co-cultures from
day 1. Size of spheroids was monitored using IncuCyte
S3 imaging-based system with Spheroid Module (Sarto-
rius). Co-cultures with treatments were maintained for
5−7 days for further analysis. siRNA knock-down in
spheroid co-cultures: early passages of HDFs (P3–P4) were
seeded in antibiotic-free fibroblast growth media on day
1. SmartPool VEGFA siRNA (L-003550-00-0010) and non-
targeting scrambled siRNA control (D-001810-01-05) were
purchased from Horizon Discovery Biosciences (Dharma-
con); see Table 3. Transfection of siRNAswas performed on
day 2 using Lipofectamine RNAiMAX (Invitrogen #13778-
150). 10 nm siRNA-lipid complex was added onto cells and
was incubated for 3 h at 37◦. Fibroblast growth media was
then added to the cells for a further incubation of 24 h.
On day 3, siRNA transfected fibroblasts were activated by
FGF2 and TGFβ for 48 h, followed by a VEGF ELISA assay
to confirm knockdown efficiency. For spheroid co-culture
experiments, HDFs at 48 h post siRNA transfection were
collected and co-cultured with HT-29-GFP and activated
primary human PBMCs, which were defrosted and rested
for 18 h before co-culture experiments started. Spheroid
area (GFP fluorescent signal) was measured using the
Sartorius Incucyte S3 spheroid module.

4.20 RNAseq experiment and analysis

HDFs were treated with vehicle (DMSO) and AD-04
for 6 and 24 h under hypoxic and normoxic conditions
(group n = 5). Cells were harvested, frozen on dry ice
and sent to the next generation sequencing CRO Genewiz
for RNA-extraction, RNA-QC, and RNA-sequencing
(RNAseq). All treatment groups were compared to vehicle
at the matching timepoint. RNAseq was performed on
an Illumina Hi-Seq machine using paired-end 2×150 bp
reads to a target coverage of approximately 40 million
reads per sample. Data was resolved to .fastq file format
and shipped to Almac Discovery for alignment and
downstream analysis. Alignment was performed using
the fast read aligner STAR64 producing .bam and .sam
files against Ensembl Homo sapiens fasta genome build
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TABLE 3 siRNA sequences.

Target siRNA number sequence Reference
hVEGF 1 GCAGAAUCAUCACGAAGUG L-003550-00-0010
hVEGF 2 CAACAAAUGUGAAUGCAGA L-003550-00-0010
hVEGF 3 GGAGUAXXXUGAUGAGAUC L-003550-00-0010
hVEGF 4 GAUCAAACCUCACCAAGGC L-003550-00-0010
Scrambled/
non-targeting

1 UGGUUUACAUGUCGACUAA D-001810-01-05

and genome definition file version GRCh38.87 was used
to generate gene counts. Transcript-specific read counts
were resolved for each sample using StringTie.65 Nor-
malization and statistical analysis of the gene-level data
was performed in R using the analysis package DESeq266
and genome annotation package EnsDb.Hsapiens.v86
was used. Normalization and statistical analysis of the
transcript-level data was performed in R using the analysis
package limma.67 Downstream canonical pathway, gene
ontology enrichment and transcription factor enrichment
analysis were performed in R using the enrichR68 toolkit.
All bioinformatics data graphics were produced in R, pro-
ducing high resolution .png images built using variations
of the ggplot2 package functions.
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