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ABSTRACT

Immune-checkpoint inhibitors (ICl) are highly effective in reinvigorating T cells to attack cancer.
Nevertheless, a large subset of patients fails to benefit from ICl, partly due to lack of the cancer
neoepitopes necessary to trigger an immune response. In this study, we used the thiopurine 6-thiogua-
nine (6TG) to induce random mutations and thus increase the level of neoepitopes presented by tumor
cells. Thiopurines are prodrugs which are converted into thioguanine nucleotides that are incorporated
into DNA (DNA-TG), where they can induce mutation through single nucleotide mismatching. In a pre-
clinical mouse model of a mutation-low melanoma cell line, we demonstrated that 6TG induced clinical-
grade DNA-TG integration resulting in an improved tumor control that was strongly T cell dependent. 6TG
exposure increased the tumor mutational burden, without affecting tumor cell proliferation and cell
death. Moreover, 6TG treatment re-shaped the tumor microenvironment by increasing T and NK immune
cells, making the tumors more responsive to immune-checkpoint blockade. We further validated that 6TG
exposure improved tumor control in additional mouse models of melanoma. These findings have paved
the way for a phase I/l clinical trial that explores whether treatment with thiopurines can increase the
proportion of otherwise treatment-resistant cancer patients who may benefit from ICl therapy
(NCT05276284).
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Introduction e . . . . .
inhibition.® Notably, mutations acquired during tumorigenesis

Antitumor immune responses are dependent on the activation
of T cells [CD8 cytotoxic T lymphocytes and CD4 T helper cells
(e.g., Thl, Th17)]*? to efficiently kill cancer cells that present
neoepitopes induced by their acquired mutations. Many can-
cers can avoid such immune responses by the expression of
ligands to inhibitory receptors on the recruited T-cells,” such as
Programmed cell death protein 1 (PD-1) and cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4). Thus, a novel
strategy for treating cancer is the use of immune-checkpoint
inhibitors (ICI), which block the interaction between the inhi-
bitory receptors on T cells with their ligand on cancer cells and
professional antigen presenting cells, thus (re)activating T cells
to attack and eliminate malignant cells.” The use of ICI has
revolutionized the treatment of several otherwise treatment-
resistant cancers, but most patients fail to obtain durable or
even any responses as many cancer types are resistant to ICI
therapy.*” Pre-clinical studies have pointed to the paucity of
tumor neoantigens as a bottleneck for efficiency of check point

can increase the number of neoepitopes on tumor cells and
elicit cytotoxic T-cell responses, which can be enhanced by ICI
therapy.”® Accordingly, tumor mutational burden (TMB),
which is defined as the number of somatic non-synonymous
mutations per megabase (mut/Mb) of coding regions of
a tumor genome, has emerged as a predictor of responses to
ICI therapy for several cancers.” ">

The thiopurines 6-mercaptopurine (6MP) and 6-thiogua-
nine (6TG) have for decades been used in the treatment of
hematological cancers. Thiopurines are converted into thio-
guanine nucleotides (TGN), which are then incorporated into
DNA (DNA-TG) in competition with normal guanine."”
Random methylation of DNA-TG favors fraudulent G-T mis-
matching which leads to either apoptosis after futile mismatch
repair (MMR) attempts or novel mutations. In a clinical trial,
higher DNA-TG levels during 6MP maintenance therapy of
acute lymphoblastic leukemia (ALL) patients were correlated
with reduced relapse risks,'*'> which could reflect higher

CONTACT Daniela De Zio 8 dzio@cancer.dk @ Melanoma Research Team, Danish Cancer Society Research Center, Copenhagen, Denmark

*These authors jointly initiated and supervised this work

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/2162402X.2022.2158610

© 2022 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0002-9454-402X
https://doi.org/10.1080/2162402X.2022.2158610
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2022.2158610&domain=pdf&date_stamp=2022-12-18

2 L. NAZERAI ET AL.

burden of random mutations and explain the necessity of more
than 18 months of continuous thiopurine therapy. We recently
showed that addition of low dose of 6TG to 6MP therapy
(TEAM strategy) markedly increases DNA-TG levels,'® and
this strategy is approved for clinical testing (clinicaltrials.gov:
NCT04307576).

Yale university low-mutational mouse melanoma (Yumm)
cell line harboring Braf'**°* mutation and Pten and Cdkn2a
deletion'” grow well in immunocompetent C57BL/6 mice,
providing a valuable preclinical mouse model for cancer
immunotherapy.'”'® In this study, we provide data which
indicate that treatment of Yumm]1.1 cells with 6TG can mark-
edly enhance the immune response toward our preclinical
melanoma model and promote the response to ICI. We also
establish that 6TG exposure improves tumor control on several
mouse models. Collectively, our data can serve as a proof of
concept for clinical use of the TEAM strategy in combination
with ICI in otherwise treatment-resistant cancers with
low TMB.

Materials and methods
Mice

Male C57BL/6 N (B6) mice were obtained from Taconic farms
at the age of 8-10 weeks. The transgenic mouse model of
melanoma used for the study were Tyr::CreER™*;Braf **°F/*;
Pten™’” female and male on a C57BL/6 N background and bred
inhouse.'” Mice were housed at the ALAAC accredited animal
facility at the Danish Cancer Society Research Center
(Copenhagen, Denmark) and acclimated for a week before
entering experiments. All animal care and mice experiments
were performed in compliance with institutional guidelines
and with protocols approved by the Danish animal experi-
ments inspectorate (Dyreforsegstilsynet, 2020-15-0201-
00578).

Mice monitoring-endpoints

Tumor volume, weight and health status were monitored reg-
ularly after cell injections, and mice were euthanized at end-
points. Tumor volumes were measured three times a week or
daily by a digital caliper and were determined using the for-
mula (W x L?)/2, where W > Land W = Width and L = Length.
The endpoints for the experiment were defines as the time:

- tumors reached the maximum volume allowed by Danish
legislation [(W +L)/2 > 12]

- critical ulcerations appeared on the tumor

- mice experienced weight loss exceeding 25% of the initial
weight.

Cell preparation

Yumml.l and Yumml.7 cells were kindly provided by
Dr Corine Bertolotto, INSERM, Biology and Pathologies of
melanocytes, Center = Méditerranéen de  Médecine
Moléculaire, Nice, France. For the in vitro characterization of
Yumm1.1 cells, 5-10x10°/400 pl of cells were seeded in 24 well
plates. One day after seeding, cells were treated with different

doses of 6TG (0.001-1 pg/ml). 6TG was obtained by Sigma-
Aldrich and was reconstituted in 1 M NaOH to a stock con-
centration of 50 mg/ml. Control cells were treated with 0.02 M
NaOH. On day 5 and/or 7, cells were processed for different
assays. For the in vivo experiments involving Yumm1.1 cells,
1.5-2.5x10%10 ml cells were seeded in T75 flasks. One day after
seeding, flasks were treated with 0.02 M NaOH (CTRL-
Yumml.1 cells) or 0.01-0.02 pg/ml 6TG (6TG-YummTGI.1
cells). When flasks were confluent (around day 4), cells were
split 1:2 and retreated with NaOH or 6TG. On day 7, cells were
collected in PBS and counted with a TC20 automated cell
counter (Bio-Rad) and processed accordingly for injection in
mice. For the in vivo experiment involving Yumml.7 cells,
2.5x10°/10 ml cells were seeded in T75 flasks. One day after
seeding, flasks were treated with 0.02 M NaOH (CTRL-
Yumm1.7 cells) or 0.02 pg/ml 6TG (6TG-YummTG1.7 cells).
On day 5, cells were collected in PBS and counted with a TC20
automated cell counter (Bio-Rad) and processed accordingly
for injection in mice.

Cell proliferation and propidium iodide staining (PI)

For the in vitro characterization, a Celigo image cytometer
(Nexcelom Bioscience) was used to take images of Yumm].1
cells at day 5 and 7 post 6TG treatment. Cell counting was also
achieved via the Celigo image cytometer and was expressed as
total number of cells per well. For the in vivo experiments,
a TC20 automated cell counter (Bio-Rad) was used to count the
Yumml.l or Yumml.7 to be seeded in T75 flasks (day 0).
On day 7 and 5 respectively, cells were counted again and
expressed as total number of cells.

The distribution of cells in the distinct phases of cell cycle
(sub-G1, G1/S, G2/M) was analyzed by PI-staining in logarith-
mic (sub-G1) and linear (G1/S, G2/M) scale. Stained samples
were acquired on BD FACSVerse (BD Biosciences) within
4 hours and were analyzed with Flowjo v.10.6.1.

Mitochondrial membrane depolarization

Cells were seeded and treated with 6TG for 7 days as previously
described. 30 min before the endpoint, cells were incubated at
37°C with MitoTracker Green FM and MitoTracker Red
CMXRos (Invitrogen) according to manufacturer’s instruc-
tions. As positive control we used the uncoupler CCCP
(10 uM, 1 h). Cells were collected in PBS and were acquired
on a Cytek Aurora (Cytek Biosciences Inc) and analyzed with
Flowjo v.6.10.1. The polarization status of mitochondria was
defined as the MFI ratios of MitoTracker Red/MitoTracker
Green.

DNA-TG levels MS

DNA was extracted from CTRL-Yumml.l and 6TG-
YummTGI1.1 and CTRL-Yumml.7 and 6TG-YummTG1.7
cells using Omega E.Z.N.A. tissue DNA kit. DNA was also
extracted from endpoint blood, bone marrow, spleen, and
tumors. Levels of integrated DNA-TG were quantified by
using Mass Spectrometry as previously described.””*' DNA-



TG levels were normalized to DNA quantity and expressed as
fmol/ug of DNA.

Syngeneic melanoma mouse models

For tumor inoculation, CTRL-Yumm]l.1l, 6TG-YummTG1.1,
CTRL-Yumml.7, and 6TG-YummTG1.7 cells were harvested
at approximately 70-85% confluence on the day of injection.
Cells were subsequently collected and resuspended in PBS/
EDTA to the desired cell concentration of 300-600.000 cells/
100 ul for CTRL-Yumml.1 and 6TG-YummTGI1.1 cells or
100.000 cells/100 ul for CTRL-Yumml.7 and 6TG-
YummTG1.7 cells. Mice were randomized based on weight
and were injected with 100 ul of cell suspension subcutaneously
into the right shaved rear flank using a 29 G insulin syringe.
For the tumor growth curves, each data point corresponds to
the average tumor volume of the mice in each experimental

group.

Transgenic mouse model of melanoma

For tumor induction, local administration of (Z)-
4-Hydroxytamoxifen (4-OHT) (Sigma-Aldrich, MO, USA) in
Tyr::CreER™*;Braf"**"*;Pten*"** mice was induced by
local application of 1.5 pl (7.8 mg/ml) of 4-OHT in EtOH
onto the shaved dorsal skin of 3-4 week-old mice."” For the
tumor growth curves, each data point corresponds to the
average tumor volume of the mice in each experimental
group for a given day after 4-OHT induction.

Histological analysis

FFPE (Formalin Fixed Paraffin Embedded) tumor-sections of
4 um were cut and stained according to standard staining
procedures for Hematoxylin (Sigma-Aldrich), eosin (Sigma-
Aldrich), and anti-Ki67 IHC (1:1000 Abcam). Digital images
were acquired with a NanoZoomer-XR Digital slide scanner
(Hamamatsu, JP) and NDP.view 2 software (v2.8.24) and
quantified using QuPath (v0.3.0) to determine the percentage
of Ki67-positive cells in the total area of the section. Data are
expressed as mean + SD. All the THC of tumor sections were
assessed by a pathologist (F.M.B.) blinded to the experimental
conditions.

TUNEL assay

To assess cell death, the TUNEL Assay Kit-BrdU-Red
(Abcam, UK) was used following manufacturer’s instruc-
tions. Tissue sections were deparaffinized, rehydrated, and
treated with 20 ug/ml Proteinase K (ThermoFischer
Scientific, MA, USA) for 5 min according to the kit’s
protocol. Nuclear staining was performed for 10 min at
room temperature with 1 pg/ml Hoechst 33342. Images
were taken using a Zeiss LSM800 confocal microscope.
Each section was imaged in 4-5 different areas to acquire
representative values.
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In vivo T cell depletion

The InVivoMab anti-mouse CD8a (YTS 169.4) purchased by
BioXcell was used for in vivo depletion of CD8 T cells. Mice to
be depleted were injected intraperitoneally (i.p.) with 200 pg of
the antibody 1 day prior to subcutaneous (s.c.) cell injection
and with 100 pg of antibody 1 and 4 days after and thereafter
every 4-5 days till the completion of the experiment. The
FTY720 drug purchased by Sigma-Aldrich was used for deple-
tion of circulating CD4 and CD8 T cells. FTY720 was dissolved
in the drinking water of mice to a concentration of 2.5 pug/ml
and administered to them 2 days prior to s.c. cell injection and
throughout the duration of the experiment. The efficiency of
the cell depletion was confirmed by flow cytometric analysis of
blood and/or splenocytes.

Flow cytometry and antibodies

Single-cell suspensions from tumors/blood were stained for
30 mins (4°C in the dark) for relevant cell-surface markers in
FACS staining buffer (PBS with 7% FBS). Next, the cells were
washed, resuspended in PBS and stored at 4°C until flow
cytometric analysis the same day. Samples were acquired on
Cytek Aurora equipped with 4 lasers (Cytek Biosciences Inc)
and analyzed with Flowjo v.10.6.1.

The following fluorochrome-conjugated Abs, purchased
from Biolegend as anti-mouse antibodies, were used for flow
cytometry surface staining: PE/Cy7-CD45 (30-F11), PerCP-
cy5.5-CD3 (17A2), BV650-CD11b (M1/70), APC-CD8 (53-
6.7), FITC-CD4 (GK1.5), BV605-CD19 (1D3), PE/Cy5-NK1.1
(PK136), BV421-CD25 (PCé61), PE-PD1 (RMP1-30), BV785-
PD-L1 (10 F.9G2), APC/Cy7-Ly6C (HK1.4), BV711-Ly6G
(1A8). Live/dead cells were discriminated based on the
Zombie Aqua Fixable Viability kit (BioLegend). To prevent
unspecific binding, un-labeled anti-CD16/32 antibody was
included.

Anti-PD1/isotype control

One day after cell injections or when tumors reached measur-
able size (ca. 30 mm3), mice were treated with 10 mg/kg of
anti-PD1 (InVivoMab anti-mouse PD-1 (CD279), BioXcell) by
intraperitoneal injection. Control animals were treated with
10 mg/kg of IgG2a isotype (InVivoMab rat IgG2a isotype
control, BioXcell). Threafter, mice received injections twice
weekly for approximately 4-5 weeks.

Whole genome sequencing analysis

DNA extraction from CTRL-Yumm1.1 and 6TG-YummTGI.1
tumors as well as control YUMMI1.1 cell line was performed
using Qiagen’s DNeasy Blood & Tissue Kit. Whole Genome
Sequencing (WGS) was performed using the Illumina Novaseq
6000 platform. A bioinformatics pipeline for data analysis was
developed on Computerome, the Danish National Computer
for Life Sciences. WGS raw fastq files from tumor samples were
aligned to the C57BL/6 ] GRCm38 (mm10) mouse reference
genome using the Burrows-Wheeler Alignment tool v.0.7.17.>
Picard-tools v.2.26.106 and GATK v.4.2.5.0°> were used for
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BAM preprocessing. Somatic single-nucleotide variants and
indels were identified using GATK’s Mutect2.** Mutect2 was
applied using the turmor-normal mode, using sample CTRL-
Yumm1.1 cells BAM file as normal. Identified somatic variants
were annotated with Annovar v.20190ct24,> using the mouse
(mm10) reference genes from UCSC as reference. Finally, the
R package Maftools®® was used to calculate the tumor muta-
tional burden (TMB), and to further analyze somatic variants
in each tumor sample.

RNA sequence analysis

For RNAseq analyses, RNA from tissues (disrupted with
Qiagen Tissuelyser II) were isolated using the RNeasy Plus
Mini Kit (Qiagen, DE), following the instructions of the man-
ufacturer. When RNA from tissues could not be isolated imme-
diately, tumor pieces were preserved in RNAlater™
Stabilization Solution (ThermoFisher Scientific, MA, USA),
according to the instructions. RNA sequencing was performed
on bulk tumor extracts from CTRL-Yumml.l and 6TG-
YummTGl.1 tumors with Illumina NextSeq, processed with
the STAR aligner v2.7.92.”” and then used the R package
DESeq2 v.1.32.0”® for gene expression analysis. Functional
analysis was performed with GSEA v4.2.3* and the gene set
collections in the mouse Molecular Signature database
(MSigDB) v2022.1.Mm, which includes 15,918 gene sets
divided into 6 major collections, and several sub-collections.
Gene set enrichments were tested running GSEA configured
with the parameter permutation type set to gene set.

Statistical evaluation

GraphPad Prism Software (version 9) was used for plotting
graphs and performing statistical analysis. For comparison of
more than two-groups, Tukey’s multiple comparisons test was
performed. Pairwise comparisons were carried out using
a non-parametric Mann-Whitney U-test. For comparison of
tumor growth Kkinetics, two-way-ANOVA with Bonferroni’s
multiple comparison test was performed. Data are presented
as means * SD and significance was designated as follows:
*p<.05 *p<.0l; *Hp<.001; **p<.0001; ns, not
significant.

Results

In vitro characterization of the effects of 6TG treatment
on Yumm1.1 cells

Amongst the characterized Yumm cell lines, the Yumm1.1 line
has been shown to be poorly immunogenic with low response
to immunotherapy'”'® making it suitable for testing new stra-
tegies to improve clinical success with ICI therapy.

First, we sought to establish the optimal dose and duration
of treating Yumm1.1 cells with thiopurine 6 TG in vitro. To this
purpose, we tested doses in the range between 0.001-1 pg/ml
6TG and assessed the effects on proliferation, cell cycle, cell
death, metabolic activity, and DNA-TG integration on days 5
and/or 7 post treatment initiation (Figure 1a).

Cell viability, measured via Hoechst staining and Celigo
image cytometer, indicated that the higher doses had an
obvious cytotoxic effect on the cells (Figure 1b).
Furthermore, cell cycle status, measured via Propidium
Iodide (PI)-staining and flow cytometry, revealed a tendency
for a dose-dependent G2-phase arrest and subGl increase
(Figure 1c-e). To have indication on the effects of 6TG treat-
ment on cellular metabolic activity we used mitochondrial dyes
that track mitochondrial mass (MitoTracker Green) and mito-
chondrial membrane potential (MitoTracker Red) (Figure 1f,
g). The ratio of the mean fluorescence intensity (MFI) of the
two dyes, detected by flow cytometry, is indicative of mito-
chondrial activity with decreases in the ratio being indicative of
dysfunctional/depolarized mitochondria.’”® We observed that
doses above 0.02 pg/ml 6TG significantly altered the metabolic
profile of the treated cells whereas lower doses did not have
a profound impact on metabolic activity (Figure 1f, g). We
further measured the levels of thioguanine nucleotides (TGN)
that were incorporated into the DNA (DNA-TG) of the treated
cells via mass spectrometry (MS) analysis.”® Higher 6TG treat-
ment doses induced higher DNA-TG levels and the 0.01 pug/ml
dose induced DNA-TG levels between 300 and 1200 fmol/ug
DNA (Figure 1h), which is comparable with the DNA-TG
levels obtained in ALL patients on thiopurine-based mainte-
nance therapy.'>*"*

Additionally, we assessed the expression of apoptotic (Pro-
Casp3) and immunogenic cell death (ICD) markers
[Calreticulin (CRT) on cell surface and HMGBI1 release in
cell medium™] following treatment of Yumml.1 cells with
different concentrations of 6TG for 7 days in vitro
(Supplementary Figure 1). Pro-Casp3 was measured by wes-
tern blot and none of the 6TG concentration induced its
cleavage, as opposed to treatment with high doses of the ICD-
inducers Oxaliplatin and Doxorubicin®®> (Supplementary
Figure 1A). Similarly, 6TG treatment did not induce
increased levels of HMGBI release in the cell medium,
while cells treated with Doxorubicin had a more profound
secretion of this protein, as detected by western blot
(Supplementary Figure 1B). When we checked for CRT
expression via flow cytometry, we found that doses above
0.05 pg/ml 6TG significantly increased the expression of
CRT on the surface of Yumma1.1 cells, while the lower doses
induced only background expression levels (Supplementary
Figure 1C).

Pre-treatment of Yumm1.1 cells with low doses of 6TG
results in improved tumor control in vivo

Based on the in vitro assessment of 6TG effect on Yumml.1
cells, we established that the 6TG treatment dose range with
minimal toxic effect, which could suffice for clinical grade
DNA-TG integration (>200 fmol/pg DNA) in Yumm1.1 cells,
were 6TG doses between 0.01 and 0.02 pg/ml. Thereafter, we
set out to monitor the in vivo progression of tumors established
by injecting control (CTRL-Yumm1.1 cells) or 6TG pre-treated
(6TG-YummTGl1.1) cells in mice.

To this end, we cultured Yumm1.1 cells in the absence or
presence of 6TG for a week and injected them subcutaneously
into the right flank of immunocompetent C57BL6/N mice
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Figure 1. Effects of 6TG treatment on Yumm1.1 cells. A) Schematic representation of the experimental design (created with BioRender.com). Yumm?1.1 cells were treated
with different concentrations of 6TG. On days 5 and 7 cells were analyzed for B) cell proliferation via Hoechst staining and Celigo imaging (n = 2-4), C) cell cycle on days
5 and 7 via Pl staining and flow cytometric analysis (n = 1-4), D) % of subG1 on days 5 and 7 via PI staining and flow cytometric analysis (n = 1-4). E) Representative
images from Celigo imaging and cell cycle status on day 7, for the tested 6TG concentrations. F) On day 7, we assessed the degree of depolarized mitochondria in cells
under 6TG treatment with different concentrations of 6TG as a ratio between MFI of Red/Green mitotracker (n = 4-8). G) Representative flow of Mitotracker Green
(identifying mitochondrial mass) and Mitotracker Red (identifying mitochondrial potential) for the tested 6TG concentrations. H) Levels of DNA-TG were assessed by MS
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(Figure 2a). Analysis of the cells collected at day 7 (i.e., prior to
the injection) confirmed that 6TG treatment induced clinical-
grade DNA-TG integration without impacting the cellular
proliferation of the injected cells (Figure 2b, ¢). Tumor growth
was monitored over time and, at the endpoints, tumors were
collected and stored appropriately for the different assays. The
tumor kinetics revealed a treatment-response pattern in which
6TG-YummTG1.1 tumors appeared later and were smaller in
comparison to CTRL-Yumm1.1 tumors (Figure 2d, e).

We performed Ki67 staining of tumor sections to assess
whether 6TG pre-treatment of Yumm1.1 cells altered the cellu-
lar phenotype in a way that impacted their proliferation rate
in vivo. We observed that 6TG-YummTGl.1 and CTRL-
Yumma].1 tumor cells had similar proliferation rates, thus point-
ing toward the direction of the tumor control being immune-
mediated (Figure 2f, g). In addition, we assessed the tumor cell
mortality rate using the TUNEL assay on tumor sections from
CTRL-Yumml.1 and 6TG-YummTGl.1 groups. The results
showed a similar low apoptotic cell rate between the groups
(Figure 2h, i), which was in agreement with the in vitro analysis
data showing that our chosen 6TG pre-treatment doses had
minimal toxic effects and induced background levels of apopto-
tic and ICD markers (Figure 1d and Supplementary Figure 1).

In an attempt to improve our model to better mimic the
clinical situation, we evaluated the effect of administering 6TG
via drinking water or oral gavage to the mice receiving
untreated Yumml.1 cells (Supplementary Figure 2). We
assessed the maximum tolerated doses of 6TG and found that
concentrations above 2 pug/ml in the drinking water and above
12.5 pg daily via oral gavage, caused significant weight loss
(data not shown).

We observed that administration of the systemically tolerated
6TG doses, either via drinking water or oral gavage, significantly
improved tumor control of mice receiving untreated CTRL-
Yumml.1 cells, though to a lesser extent than mice engrafted
with 6TG pretreated cells (Supplementary Figure 2A, B).
Furthermore, short-term exposure to 6TG through drinking
water did not significantly increase DNA-TG in the established
tumors or other tissues (Supplementary Figure 3). This most
likely reflects the dilution of DNA-TG accumulated during the
in vitro pre-treatment of the tumor cells with each division after
injection as well as the insufficient exposure to 6TG through the
drinking water (3-4 weeks). Therefore, as our main model, we
kept on injecting mice with Yumm1.1 cells pre-treated with 6TG
(6TG-YummTG1.1). Moreover, the additional administration of
6TG via drinking water to the mice receiving 6TG-YummTGI.1
cells had a positive, though not significant, impact on the inhibi-
tion of tumor growth (Supplementary Figure 2A). Therefore, in
most of the subsequent in vivo experiments, 6TG was also
administered in the drinking water of the 6TG-YummTGI.1
group. Specific details are provided in the figure legends.
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6TG-induced tumor control correlates with increased
TMB and upregulation of immune-related pathways

According to our hypothesis, the DNA-TG levels of the
injected cells led to the accumulation of sufficient mutations
that contributed to the observed improved 6TG-YummTG1.1
tumor control. To verify that 6TG-YummTG1.1 tumors had
increased tumor mutation burden (TMB) compared to
CTRL-Yumml1.1 tumors, we extracted DNA from tumors at
endpoint and performed whole genome sequencing (WGS).
The sequencing data analysis revealed that the mean TMB of
CTRL-Yumml.1 tumors was 4.06 mutations per megabase
(mut/Mb), whereas the mean TMB of 6TG-YummTGI.1
tumors was 5.35 mut/Mb (i.e., a 31% increase of the TMB)
(Figure 3a). When correlating the TMB with tumor volumes
at day of sacrifice, we observed that within the 6TG-
YummTG1.1 group, mice with higher TMB tend to have
smaller tumor volumes (Figure 3b, 3c). These findings are
compatible with previous clinical studies that link high TMB
to greater levels of neoantigens and enhanced tumor
control.*

Next, to gain further insights into the processes affected by
6TG exposure, we performed RNA sequencing of CTRL-
Yumml.l and 6TG-YummTGl.1 tumors at endpoint. Gene
set enrichment analysis (GSEA) revealed an enrichment of
gene sets in the 6TG-YummTGl.1 tumors, which were
involved in cytokine activity, chemokine activity, chemokine
receptor binding, myeloid and leukocyte activation, inflamma-
tory response, TNFa signaling, and IFNy response (Figure 3d).

These results indicate that the tumor growth suppression
induced by 6TG is associated with increased TMB and the
activation of immune-related pathways.

CTRL-Yumm1.1 and 6TG-YummTG1.1 tumors have
distinct immune microenvironments

Next, we explored whether the tumor immune microenviron-
ment differed between the two groups. To address this, tumors
from CTRL-Yumml.1 and 6TG-YummTG1.1 groups were col-
lected at endpoint and processed for flow cytometric analysis
(Supplementary Figure 4, 5). We observed a significant increase
in the frequency of CD45 cells, lymphoid cells and myeloid cells
within the 6TG-YummTG1.1 tumors (Figure 4a-d, 4g). When
we focused on the lymphoid subset, we further detected
increases in the frequency of CD8 T, CD4 T and NK cells
(Figure 4d). The expression of the activation/exhaustion marker
PD1 tended to be elevated on CD8 T cells (p = .054) and CD4
T cells (p = .04) (Figure 4e), and the population of CD25"CD4
T cells was enriched (Figure 4f). 6TG-YummTGI.1 tumors also
had a higher frequency of PDL1" myeloid and myeloid derived
suppressor cells (MDSCs, Ly6C* myeloid cells) (Figure 4g).

CTRL-Yumm1.1 and 6TG-YummTG1.1 mice (n = 11). F) Representative Ki67 IHC staining for each group. Scale bar = 50 pm. G) Results are pooled from two independent
experiments. Each dot represents one mouse and data are presented as mean + SD of Ki67" cells on nuclei count for each mouse. H, 1) TUNEL assay was used to
determine cell death in FFPE-tumor sections from CTRL-Yumm1.1 and 6TG-YummTG1 mice (n = 3). H) Each dot represents one mouse and data are presented as mean +
SD of apoptotic cells per counting field for each section. I) Representative images of TUNEL staining. Apoptotic cells are shown as red (BrdU) and nuclei are shown as

blue (Hoechst). Images are representative of each group. Scale bar = 200 pm.
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Figure 3. TMB and GSEA of CTRL-Yumm1.1 and 6TG-YummTG1.1 tumors. A) Table presenting the mean TMB assessed at the endpoint on CTRL-Yumm1.1 and 6TG-
YummTG1.1 tumor-DNA (n = 7-10). B) Correlation between TMB and tumor volumes at day 28 for CTRL-Yumm1.1 group (n = 7). C) Correlation between TMB and tumor
volumes at day 28 for 6TG-YummTG1.1 (n = 10). D) GSEA enrichment plots from different enriched gene sets [GO_Molecular Factor (GOMF), GO_Biological Process
(GOBP), Hallmark] in the CTRL-Yumm1.1 and 6TG-YummTG1.1 tumor samples (n = 7-10). NES, normalized enrichment score; FDR, false discovery rate.

These results suggested that the increase in T cell and NK  6TG exposure impacts tumor growth in other mouse
cell infiltration in the 6TG-YummTG1.1 tumors contributed to models of melanoma

the observed improved tumor growth control. Nevertheless,

tumor progression was not completely
due to elevated levels of MDSCs and

. 35
which are known to promote tolerance.

To ensure that the tumor control observed in our model upon
6TG treatment was reproducible in other mouse models of
melanoma, we evaluated the tumor growth kinetics upon
6TG exposure in a syngeneic mouse model engrafted with

suppressed, possibly
CD25"CD4 T cells,
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Figure 4. Analysis of tumor microenvironment in CTRL-Yumm1.1 and 6TG-YummTG1.1 groups. At endpoints, tumors from CTRL-Yumm1.1 and 6TG-YummTG1.1 groups
were collected and processed for flow cytometric analysis. Gating strategy is shown in Supplementary Figures 4 and 5. A) % of live cells B) % of CD45 positive cells out of
the live cell population. C) Representative flow plots on the gating strategy of lymphoid and myeloid cells in CTRL-Yumm1.1 and 6TG-YummTG1.1 groups. D) % of

lymphoid cells (defined as CD45"CD11b'°") and the % of TiLs: CD8 T, CD4 T, B, and
tumor cells out of the live cell population. F) % CD257CD4 T cells out of the live cell

NK cells out of the live cell population. E) % of PD1+ CD8 T, PD1+ CD4 T and PDL1
population. G) % of myeloid cells (defined as CD45"CD11b™), % of PDL1+ myeloid

cells and the % of MDSC: Ly6C™ myeloid and Ly6C™Ly6G" myeloid cells out of the live cell population. Results are pooled from two independent experiments (n = 7-8).

Each dot represents one mouse and corresponds to the mean + SD.

Yumm1.7 melanoma cells'” and a transgenic mouse model of
inducible melanoma®® (Figure 5).

For the syngeneic mouse model, we pre-treated Yumm1.7
cells in the absence (CTRL-Yumml.7) or presence of 6TG
(6TG-YummTGl1.7) for 5 days prior to subcutaneous injection

into the right flank of immunocompetent C57BL6/N mice
(Figure 5a). The optimal duration and concentration of
Yumml.7 pre-treatment with 6TG was established based on
its effect on cell proliferation and DNA-TG integration
(Supplementary Figure 6). Following cell injections, tumor
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Figure 5. Reproducibility of 6TG effect in mouse models of melanoma. A) Schematic representation of the experimental design for the syngeneic mouse model using

Yumm?1.7 cells (created with BioRender.com). Yumm1.7 cells were treated (6TG-YummTG1.

7) or not (CTRL-Yumm1.1) with 6TG and after 5 days, 100.000 cells were

injected in mice. Mice receiving 6TG-YummTG1.1 cells, additionally received 2 pg/ml of 6TG in the drinking water. B) Tumor kinetics was assessed over time (n = 4). Each
data point corresponds to the mean tumor volume * SD, as determined for each experimental group. C) Kaplan-Meier survival curve for 6TG-YummTG1.7and 6TG-

YummTG1.7 groups. As endpoint was defined the date the mice reached tumor max size

(n = 4). D) Schematic representation of the experimental design for the

transgenic mouse model of melanoma (created with BioRender.com). Braf’®***Pten™~ mice were treated with tamoxifen (4-OHT) and tumor formation was followed
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over time (n = 4-10). Each data point corresponds to the mean tumor volume + SD, as determined for each experimental group. F) Tumor kinetics of individual mice in

CTRL-water (n = 4) and 6TG-water (n = 10) groups.



growth was monitored over time and revealed that 6TG-
YummTG1.7 tumors were better controlled and the mice had
a survival advantage compared to CTRL-Yumml.7
(Figure 5b, c).

For the transgenic mouse model, we induced tumor forma-
tion by local administration of tamoxifen onto the shaved
dorsal skin of Tyr::CreERTZ/ +;Bme600E/ *:Pten™¥M10% mice '
Following tamoxifen treatment, mice received control
(CTRL) or 6TG (1-2 ug/ml 6TG) via drinking water and
their tumor growth was monitored over time (Figure 5d).
Tumor kinetics revealed that 6TG administration via drinking
water had a beneficial effect on tumor control Figure 5e, f).

Collectively, these data highlight that 6TG exposure consis-
tently improves tumor control across different models.

T cells are essential for keeping 6TG-YummTG1.1
tumors in check

To assess the direct role of T cells in the observed tumor
growth control in the 6TG-YummTG1.1 group, we performed
in vivo depletion of the circulating CD4 and CD8 T cells via
administration of FTY720,°>*” which inhibits lymphocyte
egress from thymus and lymph nodes, in the drinking water
and anti-CD8 antibody (aCD8) intraperitoneally (i.p.)
(Figure 6a). Successful T cell depletion was evaluated by flow
cytometric analysis in blood throughout the experiment (data
not shown) and at endpoint (Figure 6b). The absence of both
T cell subsets significantly accelerated tumor growth of the
6TG-YummTG1.1 tumors, while this was not the case for the
CTRL Yumml.1 group (Figure 6¢). These results implied that
the 6TG-YummTGl1.1 group had superior tumor control due
to adaptive immune responses involving T cells.

Next, we selectively depleted CD8 T cells in both CTRL-
Yumml.l and 6TG-YummTGl.1 tumor-bearing mice
(Figure 6d) and found that CD8 T cells depletion alone in the
6TG-YummTGl1.1 group had the same effect on loss of tumor
growth control as the combined depletion of CD4 and CD8
T cells, whereas the CTRL Yumm1.1 group was unaffected
(Figure 6e).

Anti-PD1 treatment improves immune control of
6TG-YummTG1.1 tumors

After establishing that 6TG-YummTGl.1 tumor control was
immune mediated, we assessed whether ICI treatment with
anti-PD1 antibody would further improve tumor control in
this group. To this end, we established CTRL-Yumm]l.1 and
6TG-YummTG1.1 tumors by injecting 300.000 cells in the
right flank of immunocompetent C57BL6/N mice (Figure 7a).
Mice were monitored daily and, upon appearance of palpable
tumors, mice belonging to the 6TG-YummTG1.1 group were
randomly assigned to receive isotype control or anti-PD1 i.p.
injections twice weekly until the completion of the experiment.
In line with our previous results, 6TG-YummTG1.1 tumors
were better controlled than CTRL-Yumm]l.1l tumors. Anti-
PD1 treatment was able to further improve tumor control of
6TG-YummTGI1.1 tumors, and while tumor volumes
remained relatively similar (approximately 200 mm?®) for
almost 4 weeks for both anti-PD1 and isotype control group,
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the anti-PD1 treated 6TG-YummTGl.1 tumors were better
controlled in the later phases (Figure 7b).

To investigate if we could further improve the outcome of
anti-PD1 treatment, we increased the number of injected cells
from 300.000 cells to 600.000 cells and tested the effect of anti-
PDI1 treatment. We additionally assessed whether the timing of
anti-PD1 treatment initiation could give an advantage to the
immune system and have a stronger effect on tumor control.
To this purpose, mice inoculated with either 600.000 CTRL-
Yumml.1 or 6TG-YummTGl.1 cells, were randomly assigned
to receive isotype control or anti-PD1, starting already one day
after cell injection. Thereafter and until the completion of the
experiment, mice received isotype control or anti-PDI injec-
tions twice weekly. We observed that the growth of CTRL-
Yumm]l.l tumors was not impacted by anti-PD1 therapy, as
previously reported,'®*® while growth of 6TG-YummTGI.1
tumors was significantly delayed (Figure 7c-d). Anti-PD1 treat-
ment was not able to cause the 6TG-YummTGl1.1 tumors to
regress, presumably due to the presence of immune cells with
immunosuppressive properties as displayed in Figure 4f, g. In
addition, we assessed the effect of anti-PD1 treatment when
mice were exposed to 6TG exclusively via oral gavage daily and
we did not find any significant difference (Supplementary
Figure 7).

Overall, these results support that 6TG treatment promotes
the antitumor response of PD1 blockade, and anti-PD1 therapy
can partially overcome potential immunosuppressive mechan-
isms in the 6TG-treated tumors.

Discussion

In this study, we performed a proof-of-concept analysis inves-
tigating whether a chemotherapy agent can increase the muta-
tional burden and ultimately contribute to enhanced efficiency
of ICI therapy. Our results offer an innovative titratable treat-
ment strategy for patients with cancers that are otherwise
responsive to ICI when TMB is high, but who currently cannot
be offered ICI due to a low TMB. This strategy is now being
tested in clinical phase 1/phase 2 trial (TEMPLE = Thiopurine
Enhanced Mutations for PD-1/Ligand-1  Efficacy;
NCT05276284).

In addition to a direct anti-cancer effect, chemotherapy also
impacts anti-cancer immune responses, and there is now emer-
ging evidence from phase III clinical trials to support combina-
tions of immunotherapy with standard-of-care chemotherapy
for several malignant diseases.”® Thiopurines have been part of
the success story of chemotherapy since 1953 and are widely
used in the clinic as a low-toxic treatment for hematological
malignancies and immunological disorders. In particular, 6MP
is part of the 1-2 years maintenance therapy of ALL. The
mechanism of action involves the integration of thiopurine
metabolites (TGN) into the DNA (DNA-TG) in competition
with natural guanine. DNA-TG can sit silently in the DNA
without altering the nucleotide sequence but can occasionally
become S-methylated and mismatch with thymidine. This mis-
matching will subsequently activate the MMR system which,
after futile attempts to restore the correct nucleotide sequence,
could lead to cell death. However, not all mismatches are
efficiently recognized by the MMR mechanism,*>*' and this
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Figure 6. T cells depletion in CTRL-Yumm1.1 and 6TG-YummTG1.1 tumors. A) Schematic representation of the experimental design (created with BioRender.com).
Yumm1.1 cells were treated (6TG-YummTG1.1) or not (CTRL-Yumm1.1) with 6TG and after 7 days 250.000-300.000 cells were injected in mice. B) Representative flow
plot illustrating efficient depletion of circulating CD8 T and CD4 T cells in CTRL-Yumm1.1 and 6TG-YummTG1.1 groups. C) Tumor kinetics in CTRL-Yumm1.1 and 6TG-

YummTG1.1 groups in the presence or absence of CD8 T and CD4 T cells (n = 8-9).

D) Representative flow plot illustrating efficient depletion of circulating CD8 T cells in

CTRL-Yumm1.1 and 6TG-YummTG1.1 groups. E) Tumor kinetics in CTRL-Yumm1.1 and 6TG-YummTG1.1 groups in the presence or absence of CD8 T cells (n = 3-4). Each
data point corresponds to the mean tumor volume + SD, as determined for each experimental group.

will eventually result in an increase in the number of accumu-
lated mutations. The Nordic/Baltic NOPHO ALL2008 main-
tenance therapy study in 918 children established the
association between relapse-free survival and a higher concen-
tration of DNA-TG and demonstrated that the relapse risk was
reduced by 28% for every 100 fmol/pg increase in DNA-TG
levels."* The addition of low doses of thiopurine 6TG to the
current maintenance therapy regime (6MP/MTX) was shown
to significantly increase DNA-TG levels without increasing
side-effects.'® This strategy is called Thiopurine Enhanced
ALL Maintenance (TEAM) and was tested in a pilot study

including 34 patients.'” Our hypothesis is that increased DNA-
TG levels in the tumor cells likely result in an increasing
number of mutations, which can be translated into neoantigens
that can stimulate antitumor immune responses. Naturally, our
next goal is to use the TEAM strategy to improve ICI outcomes
in patients, but before proceeding with the clinical trial, we first
wanted to confirm the rationale behind the study design in
a preclinical mouse model.

In this study, we took advantage of a syngeneic mouse
model of melanoma where we established tumors with a low
mutational burden by injecting Yumml.l cells in
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YummTG1.1 cells, additionally received 2 pg/ml of 6TG in the drinking water throughout the experiment. B) Tumor kinetics in mice receiving 300.000 CTRL-Yumm1.1 or
6TG-YummTG1.1 cells. When tumors were measurable, mice in the 6TG-YummTG1.1 group were assigned to received anti-PD1/isotype injections approximately twice
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immunocompetent mice. Yumm1l.1 cells have been formerly
characterized as poorly immunogenic, inducing low numbers
of immune cell infiltration in the tumor and non-responsive to
ICI therapy.'”*® We used thiopurine 6TG to pre-treat the
Yumml.1 cells before injection into mice with the aim of
increasing the TMB of the tumor and, in this way, reshaping
the tumor microenvironment into a more immunogenic
composition.

While the increased TMB does not necessarily guarantee
that the right neoantigens will be presented on MHC-I on
tumor cells, it will increase that likelihood.””**** To reinforce
our hypothesis that increased 6TG exposure could lead to
improved activation of the adaptive immune system, we per-
formed in vivo T cell depletions in CTRL-Yumm1.1 and 6TG-
YummTGI1.1 tumor-bearing mice. We found that 6TG-
YummTG1.1 tumor control was reduced in the absence of
T cells, whereas CTRL-Yumm1.1 tumors exhibited similar
growth kinetics in the presence or absence of T cells. Of note,
CD8 T cell depletion alone had a similar effect on 6TG-
YummTGl1.1 tumor control to combined CD4 and CD8
T cell depletion, which might imply that CD8 T cells were the
most critical component of the antitumor immune response.
We further demonstrated that 6TG-YummTGl1.1 tumors had
immunologically distinct immune microenvironments com-
pared to CTRL-Yumml.1 tumors and were characterized by
a substantial increase in immunogenic infiltrates (CD4 T, CD8
T and NK cells), but also an increase in immune cells with
immunosuppressive properties (Ly6C™ myeloid cells,
CD25*CD4 T cells). In line with these results, we also demon-
strated that the 6TG-YummTG1.1 tumors were enriched for
cytokine/chemokine activity, inflammatory response, TNFa
signaling, and IFNy response, as well as for myeloid and
leukocyte activation and migration gene signatures. In combi-
nation with the T cell depletion studies, we were able to con-
clude that 6TG-YummTG1.1 tumors were controlled mainly
through activated T cell responses. We anticipated that, while
the T cell responses kept the tumors in check, the presence of
immune suppressive cells obstructed complete tumor regres-
sion. It is worth noting that all flow cytometric analysis was
performed on tumors at endpoint, a stage where cancer cells
have entered the so-called “immune escape” phase and the
immune system is failing to effectively control tumor
growth.** It would be very informative to monitor the kinetics
of immune cell infiltration in the tumor over time after cell
injection of CTRL-Yumm]l.1 and 6TG-YummTG1.1 cells.

To illustrate that the beneficial effects of 6TG exposure are
not restricted to our model, we successfully validated our
observations in additional melanoma mouse models, e.g. the
syngeneic mouse model engrafted with 6TG-pretreated
Yumm]l.7 cells and the transgenic mouse model of inducible
melanoma (Tyr:CreER™*;Braf* """+, Pten/"*/1ox) orally trea-
ted by 6TG. We also ruled out the possibility that the enhanced
tumor control was driven via the activation of immunogenic

cell death by documenting that 6TG treatment of Yumm]l.1
cells did not increase the expression of key ICD markers (cell
surface expression of CRT and HMGBI release)’>** . These
results support our original hypothesis that the increase in
TMB may increase the likelihood of neoantigen presentation
on tumor cells which can, in turn, lead to increased and
accelerated recruitment of T cells and improved tumor control.
Whether the enhanced tumor control and immunogenicity are
solely due to the increased TMB caused by 6TG or whether
there are other mechanisms involved, requires further
investigation.

Even though cancer immunotherapy based on PD-1/PD-
L1 blockade has led to prolonged overall survival of many
patients, a large proportion of cancer patients do not
respond.*®*” We assumed that the increased TMB and
immunogenic immune infiltrates would enhance the efficacy
of anti-PDI1 treatment in the 6TG-YummTGl.1 group.
Indeed, we identified a significant benefit in the 6TG-
YummTGl.1 group receiving anti-PD1 with tumor volumes
being smaller. Nevertheless, anti-PD1 treatment did not lead
to complete inhibition of tumor growth, implying that poten-
tial immunosuppressive mechanisms were not fully abro-
gated. The presence of Ly6C™ myeloid cells, which were
abundant in the 6TG-YummTGl.1 tumors, has previously
been shown to hinder the efficacy of anti-PD1 therapy in
non-small-cell lung carcinoma (NSCLC) patients.*®
Depleting Ly6C cells in a syngeneic lung adenocarcinoma
mouse model improved antitumor efficacy of anti-PD1 ther-
apy via expansion of effector CD8 T cells.** Furthermore,
whereas anti-PD1 therapy improved tumor control in mice
with 6TG-pretreated tumors, we did not observe the same
effect when 6TG was administered orally to simulate
a clinical context. This might be because of limitations strictly
related to the preclinical animal model that prevented us
from accurately mimicking the clinical situation. The short-
term exposure to 6TG, for example, may have been insuffi-
cient to allow the full establishment of the negative interac-
tions leading to the expression of PD1 and corresponding
ligands, which would be a prerequisite for a more striking
anti-PD1 treatment effect. Nevertheless, it is worth mention-
ing that, apart from anti-PD1, other immune-checkpoint
inhibitors may be used (in combination or alone) to achieve
tumor regression. The role of immunosuppressive cells and
other inhibitory mechanisms in our experimental conditions
warrant further investigation.

Other mouse models using Yumm1.7 cells have also studied
the effect of TMB on antitumor immunity and ICI therapy
success.*””” These models were based on the expansion of
a single cell-derived clone with increased TMB. In our model,
we induced random mutations every time we treated the
Yumml.1 cells with 6TG prior to injection. We hypothesize
that these mutations, even though they were random, increased
the neoantigen load. As a result, the likelihood of eliciting

weekly and the tumor kinetics was evaluated (n = 8-9). C) Tumor kinetics in mice receiving 600.000 CTRL-Yumm1.1 and being treated with anti-PD1/isotype starting
one day following cell injections (n = 8). D) Tumor kinetics in mice receiving 600.000 6TG-YummTG1.1 and being treated with anti-PD1/isotype starting one day
following cell injections (n = 9). Arrows represent anti-PD1/isotype injections. Data are representative of two independent experiments. Each data point corresponds to

the mean tumor volume + SD, as determined for each experimental group.



a potent antitumor T cell response is increased and the immu-
nological control of tumor growth may be further improved by
ICI therapy. Taking into consideration that every patient under
thiopurine treatment might induce their own profile of muta-
tions, we consider our model a valuable tool to draw conclu-
sions of clinical relevance.

Overall, our data strongly indicate that 6TG-YummTGl1.1
tumors are better controlled than CTRL-Yumm1.1 tumors due
to differences in the adaptive immune response. We found
6TG-YummTGI.1 tumors to have distinct immune microen-
vironment and higher TMB. As a final point, the already better
controlled 6TG-YummTG1.1 tumors were found responsive to
anti-PD1 therapy, which serves as a proof-of-concept for the
ongoing clinical trial testing the efficacy of combining the
TEAM strategy with ICI therapy (NCT05276284).
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