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Chemotherapy increases CDA
expression and sensitizes
malignant pleural mesothelioma
cells to capecitabine treatment
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The combination of cisplatin and pemetrexed remains the gold standard chemotherapy for malignant
pleural mesothelioma (MPM), although resistance and poor response pose a significant challenge.
Cytidine deaminase (CDA) is a key enzyme in the nucleotide salvage pathway and is involved in the
adaptive stress response to chemotherapy. The cytidine analog capecitabine and its metabolite
5'-deoxy-5-fluorocytidine (5’-DFCR) are converted via CDA to 5-fluorouracil, which affects DNA and
RNA metabolism. This study investigated a schedule-dependent treatment strategy, proposing that
initial chemotherapy induces CDA expression, sensitizing cells to subsequent capecitabine treatment.
Basal CDA protein expression was low in different mesothelioma cell lines but increased in the
corresponding xenografts. Standard chemotherapy increased CDA protein levels in MPM cells in vitro
and in vivo in a schedule-dependent manner. This was associated with epithelial-to-mesenchymal
transition and with HIF-1alpha expression at the transcriptional level. In addition, pretreatment with
cisplatin and pemetrexed in combination sensitized MPM xenografts to capecitabine. Analysis of

a tissue microarray (TMA) consisting of samples from 98 human MPM patients revealed that most
human MPM samples had negative CDA expression. While survival curves based on CDA expression

in matched samples clearly separated, significance was not reached due to the limited sample size.

In non-matched samples, CDA expression before but not after neoadjuvant therapy was significantly
associated with worse overall survival. In conclusion, chemotherapy increases CDA expression in
xenografts, which is consistent with our in vitro results in MPM and lung cancer. A subset of matched
patient samples showed increased CDA expression after therapy, suggesting that a schedule-
dependent treatment strategy based on chemotherapy and capecitabine may benefit a selected MPM
patient population.
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Abbreviations

5-DFCR 5’-Deoxy-5-fluoro-cytidine

CDA Cytidine deaminase

cisPt Cisplatin

EMT Epithelial-to-mesenchymal transition
HIF-1-alpha Hypoxia-inducible factor 1-alpha
MPM Malignant pleural mesothelioma
MTA Pemetrexed

NSCLC Non-small cell lung cancer

TMA Tissue microarray

Malignant pleural mesothelioma (MPM) is a rare and deadly cancer originating from mesothelial cells of the
pleura'. Currently, there are several treatment options for malignant mesothelioma, e.g., surgery, radiotherapy,
chemo- and immunotherapy, and combinations thereof. In 2020, the FDA approved immunotherapy for treat-
ing treatment-naive unresectable MPM patients as a first-line therapy®. However, due to contraindications or
side effects, not all patients with mesothelioma are eligible for immunotherapy. Since 2004, the standard first-
line therapy for MPM has been combination therapy with cisplatin and pemetrexed (MTA)>. It has already
been shown that schedule-dependent administration of various treatment regimens can increase the efficacy of
standard therapy. In this context, in comparison to concurrent treatment, pretreatment with pemetrexed fol-
lowed by chemotherapy results in reduced cancer cell growth due to persistent DNA damage and the induction
of senescence not only in MPM* but also in non-small cell lung cancer (NSCLC)?, which was also sensitized to
subsequent radiotherapy by pretreatment with pemetrexed °.

DNA replication is a prerequisite for uncontrolled cell proliferation and is a hallmark of cancer’. DNA replica-
tion is dependent on sufficiently high nucleotide levels®. Cancer cells can switch to the energy-efficient nucleotide
salvage pathway to maintain DNA replication®'’. In detail, pyrimidine de novo synthesis is critically dependent
on thymidylate synthase (TS), which is the principal target of MTA!. It has been shown that MTA treatment
allows cancer cells to adapt their metabolism and increase their thymidine salvage pathway activity'?. Pyrimi-
dine salvage is fueled by recycling intracellular nucleic acids derived from DNA and RNA degradation or by the
uptake of extracellular nucleosides and nucleobases’. Cytidine deaminase (CDA) and thymidine phosphorylase
(TYMP) perform the first and second steps of the salvage pathway, e.g., the conversion of cytidine to uridine
and uracil, respectively. Capecitabine (sold under the brand name Xeloda among others) is a prodrug processed
in the liver to the cytidine analog 5'-deoxy-5-fluorocytidine (5’-DFCR). CDA and TYMP convert 5°-DFCR to
5-fluorouracil (5-FU), which inhibits TS. Previously, our group reported that a chemotherapy-resistant subpopu-
lation of the NSCLC cell line A549 exhibited high CDA and TYMP expression'*. Moreover, the expression of
CDA and TYMP in NSCLC cells was associated with the induction of an epithelial-to-mesenchymal transition
(EMT) and increased expression in response to standard chemotherapy, which further augmented the efficacy
of subsequent treatment with 5’-DFCR in vitro'®.

In this study, we aimed to demonstrate that standard chemotherapy also increases CDA expression in MPM
in a schedule-dependent manner, thereby increasing sensitivity to treatment with 5°-DFCR and capecitabine
in vitro and in vivo, respectively. Importantly, minimal toxicity of the schedule-dependent triplet regimen was
observed in vivo. In addition, in a subset of MPM patient samples, CDA expression was increased after therapy,
suggesting that a schedule-dependent treatment strategy based on chemotherapy and capecitabine may be a
potentially beneficial treatment strategy for a selected MPM patient population.

Materials and methods
Cell culture and reagents
The MPM cell lines ACC-MESO-1, ACC-MESO-4, NCI-H28, NCI-H2052, NCI-H2452, MSTO-211H, and JL-1
(hereafter MESO-1, MESO-4, H28, H2052, H2452, MSTO, and JL-1, respectively) and the human NSCLC cell
line NCI-H358 (hereafter H358) were purchased from American Type Culture Collection (ATCC, Manassas, VA,
USA). The cell lines were fingerprinted (Microsynth, Bern, Switzerland) and routinely tested for mycoplasma con-
tamination using a Mycoplasma Detection Kit (Cat. # rep-mys-10; InvivoGen, San Diego, California, USA). The
cell lines were cultured as recommended by the American Type Culture Board (ATCC) in Dulbecco’s modified
Eagle’s medium nutrient mixture F12 Ham (Cat. #D6421; Sigma—Aldrich, St. Louis, MO, USA) or RPMI-1640
(Cat. #11835030; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(Cat. #10270-106; Life Technologies, Grand Island, NY, USA), Antibiotic-Antimycotic (1X) (Cat. #15240062;
Thermo Fisher Scientific, Waltham, MA, USA) and 1% L-glutamine (Cat. #25030-024; Sigma—Aldrich) at 37 °C
in a humidified 5% CO, incubator. The medium was changed every 3 days. Cells were passaged using TrypLE as
indicated by the manufacturer (Cat. # A1217702, Thermo Fisher Scientific, Waltham, MA, USA).
Pemetrexed/MTA (commercial name ALIMTA’; Cat# VL7640) was purchased from Eli Lilly (Suisse) SA
(Vernier/Geneva, Switzerland). Cisplatin (cisplatin Ebewe) was purchased from Sandoz Pharmaceuticals AG
(Steinhausen/Cham, Switzerland). 5’-deoxy-5-fluorocytidine (5°-DFCR) was purchased from CaymanChem
(Cat. #10010682).

Hypoxic conditions
Hypoxia was induced by supplying a humidified incubator with 1% O, 5% CO,, and 94% N, Mesothelioma cell
lines were incubated at 37 °C. The culture medium was replaced every 2-3 days.
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Cell viability assay

MESO-1 and JL-1 cells were seeded at a density of 1000 cells per well in 96-well plates. After overnight incuba-
tion, different concentrations of 5-DFCR were added, and the cells were incubated for another 3 days. Cell
viability was measured using a PrestoBlue Assay Kit'® according to the manufacturer’s protocol (Cat. #A13261,
Thermo Fisher Scientific, Waltham, MA, USA). Changes in absorbance were recorded with an Infinite M1000
Tecan Reader.

Western blot analysis

MPM cells were seeded into 10 cm plates (0.05-0.5 x 10 cells, depending on the doubling time of the different
cell lines). Twenty-four hours after seeding (on the morning of day 1 (D1)), 5 uM MTA and 10 uM cisplatin
were added for 24 h. Forty-eight hours after seeding (on the morning of day 2 (D2)), the drugs were removed,
the medium was changed, and the cells were collected at the indicated time points. Cells were lysed in RIPA
buffer (Merck, R0278) containing 1 x protease and phosphatase inhibitor cocktail (Thermo Scientific, 78444).
Protein concentrations were determined using a Pierce™ BCA Protein Assay Kit. Equal amounts of protein lysates
(35-50 pg/lane) were resolved by SDS—PAGE and blotted onto nitrocellulose membranes. The membranes were
blocked in Intercept® Tris-buffered saline (TBS) blocking buffer for 1 h at room temperature and then incu-
bated with specific primary antibodies (anti-CDA (atlasantibodies, HPA064202), anti-VIM (Novus Biologicals,
NBP2-34809R), or anti-actin (Cell Signaling Technology, #3700)) at 4 °C overnight on an orbital shaker: TBS
containing 0.2% Tween-20 was used to wash the membranes. IRDye 680LT-conjugated goat anti-mouse IgG
and IRDye 800CW-conjugated goat anti-rabbit IgG secondary antibodies (Li-COR Biosciences) were used at a
dilution of 1:5000. Finally, signals of the immobilized secondary antibodies were imaged and quantified using
the Image Studio Lite System.

Public databases

The expression atlas (https://www.ebi.ac.uk/gxa/home) was used to collect RNA-seq data from human cancer
cell lines to compare gene expression. Gene expression data from MPM patient samples were obtained from
cBioPortal (https://www.cbioportal.org/). The cancer genome atlas (TCGA) was used for gene correlation analysis
of MPM patient samples.

Use of experimental animals, and human participants
All experiments with live animals were (i) approved by the Veterinary Office of the Canton of Berne (approval
number AB_BE49_2022), (ii) performed in accordance with the relevant guidelines and regulations, and (iii)
reported according to the ARRIVE guidelines (https://arriveguidelines.org).

All experiments involving tissue samples from human participants were (i) approved by the Ethics Committee
of the Canton of Bern, which waived the requirement for written informed consent (KEK-BE: 2016-01497), and
(ii) conducted in accordance with the relevant guidelines and regulations.

In vivo mouse study

The experiments were performed in RAG mice, mixed in sex, aged 6-8 weeks. To establish tumor xenografts,
suspensions of 0.5 x 10° MESO-1 tumor cells (in PBS) mixed 1:1 with BD Matrigel Basement Membrane Matrix
(Cat. #356231; Corning, Inc., Corning, NY, USA) were subcutaneously inoculated on the left and right flanks.
When the tumor volume reached 150-200 mm?, the mice were randomly assigned to one of the following treat-
ment groups: (1) the control group; (2) the concomitant treatment group: cisplatin (4 mg/kg) plus pemetrexed
(300 mg/kg) (i.p., 1 injection every second week) for six weeks; (3) the capecitabine/Xeloda treatment group
(360 mg/kg, per os., 5 days/every second week) for six weeks; (4) the triple combination group: concomitant
treatment + 1 week later capecitabine for 5 days. Each cycle lasted 2 weeks, and 3 treatment cycles were performed.
Body weight and tumor size were measured every week. Tumor size was calculated as (length x width x width)/2.
At the endpoint, tumor samples were collected for weight measurements and analysis by immunohistochemistry.

Tissue and immunohistochemistry

Immunohistochemistry (IHC) was performed at room temperature with the fully automated BOND RX" stain-
ing system (Leica Biosystems). CDA staining was conducted using a polyclonal antibody against human CDA
(Atlasantibodies, HPA064202, Tris, 1:500). CDA expression on tumor cells was evaluated using the H-score, the
product of staining intensity and frequency of positive tumor cells, where 0 =none, 1 =weak, 2 =intermediate,
and 3 =strong’.

Statistical analysis

The data were analyzed using Prism 8 (GraphPad). In all the studies, the data represent biological replicates (n).
The data are presented as the mean + standard deviation (SD) or mean + standard error of the mean (SEM), as
indicated in the figure legends. Comparisons of mean values were conducted with two-tailed Student’s t tests
and one-way and two-way ANOVA with Tukey’s multiple comparisons tests, as indicated in the figure legends.
In all analyses, p values less than 0.05 were considered to indicate statistical significance.

Tissue microarray construction and analysis

The study cohort comprised 98 patients with consecutively resected MPM diagnosed at the Institute of Tis-
sue Medicine and Pathology, University of Bern, Switzerland. All tumors were resected at the Department of
General Thoracic Surgery, Inselspital, Bern University Hospital, University of Bern, Switzerland. The cohort
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was assembled according to the pathologic reports and validated using clinical files. The study was approved by
the Cantonal Ethics Commission of the Canton of Bern, which waived the requirement for written informed
consent (KEK-BE: 2016-01497).

A next-generation tissue microarray (TMA) was constructed from FFPE tissue blocks as described elsewhere
using an automated tissue microarrayer (Grandmaster, 3DHistech, Budapest, Hungary)'®". In brief, after review
of the hematoxylin and eosin-stained slides, digitization, and annotation, tissue cores (diameter = 0.6 mm) were
transferred to the TMA acceptor block. At least six punches from different tumor regions were included, which
allowed us to evaluate intratumoral heterogeneity. Punches from the tumor center (n=3) and the infiltration front
(n=3) were selected separately. Where adjacent lung tissue was present, additional punches of lung tissue infiltra-
tion were added (n=3). The subsequent automated TMA construction was performed as described previously'®.

R software (version 4.3.0, https://cran.r-project.org) was used for statistical analysis. To assess heterogeneity
between different cores, different regions, or different time points (before neoadjuvant therapy vs. after neoadju-
vant therapy), we used the Friedman test and the Wilcoxon signed rank test to determine Benjamini-Hochberg
corrected p values. Bland—Altman plots were generated for visualization. For patient or region-wise comparisons,
the arithmetic average of the overall assessed cores was used for statistical analysis. Fisher’s exact test and the
Wilcoxon rank-sum test were used to compare baseline characteristics according to CDA expression. For survival
analysis, the survival (https://cran.r-project.org/web/packages/survival/index.html) and survminer packages
(https://cran.r-project.org/web/packages/survminer/index.html) were used. We applied the log-rank test for
univariate analysis, and Kaplan—Meier plots were generated for visualization. Overall survival was defined as
the time from the pathology-based diagnosis until death from any cause or loss to follow-up.

Ethics approval and consent to participate
This study was approved by the Cantonal Ethics Committee of Bern, Switzerland, and was performed in accord-
ance with the Declaration of Helsinki.

Results

The basal levels of CDA expression in vitro and in patient samples and its association with EMT
CDA is a key enzyme of the nucleotide salvage pathway? (Fig. 1A). Our in silico analysis of the gene expression
data of the TCGA dataset revealed that CDA expression is relatively low in MPM patient samples compared to
that in samples from other tumor entities (third lowest out of the 30 analyzed tumor entities; Fig. S1A). Fur-
thermore, basal CDA protein expression was variable at low levels in the MPM cell lines tested, e.g., in MESO-1,
MESO-4, H28, H2052, H2452, MSTO, and JL-1, and was relatively high in the NSCLC cell line H358 (Fig. 1B),
as we previously reported’®. The MPM cell line H2052 was an exception because it presented higher CDA protein
expression compared with the other MPM cell lines. Our in silico analysis showed a similar pattern at the RNA
level; e.g., the mRNA expression of CDA was greater in the MPM cell line H2052 and the NSCLC cell line H358
than in the other MPM cell lines tested (Fig. 1C).

Our group has previously shown that CDA expression in NSCLC cells is associated with EMT and can be
induced by treatment with chemotherapy or TGF-p, both of which are known to induce EMT". Our in silico
analysis of gene expression data from 82 patient-derived MPM tumors from The Cancer Genome Atlas (TCGA)
revealed that high CDA expression significantly correlated with an increased EMT score (Fig. 1D). In detail,
CDA expression was positively correlated with the mesenchymal transcription factors SNAI1, SNAI2, TWIST1,
ZEBI, and ZEB2 and the mesenchymal markers FN1 and CDH2 and negatively correlated with the epithelial
transcription factor TWIST?2, the epithelial marker CDH1 encoding E-cadherin?! (Fig. 1E). In agreement with
these findings, analysis of gene expression data from cBioportal (https://www.cbioportal.org) revealed that CDA
expression is also significantly positively correlated with the mesenchymal markers CD90 (THY1) and vimentin
(VIM) (Fig. S1B,C). Moreover, the mRNA expression of CDA in MPM patient samples was relatively low in epi-
thelial tumors, slightly increased in biphasic tumors, and highest in sarcomatoid tumors (only two sarcomatoid
samples were available in this dataset) (Fig. S1D). In conclusion, the basal expression of CDA in MPM cell lines
and patient samples is relatively low, but CDA expression is positively correlated with EMT status.

Mesothelioma cell lines feature low basal sensitivity to 5’-DFCR treatment

Previously, we showed that sensitivity to 5’-DFCR was related to CDA expression and the EMT status of NSCLC
cells. In detail, for the EMT-related subpopulations in the NSCLC cell line A549, the IC50 for 5°-DFCR was
0.3 mM for the mesenchymal-like paraclonal subpopulation. In contrast, the epithelial-like, holoclonal subpopu-
lation was resistant to 5’-DFCR treatment'®. The IC50s for 5’-DFCR in the epithelioid cell line MESO-1 and the
sarcomatoid cell line JL-1 were 3.3 and 5.0 mM, respectively (Fig. 1EG, respectively). Since the enzymatic activity
of CDA is required to convert 5’-DFCR to 5-FU, the relatively high IC50 values for 5’-DFCR are consistent with
the relatively low basal CDA expression levels in MPM cell lines.

Standard chemotherapy increases CDA expression in mesothelioma cells in an EMT- and
schedule-dependent manner

We tested whether standard chemotherapy with cisplatin and MTA could increase CDA expression levels in
mesothelioma cells, as we previously observed in various NSCLC cell lines'®. As we described before, H358 cells
were used as a control for positive CDA expression (Fig. 2A)'°. After concomitant treatment with 10 uM cisplatin
and 5 uM MTA for 24 h, the CDA expression levels increased over time in the MESO-1 cells compared to those
in the untreated control (D0), reaching the highest expression levels on day 6 post-treatment, i.e., on recovery
day 6 (RD6). The expression of the EMT marker VIM initially decreased and subsequently also increased in a
schedule-dependent manner, slightly earlier than CDA expression did (Fig. 2A-C). These results suggest that
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Figure 1. CDA expression in MPM cell lines and patient samples. (A) Schematic representation of the role of
CDA in capecitabine metabolism and its role in the pyrimidine de novo and salvage pathways. (B) Western blot
analysis of basal CDA protein expression in the indicated MPM cell lines. The epithelial NSCLC cell line H358
was included as a positive control for CDA expression. (C) Graphical representation of CDA mRNA expression
data from selected cell lines from the RNAseq Gene Expression Atlas. (D) In silico analysis of gene expression
data from MPM tumor samples from patients in the TCGA database. (E) Correlation analysis of gene expression
data from tumors of mesothelioma patients derived from the cBioPortal. (F) Analysis of MESO-1 cell viability
normalized to that of the solvent-treated control; n=3 independent experiments. (G) Analysis of the viability of
JL-1 cells normalized to that of solvent-treated controls. The experiments were performed in triplicate and were
replicated at least twice.
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Figure 2. Treatment with chemotherapy increased CDA expression in MPM cells in a schedule-dependent
manner. (A) Western blot analysis of CDA protein expression in MESO-1 cells on recovery days (RD) after

24 h of cisplatin/MTA exposure. (B) Quantification of CDA protein expression, normalized to the expression of
beta-actin (ACTIN), relative to the untreated control on day 0. (C) Quantification of VIM protein expression,
normalized to the expression of beta-actin (ACTIN), relative to the untreated control on day 0.
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delaying the additional administration of 5’-DFCR after the EMT-associated increase in CDA levels, e.g., after
D6, might enhance anticancer efficacy compared with concomitant administration of standard chemotherapy.

CDA expression is associated with hypoxia, which differentially affects the growth of MPM
histotypes

Previously reported in MPM, hypoxic conditions promote EMT and induce cisplatin resistance, which is associ-
ated with a more aggressive phenotype®”. Thus, we tested whether hypoxic conditions affect CDA expression in
mesothelioma cells in vitro. Indeed, compared with that in MESO-1 cells cultured under normoxic conditions,
CDA protein expression increased over time after the initiation of hypoxia (1 and 20% O,, respectively), with
a peak in expression occurring at D6 (Fig. 3A,B). To investigate whether the association of CDA expression
with hypoxia is also relevant in the clinical setting, we analyzed 87 mesothelioma patient samples from a public
database (www.cBioportal.org). Intriguingly, in those patient samples, CDA mRNA expression was significantly
positively correlated with the expression of HIF1A, which encodes hypoxia-inducible transcription factor 1-alpha
(HIF-1a) (Fig. SIE).

Hypoxia has previously been shown to affect colony formation in several mesothelioma cell lines??. Com-
pared to that of normoxic cells, the growth of the epithelial NSCLC cell line H358 was decreased under hypoxic
conditions (Fig. 3C). Concerning the more epithelial-like MPM cell lines, hypoxia increased the growth of the
MESO-4 and JL-1 cell lines (Fig. 3D), whereas the growth of the epithelial/fibroblast-like cell line H2452 was
not affected, and the growth of the more fibroblast-like MESO1 cell line was decreased (Fig. 3E). Interestingly,
the growth of the sarcomatoid MPM cell lines H2052 and H28 was significantly increased under hypoxic condi-
tions (Fig. 3F). In summary, high CDA expression is associated with hypoxia and a sarcomatoid phenotype in
MPM. Furthermore, the growth of sarcomatoid MPM cell lines increased under hypoxic conditions, whereas
the growth of epithelial-like cell lines was more variable.
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Figure 3. Hypoxia increases CDA expression in MESO-1 cells over time and differentially affects the growth of
MPM cell lines. (A) Western blot analysis of CDA and beta-actin protein expression in MESO-1 cells exposed
to hypoxia for the indicated time points (B) Quantification of the data in Fig. 3A, i.e., CDA protein expression,
normalized to the expression of beta-actin (ACTIN) relative to the untreated control on day 0. (C-F) Relative
cell growth of the indicated cell lines. After the cells were seeded into 96-well plates, the plates were incubated
in parallel under normoxic and hypoxic conditions for 72 h, after which the medium was replaced after 48 h.
Cell growth was determined in parallel for all plates by the Presto-Blue assay. The data are presented as the
mean + SEM (n=12). Not significant (ns), *p <0.05 and ***p <0.0001 according to an unpaired ¢ test.
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High CDA expression in tumor xenografts is further augmented by chemotherapy

It has been shown that MPM tumors contain areas of hypoxia®. Thus, we characterized CDA expression in vivo,
i.e., during tumor development and after exposure to chemotherapy. As described above, the MESO-1 MPM
cell line features relatively low basal CDA expression in vitro (Fig. 1B,C). However, 7 days after implantation,
the MESO-1-derived tumors contained cells featuring high CDA expression (Fig. 4A). We also compared CDA
expression in different parts of the tumor, as in the periphery, the estimated tissue oxygenation was increased
compared to that in the tumor center*. Indeed, CDA expression was greater in the centers of tumor xenografts
than in more peripheral regions (Fig. 4B).

During the development of xenograft tumors, the area of hypoxia has been shown to increase*. Interestingly,
our analysis of non-treated tumors revealed that CDA expression increased over time (Fig. 4C). Our in vitro
experiments revealed that treatment with standard chemotherapy increased CDA expression in MPM cells in a
time-dependent manner (see Fig. 2A). Compared to that in the untreated control tumors, standard chemotherapy
further increased CDA expression in tumors in a time-dependent manner; i.e., CDA expression was increased
24 h after treatment with chemotherapy and further increased up to day 13, with elevated expression persisting
throughout the experiment (Fig. 4D). Thus, in comparison to in vitro cell culture conditions, CDA expression
in MPM cells is higher in vivo and further increased after chemotherapy.

A B c
300 Fokok 220
Sye 200
200: 'i.
& 2 180
S S
2 2
= = 160
100: o
140
04 T T [V e o s s s s e e e
periphery center 67 8 91011121314151617181920
Days after cell implantation
D
200
150 & treated

** _e— untreated

T T T 7T

T T T T T
0246 8 10121416 1820

Days after chemotherapy
E F G
L5 ns
: 1000 @~ Vehicle 1100 ok
900 d
-8 Chemo 1000
~ 800 .
& ~&~ Capecitabine — 900 -
@ 1.0 700 2 800
= & &= Triple sk g
k=S E 600 Z 700
g -@ Vehicle 2 5004 -% RD7 B 600
=] o
2 -8 Chemo £ 400 stk [ ook 2 500
@ 057 o~ Capecitabine £ 300 £ §gg b
=
& Triple & 200 =200 ﬁ
-¥- RD7 100 100
00T T T T T T T T T T TTT O T T T T T T T T T T T T 0 T T
A X\ a5 DD H QAN XD A XN DS DD d AN XD D > & Q% a
PP FFF S PSS FFPFFFFF S F S & s & &L
O
Days Days after cell implantation & C& @Q@

Figure 4. MPM tumor xenografts feature high CDA expression and are more susceptible to schedule-
dependent than concurrent therapy. (A) Representative image of CDA expression in a MESO-1 xenograft tumor.
(B) In the periphery and center of each tumor, at least two regions with high and weak CDA intensities were
selected for further H-score analysis. The tumor center was determined to be 1000 pm from the tumor edge.
***p <0.001 according to an unpaired t test. (C) H-scores over time in untreated tumors (n=2). (D) H-scores
over time after treatment with one cycle of chemotherapy compared to those of the untreated control. The data
are presented as the mean + SEM (n=4). **p <0.01, comparison between groups by two-way ANOVA with
Tukey’s multiple comparisons test. (E) Mouse body weight during the experiment shown in panel F. (F) Analysis
of tumor growth over time in the MESO-1 xenograft tumors treated with the indicated regimens. The data were
analyzed by two-way ANOVA with Tukey’s multiple comparisons test and are presented as the mean+SEM
(n=4 or 5). *p<0.01, **p<0.0001. (G) Tumor weight on day 100 after the start of the experiment. The

data are presented as the mean+SEM (n=4 or 5). Not significant (ns), *p <0.05, **p <0.01, and ****p <0.0001
according to unpaired t tests.
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Schedule-dependent therapy in vivo

We have already shown in vitro that the efficacy of capecitabine treatment depends on high CDA levels'®. Thus,
we hypothesized that treatment of MPM tumors with chemotherapy combined with delayed capecitabine treat-
ment should have increased anticancer activity compared to concomitant treatment. To test this hypothesis, we
compared several treatment strategies in vivo (Fig. S2A). Body weight was not significantly affected by any of the
tested treatment regimens (Fig. 4E). During the treatment phase (after 7-48 days), all the treatment regimens
effectively suppressed tumor growth compared with that in the vehicle-treated control group (Fig. 4F). Addition-
ally, immediately after the treatment phase, e.g., between days 48 and 62, the tumor volume did not significantly
increase after treatment with the four treatment regimens. However, after day 62, tumor growth was significantly
accelerated after concomitant chemotherapy and capecitabine treatment. The accelerated growth phase was
only reached after day 84 with concomitant triple combination therapy. Interestingly, with schedule-dependent
combination therapy, e.g., combined treatment with pemetrexed and cisplatin on day 1 followed by treatment
with capecitabine on days 8-12 of a 14-day treatment cycle, this accelerated growth phase was not reached until
the end of the experiment, i.e., on day 100 (Fig. 4F and Fig. S2B). Consistent with these findings, tumor weight
was reduced on day 100 after concurrent triplet therapy compared to after chemotherapy or capecitabine alone
and was further reduced after schedule-dependent triplet therapy (Fig. 4G). Thus, sequential treatment combin-
ing chemotherapy with delayed capecitabine administration demonstrated increased anticancer efficacy against
MPM tumors compared to concomitant treatment, as evidenced by suppressed tumor growth and reduced tumor
weight on day 100, suggesting a schedule-dependent benefit.

Increased CDA expression in patient MPM samples before neoadjuvant therapy is significantly
associated with worse overall survival

Our previous study revealed that chemotherapy elicits patient-specific changes in CDA expression in NSCLC
tumor tissue samples’®. To investigate the clinical significance of our findings in MPM, we examined CDA expres-
sion levels in patient samples before and after chemotherapy. For this purpose, we generated a tissue microarray
(TMA) from 98 MPM patients, consisting of 867 TMA cores, 327 before and 540 after neoadjuvant therapy
(Fig. S3A). Our cohort had a median age of 67 years, the disease stage was mainly stage I or III, and the predomi-
nant histotype was epithelial (baseline characteristics; see Tables 1, 2). Our xenograft experiments revealed that
CDA expression was increased in the tumor center compared to the periphery (Fig. 4A,B). Therefore, we included

Age, median (IQR) 67 (60.2-72)
Stage after neoadjuvant therapy

I 38
I 2
11 32
v 2
Histology

Epithelial 66
Sarcomatoid 8
Biphasic 20
Not specified 4

Table 1. Baseline characteristics of the MPM TMA samples.

No CDA expression (n=46) | Some CDA expression (n=11)

Age, median (IQR) 68.5 (60.5-72) 66 (60.5-72.5) p=0.927
Stage after neoadjuvant therapy P=0.537
I 13 2

I 1 1

111 15 3

v 1

Histology p=0.014
Epithelial 3 5

Sarcomatoid 37 5

Biphasic 3

Not specified 3 1

Table 2. Differences between patients with and without CDA expression in the sample before neoadjuvant
therapy.
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three punches from three different tumor regions, namely, the infiltration zone and the infiltration region toward
the lung and the tumor center. It was not always possible to assess all the cores; thus, not the same number of
cores was available for all patients. However, for most patients, at least six cores were assessed. Only 14.4% of
the samples had positive CDA staining, the intensity of which varied considerably (Figs. 5A,B and S3A,B). No
intercore or interregional heterogeneity was detected in the samples before or after neoadjuvant therapy. For
70 patients, samples from either time point were available and could be compared via an unpaired test. There
was no significant difference in the H-scores between these patients (p =0.394, n="70). This finding held when
comparing each of the different regions (infiltration zone; p =0.724, n=69; infiltration toward the lung: p=0.703,
n=>55; tumor center: p=0.496, n="70). For 28 patients, samples from two time points were available and could
be compared via paired procedures. There was no significant difference in the H-scores between these patients
(p=0.185, n=28; Fig. S3C). However, when considering only the tumor centers, samples had significantly higher
CDA expression after neoadjuvant therapy (p=0.035, n=26; Fig. 5A,B; Fig. S3D).

Since most samples exhibited negative CDA staining, we checked whether CDA expression was associated
with overall survival separately before and after neoadjuvant therapy. In non-matched samples, CDA expres-
sion after neoadjuvant therapy was not significantly associated with improved overall survival (p=0.71, n=69).
However, CDA expression before neoadjuvant therapy was significantly associated with worse overall survival
(p=0.029, n=57; Fig. 5C). Finally, in the available paired samples, an increase in CDA expression was not sig-
nificantly associated with worse survival; however, the survival curves were separate, and it would be interesting
to investigate this effect with an increased sample size (p=0.18, n=28; Fig. 5D).

In summary, in vitro, the basal level of CDA protein expression in MPM cells is increased by hypoxia and
treatment with chemotherapy. The CDA protein level in MPM cells increases upon subcutaneous xenograft
transplantation, increases over time during tumor development, and can be further increased by chemotherapy
in a schedule-dependent manner. Our in vivo experiments revealed the superiority of a schedule-dependent
regimen, e.g., the inhibition of tumor growth by cisplatin and pemetrexed combination therapy was further

C D

Samples before neoadjuvant therapy 1.00 Paired samples

CDA expression
no change/decrease
= increase

CDA expression
low
= high

o

o

Cumulative Survival
o
a
o

0.00 P 000 P=0.18
0 12 24 36 48 60 0 12 24 3 48 60
Overall Survival [months] Overall Survival [months]
B Tumor - One-two punch therapy
Cancer cells
-
. - First punch: Chemotherapy . - Second punch: Capecitabine
Epigenetically distinct GREEN: sensitive to chemo NCDA cells are sensitive to
subpopulations of cancer cells ~ RED: intrinsically resistant cells Capecitabine treatment
(+ non-cancerous cells) BLUE—ORANGE: acquired resistance

Figure 5. CDA expression in MPM patient samples before neoadjuvant therapy was significantly associated
with worse overall survival. (A) Example of a tumor center with a low basal CDA staining intensity that
increased significantly after neoadjuvant therapy (sample 7522045; see also Fig. S3D). (B) Example of a tumor
center with high basal CDA staining intensity that increased significantly after neoadjuvant therapy (sample
12678090; see also Fig. S3D). (C) Correlation analysis of CDA expression and survival in non-matched MPM
samples before neoadjuvant therapy (p=0.029, n=57). (D) Correlation analysis of the relative changes in the
expression of CDA and survival time in paired MPM tissue samples before and after therapy (p=0.18, n=28).
(E) Schematic illustration of the concept of schedule-dependent, capecitabine-based therapy. In detail, tumors
are composed of various cellular subsets, including cancer cells with shared genetic alterations. These cancer
cells can be further divided into subpopulations, each characterized by distinct epigenetic programs, resulting
in different states along the EMT spectrum. Standard chemotherapy, specifically the combination of cisplatin
and MTA for lung cancer treatment, primarily eradicates cancer cells with an epithelial phenotype. In contrast,
cancer cells with a more mesenchymal phenotype tend to be more resistant to this treatment. Additionally,
chemotherapy induces EMT in a subset of cancer cells, causing some cells to newly acquire a resistant state.
This mesenchymal/resistant state is associated with increased CDA expression, rendering these cells sensitive to
capecitabine treatment.
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augmented by schedule-dependent treatment with capecitabine compared to concomitant triple therapy (Fig. 5E).
Finally, before neoadjuvant therapy, CDA expression is detectable in a subset of MPM patient samples and is
associated with worse overall survival, indicating that CDA expression might be relevant for managing MPM
in the clinical setting.

Discussion

We have previously shown that chemotherapy-induced CDA expression renders NSCLC cancer cells sensitive
to subsequent capecitabine treatment'. To our knowledge, such a treatment approach has never been tested in
MPM. Extensive studies with various cancer cell lines revealed that CDA expression is downregulated in approxi-
mately 60% of cancer cell lines and that low CDA levels correlate with CDA promoter methylation®. Changes
in promoter methylation are described as a hallmark of EMT?. Indeed, we found that CDA expression in MPM
strongly correlates with EMT status both in patient samples and in vitro (Figs. 1, 2, respectively), which agrees
with our previous findings in NSCLC'®. However, recent single-cell sequencing data revealed significant differ-
ences between EMT trajectories, including a so-called hybrid-E/M state?’, characterized by the simultaneous
expression of both epithelial and mesenchymal markers'. The hybrid E/M state is associated with hypoxia®.
Hypoxia contributes to the development of neoplastic disease, the initiation of an aggressive phenotype, and
chemotherapy resistance in various cancers, including mesothelioma?. We found that CDA expression cor-
related strongly with HIF-1-alpha expression in patient samples (Fig. S1E) and was highest in sarcomatoid and
biphasic MPM samples (Fig. S1D), which have a more aggressive phenotype and are more resistant to therapy.
Our experiments demonstrated that CDA expression was only modestly elevated in response to exposure to
1% O,, which simulates physiological hypoxia in tumors®. However, the actual oxygen levels during treatment
and tumor progression are likely to be considerably lower. Thus, it would be of interest to investigate how CDA
expression changes at oxygen levels below 1%. Hypoxia is intrinsically linked with angiogenesis, which is crucial
for MPM tumor growth?!. Therefore, further studies at the single-cell level are needed to determine the molecular
mechanisms underlying the association between CDA expression and EMT status, hypoxia, and angiogenesis.
Although these features constitute a complex network, identifying molecular markers associated with increased
CDA activity may serve as predictive and prognostic markers for capecitabine-based combination therapies.

Concerning capecitabine-based therapies, this study revealed that mesothelioma cell lines are relatively resist-
ant to a single treatment with 5’-DFCR in vitro (Fig. IE,G). However, treatment of MPM cells in vitro with
chemotherapy led to a schedule-dependent increase in CDA expression (Fig. 2). This peak CDA expression was
even greater than the basal CDA expression in the NSCLC cell line H358 (Fig. 2), which was used as a positive
control and was shown in our previous study to be sensitive to 5-DFCR treatment'®. These results suggest that a
schedule-dependent therapy for MPM is feasible: a first phase consisting of standard chemotherapy to increase
CDA expression, which is exploited in a second phase by treatment with capecitabine. Intriguingly, CDA expres-
sion was readily detectable in vivo, e.g., in subcutaneous xenograft tumors generated from MESO-1 cells (Fig. 4).
Consequently, the differences in CDA expression between our in vitro and in vivo experiments suggest that either
in vivo orthotopic models or ex vivo patient samples should be used to investigate the underlying molecular
mechanisms in subsequent studies.

Finally, our in vivo experiments revealed that cisplatin-pemetrexed combination therapy, the current gold-
standard chemotherapy for treating MPM, effectively inhibited tumor growth only during the treatment phase
(Fig. 4E). As soon as the standard therapy was discontinued, the tumors resumed growth and almost reached
the size of the untreated control group at the end of the experiment. Interestingly, treatment with capecitabine
per se suppressed tumor growth as efficiently as standard chemotherapy did (Fig. 4E). In the clinical setting, a
phase IT multicenter study revealed that the antitumor activity of capecitabine is insufficient to warrant further
exploration in patients with malignant mesothelioma*2. Since we observed differences in the anticancer effect of
capecitabine against different MPM cell lines in vitro (Fig. 1F,G) and capecitabine reduced the growth of MESO-1
xenografts in vivo (Fig. 4), we conclude that capecitabine may be effective against a subset of MPM tumors that
can be identified by molecular markers related to CDA activity. However, once treatment was discontinued,
tumors treated with capecitabine per se also exhibited a high proliferative capacity. Only the concomitant triple
combination showed efficacy after the treatment was stopped, possibly due to the accumulation of persistent DNA
damage, as we previously showed in NSCLC for schedule-dependent triple combination therapy'. Importantly,
standard chemotherapy combined with the delayed administration of capecitabine had the greatest efficacy
compared to all the other regimens and did not cause toxicity; i.e., the body weights of the animals remained
stable throughout the experiment (Fig. 4E).

A limitation of our study is that we did not monitor tumor growth for the group receiving standard chemo-
therapy combined with the delayed administration of capecitabine beyond 100 days, i.e., the time point where
the maximum tolerable tumor size was reached for the control group (Fig. 4F). Indeed, a slight increase in tumor
size was detectable after day 84, suggesting that also this group may have benefited from an additional treatment
cycle or an alternative treatment regimen in the adjuvant setting. Further, using an immuno-competent and
orthotopic MPM animal model would better evaluate the impact of capecitabine-based combination therapy and
its potential synergy with immune checkpoint inhibitors (ICIs). Indeed, in the clinical setting for the treatment
of MPM, ICIs demonstrated superiority over standard chemotherapy and with improved overall survival in the
first and later-line settings®®. However, a significant proportion of MPM patients still do not derive benefit from
ICIs, highlighting the need for new treatment strategies and predictive biomarkers of response.

The construction of the TMA and the subsequent analysis revealed that 11 out of 57 (14%) MPM patient sam-
ples expressed CDA at various levels before neoadjuvant therapy (Fig. 5). Since increased CDA expression is asso-
ciated with a mesenchymal phenotype, which is linked to resistance to cisplatin and pemetrexed treatment, posi-
tive CDA staining could be used to identify patients who might benefit from capecitabine-based chemotherapy.
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In this context, it was recently shown that ALK inhibitor-resistant NSCLC cells exhibit increased CDA expression
and a mesenchymal phenotype and that targeting CDA expression reduces proliferation and reverses the EMT
phenotype®*. Interestingly, in 2009, a clinical case of NSCLC was reported in which standard chemotherapy was
used in combination with capecitabine®. The patient achieved a partial response to capecitabine after several
cycles of chemotherapy. In this context, capecitabine-based treatment regimen are well established for treating
several solid tumors, including colorectal cancer®. Intriguingly, significant antitumor effects were achieved with
an anti-VEGF drug followed by long-term, low-dose capecitabine therapy®’, demonstrating that the efficacy of a
capecitabine-based sequential treatment regimen is not limited to pretreatment with chemotherapy. Our results
are consistent with these findings and provide further evidence that a schedule-dependent, capecitabine-based
therapy may be a promising and affordable therapeutic option for lung cancer, MPM and other rare cancers.

Conclusions

In summary, for the first time, we demonstrated that exploiting the increase in pyrimidine salvage pathway activ-
ity upon chemotherapy might be a feasible treatment strategy for MPM. Our study also identified hypoxia and
EMT status as potential prognostic and predictive markers for combination therapy based on increased CDA
activity. Additional studies will be necessary to unravel the molecular pathways associated with regulating CDA
expression not only in MPM cancer cells but also in tumor-associated immune and stromal cells. Nevertheless,
our current study extends our previous findings in NSCLC and lays the foundation for developing a schedule-
dependent therapy based on CDA activity for treating MPM. Approving novel therapeutics for cancer patients
is highly time-consuming and costly. From a pragmatic perspective, the regulatory hurdles for a novel treatment
strategy based on the combination of clinically approved drugs are lower than those for other agents, so its
implementation in clinical practice could be more straightforward, which would greatly benefit MPM patients.

Data availability
This published article and its supplementary information files include all the data generated or analyzed during
this study.
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