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Abstract

Background Gastric cancer (GC) is a significant cancer-related cause of death worldwide. GC's most used
chemotherapeutic regimen is based on platinum drugs such as cisplatin (CDDP). However, CDDP chemoresistance
reduces the survival rate of advanced GC. The immune C-C chemokine receptor type 5 (CCR5) have been proposed
as a pivotal factor in cancer progression since its blockade has been linked with antineoplastic effects on tumor
cell proliferation; nevertheless, its role in the chemoresistance of GC has not been elucidated. This study aimed to
determine the effects induced by the CCR5 using Maraviroc (MVC), a highly selective CCR5 antagonist, on CDDP-
resistant AGS cells (AGS R-CDDP), tumoroids (3D tumor spheroids), and animal models.

Results The combined CDDP and MVC treatment reduced cell viability and inhibited tumoroid formation in AGS
R-CDDP cells. The effects of the MVC/CDDP combination on apoptosis and cell cycle progression were correlated
with the increase in CDDP (dose-dependent). The mRNA levels of C-C Motif Chemokine Ligand 5 (CCL5), the main
ligand for CCR5, decreased significantly in cells treated with the MVC/CDDP combination. MVC in the MVC/CDDP
combination improved the survival rate and biochemical parameters of CDDP-treated mice by reducing the side
effects of CDDP alone.

Conclusions This finding suggests that MVC/CDDP combination could be a potential complementary therapy for
GC.
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Background

Gastric cancer (GC) is the fifth most common cancer in
terms of incidence and the fourth most common can-
cer in terms of mortality, representing a serious public
health concern in the world [1]. Surgery is an effective
treatment for the early stages of GC, notwithstand-
ing chemotherapy is the central strategy for patients
diagnosed in advanced or metastatic stages to improve
survival rates and mitigate adverse symptoms [2, 3]. Cis-
platin (CDDP) is a widely used drug in first-line therapy
against advanced GC [4, 5]. This platinum compound
binds covalently to DNA, forming adducts that inhibit
DNA replication, suppress transcription, induce cell-
cycle arrest, disrupt DNA damage repair, and promote
apoptosis [6]. Unfortunately, chemotherapy has shown
limited benefits in advanced stage GC, reaching an aver-
age survival of ten months, due to the reduced treat-
ment efficiency, which can lead to tumor regrowth and
lower patient survival [7]. Chemoresistance represents
the most important cause of cancer treatment failure
and mortality [8]. The principal mechanisms that con-
tribute to developing CDDP chemoresistance include: (i)
increase the DNA repair, (ii) increase CDDP efflux rate,
(iii) decrease the expression of the principal CDDP influx
transporter (CTR1), (iv) CDDP detoxication by metallo-
thioneins and glutathione molecules, (v) inactivated cell
death signaling [9]; and (vi) epigenetic regulation [10].
In the effort to identify new mechanisms of CDDP resis-
tance and find potential therapeutic targets, the role of
the CC chemokine subfamily in CDDP chemoresistance
has been investigated [11]. Previous studies, performed
by our group, established, and characterized a new gas-
tric cancer cell line resistant to CDDP through functional
assays and RNA-seq analysis. These studies allowed us to
elucidate the relationship between CDDP chemoresis-
tance and the immune system. We found that the major-
ity of differentially expressed genes (DEGs), such as C-C
Motif Chemokine Ligand 5 (CCL5), were enriched in the
inflammation mediated by chemokine and cytokine sig-
naling pathway. Moreover, we found that CCL5 mRNA
expression was upregulated in these chemoresistant gas-
tric cancer cells [12]. CCL5, also known as Regulated
upon Activation, Normal T-cell Expressed and Secreted
(RANTES), is a chemokine secreted in a paracrine or
autocrine fashion that plays an active role in recruiting a
variety of leukocytes into inflammatory sites [13]. CCL5
and its receptor CCR5 (C-C chemokine receptor type
5) constitute an axis (CCL5/CCRS5) whose role has been
extensively studied in cancer progression. In this regard,
this manuscript focused on the CCL5 receptor (CCR5), a
G protein-coupled receptor that mediates the physiologi-
cal functions of immune cells. CCR5 has been involved in
the stimulation of proliferation, invasion, and metastasis
in GC [14], and its overexpression has been observed in
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many types of cancers [13, 15], including GC [16]. CCR5
is a co-receptor of Human immunodeficiency virus (HIV-
1) in immune cells and therapies targeting CCR5 include
Maraviroc (MVC), a small molecule FDA-cleared for
the treatment of patients with HIV [13, 15]. In cancer,
CCR5 has been implicated in hematological cancers [17]
and solid tumors, mainly breast cancer [18], colorectal
cancer [19], and GC [20]. In the case of colorectal can-
cer, studies using the SW480 and SW620 cell lines dem-
onstrated that CCR5 blockade with MVC reduced cell
viability. Additionally, Pervaitz et al.. showed that CCR5
antagonism by MVC induces significant apoptotic effects
in colorectal cancer cells [21]. Regarding gastric cancer,
this receptor has been linked to the progression and dis-
semination of this type of cancer. In a study using an in
vitro model with AGS cells to investigate the modula-
tion of the CCL5/CCR5 axis, it was found that recep-
tor expression increased with rising chemokine levels
in the tumor microenvironment [22]. CCR5 blockade
by MVC has been studied in GC progression in an in
vivo model, with effects such as reduced the number
and total volume of peritoneal and mesenteric nodules,
increased median survival time, and induced extensive
intratumoral necrosis in mice [16, 23], however, it has not
been fully elucidated in chemoresistance models. More-
over, we investigated the effects generated by the block-
ade of CCR5 by MVC by itself and in combination with
CDDP, using different models of chemoresistance in GC,
including CDDP-resistant AGS cells (AGS R-CDDP),
tumoroids (3D tumor spheroids), and animal model. Our
results showed that the use of the MVC/CDDP combi-
nation resulted in an improved survival rate and more
favorable biochemical parameters in mice undergoing
CDDP treatment. This outcome suggests that the MVC/
CDDP combination could represent a promising comple-
mentary therapy for GC, given its ability to reduce CDDP
side effects.

Materials and methods

Drugs

Cisplatin (CDDP; Cat# 15663-27-1) and Maraviroc
(MVC; Cat# 376348-65-1) were purchased from Sigma
Aldrich (Merck group, Germany). CDDP was recon-
stituted at a concentration of 3.3 mM diluted in 0.9%
(p/v) NaCl, and aliquots of stock solution were stored at
-80 °C. We used a high (26.05 pM) and a low (4.8 uM)
concentration of CDDP, corresponding to the ECjy, of
AGS R-CDDP cells and AGS WT cells, respectively,
achieved after 72 h of incubation [12]. MVC was recon-
stituted at a concentration of 5pM following Mercanelli
et al. instructions [23].
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Cell lines culture

We utilized two gastric cancer cell lines in this study:
AGS WT (wild type), and AGS CDDP-resistant. AGS
WT, a human Caucasian Gastric Adenocarcinoma cell
line, Cat# 8,909,040, was acquired by the European Col-
lection of Authenticated Cell Cultures (ECACC) (distrib-
uted by Sigma-Aldrich Corporation-ECACC, Oceania
Inventory). AGS R-CDDP cell line was established from
the AGS WT cell line by increasing CDDP drug doses
stepwise and posterior characterization by functional
and transcriptomic analyses [12]. AGS WT and AGS
R-CDDP were cultured in RPMI-1640 medium (Cat#
22400071, ThermoFisher, USA) supplemented with 10%
(v/v) fetal bovine serum (Cat# 16000044, ThermoFisher,
USA) and 1% (v/v) penicillin and streptomycin (Cat#
15140122, ThermoFisher, USA). Cells were maintained at
37 °C in a 95% humidified atmosphere and 5% CO, con-
ditions. Both resistant and wild-type cell lines were sub-
cultured at 80% confluence and harvested after treatment
with 0.25% trypsin and 0.02% EDTA (Cat# 25200056,
ThermoFisher, USA).

Viability assays

Viability assays were performed using a standard viabil-
ity assay (MTT assay). Briefly, 5.5x 10° cells were seeded
in 96-well plates in 100 pL of culture medium and incu-
bated for 24 h to allow cell attachment until reach-
ing 50% confluence. The cells were exposed 24, 48, and
72 h to MVC (5uM) and/or CDDP (26.05 uM and 4.8
uM). Cells incubated with 0.9% (p/v) NaCl were used
as controls. After each incubation, the culture medium
was removed, and the cells were washed with 100 pL of
DPBS/Modified (Cat. 21-031-CM, Corning, USA) and
subsequently treated with MTT (Cat. 298-93-1, Merck
group, Germany) at 0.5 mg/mL, followed by 2 h of incu-
bation at 37° C. Only functional mitochondrial dehydro-
genase enzymes from viable cells can reduce MTT to
form formazan, evidenced by the formation of a purple
precipitate, and 100 uL of propanol is used to dissolve
it entirely. Absorbance was measured at 570 nm wave-
length using the Infinite NanoQuant spectrophotometer
(TECAN, Switzerland).

Cell death assay

Cell death assay was performed using the Dead Cell
Apoptosis Kit with Alexa Fluor™ 488 annexin V and
propidium iodide (PI) (Cat. V13245, Invitrogen, USA)
according to the manufacturer’s instructions. Briefly,
7 x 10* cells were seeded in 6-well plates in 2 mL of cul-
ture medium and incubated for 24 h to allow cell attach-
ment. Then, cells were exposed 72 h to MVC (5uM) and/
or CDDP (26.05 puM and 4.8 uM). Cells with 0.9% (p/v)
NaCl were used as controls. Following incubation, cells
were harvested by trypsin treatment and centrifuged. The
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pellet obtained was washed with 1X DPBS (Cat# 21-031-
CM, Corning, USA) and resuspended in 100 pL of 1X
annexin buffer. For staining, cells were incubated with 5
uL of Alexa Fluor® 488 annexin V and 1 pL of 100 pg/mL
Propidium Iodine (PI) at 37°C for 15 min. Finally, cells
were resuspended in 400 uL of 1X annexin buffer and
collected for analysis by flow cytometry (FACSCANTO
II, BD, USA). As apoptosis-inducing agent, 5% DMSO
(Cat. DI-0755, Winckler, Chile) was used. Early apoptotic
cells (annexin V-positive, PI-negative), late apoptotic cells
(annexin V-positive and PI-positive), annexin V-negative
and PI-positive cell populations were all considered dead
cells. The fluorescence was read at maximum excitation/
emission of 499521 for Alexa Fluor® 488 annexin V and
535617 for PL.

Cell cycle assay

Cell cycle assay was performed using Muse® Cell Cycle
Assay Kit (Cat. CB. MCH100106, Merck Millipore, USA),
according to the manufacturer’s protocol. The kit utilizes
propidium iodide (PI) staining to allow quantitative mea-
surements of the percentage of cells in the G0/G1, S, and
G2/M phases. Briefly, 7 x 10* resistant cells were seeded
in 6-well plates in 2 mL of culture medium and incubated
for 24 h to allow cell attachment. Cells were synchro-
nized through serum starvation for 19 h. Then, cells were
exposed 24, 48, and 72 h to MVC (5uM) and/or CDDP
(26.05 uM and 4.8 uM). Cells incubated with 0.9% (p/v)
NaCl were used as controls. Following incubation, cells
were harvested by trypsin treatment and centrifuged. The
pellet obtained was washed with 1X DPBS (Cat# 21-031-
CM, Corning, USA), resuspended in 1mL of cold 70%
ethanol, and stored at -20 °C. For staining, 200 pL of fixed
cells were taken, centrifuged, and washed twice with
DPBS. The pellet was resuspended in 200 pL of Muse®
Cell Cycle reagent (premixed reagent that includes PI
staining for DNA and RNase A intercalation) and incu-
bated for 30 min at room temperature, protected from
light. The samples were analyzed by flow cytometry in a
Muse™ Cell Analyzer (EMD Millipore Bioscience, USA).

RNA extraction and quantitative analysis

The mRNA expression of CCL5 was quantified by RT-
qPCR. Pellet was collected 72 h after treatments with
MVC (5uM) and/or CDDP (26.05 uM and 4.8 pM). The
selection of this time point is due to the fact that the most
significant decreases in cell viability with the combined
treatment of MVC and CDDP were observed at 72 h.
Cells incubated with 0.9% (p/v) NaCl were used as con-
trol. Total RNA was extracted from ~ 2.0 x 10° cells using
TRIzol Reagent (Cat# 15596018, ThermoFisher, USA)
according to the manufacturer’s instructions. RNA con-
centration was quantified using the Infinite’NanoQuant
spectrophotometer (TECAN, Switzerland), and integrity
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was evaluated by measuring RNA 260/280 absorbance
ratio and gel electrophoresis. Then, RNA was treated
with DNase I (Cat.M6101, Promega Corp, USA), and
the first-strand cDNA was prepared from 1 pug of RNA
in a total reaction volume of 20 pL using M-MLYV reverse
transcriptase 200 U/uL (Cat. M1701, Promega Corp,
USA) at 42 °C for 60 min. Subsequently, cDNA was
amplified by qPCR using Brilliant II Ultra-Fast SYBR®
Green qPCR Master Mix (Cat# 600828, Agilent Tech-
nologies, USA) according to the manufacturer’s protocol,
using the Stratagene Mx-3000p real-time PCR system
(Agilent Technologies, USA). Relative expression was
determined by 2722T method, using ACTB as the ref-
erence gene. Sequences of oligonucleotides used in this
study are detailed in Supplementary Table 1.

Tumoroid formation assay

Tumoroids (3D tumor spheroids) were grown from AGS
R-CDDP cells seeded in low adhesion plates (Nunclon™
Sphera™, Thermofisher, USA) supplemented with Mam-
mary Epithelial Cell Growth culture medium (at least
1.5 mL of MEGM™, Cat. CC-3151, Lonza, Switzerland),
EGF 25 ng/mL, hydrocortisone 0.5 g/mL, insulin 5 pg/
mL (Cat. CC-4136, Lonza, Switzerland) and bFGF 25
ng /mL (Cat. PHG0026, Invitrogen, USA). For tumoroid
expansion, AGS R-CDDP were seeded on sterile 2% agar-
covered plates (6 well-plates). Tumoroids were grown at
37 °C and 5% CO, for 14 days. The inclusion/exclusion
criteria are based on the diameter of the tumoroid: by day
7, the tumoroid should measure over 50 um, and by day
14, over 100 um as described by Durén-Jara et al. [24].
Cell culture medium was not renewed during the 14 days
of the experiment, and the formation of spheres was visu-
ally and recorded by photography using the Micrometrics
SE Premium 4 software (Accu-Scope, USA) in a Nikon
Eclipse TS100 inverted microscope (Nikon Instruments
Inc., USA). After 14 days, cell culture medium with the
spheres was extracted from wells and passed through a
70 pm filter (BD Falcon, USA). Pharmacological stimuli
with MVC and/or CDDP were added on days 14, 17,
and 20. The final count of tumoroids was performed on
day 24, and the formation of spheres was observed. We
used a high and low concentration for each drug (MVC:
10 puM and 5 uM, CDDP: 26.05 uM and 4.8 uM). Cells
not treated (NT) and cells exposed to DMSO were used
as controls. The tumoroid standardization assay focused
on determining the tumoroid formation capacity in AGS
R-CDDP compared to AGS WT cells is shown in Supple-
mentary Fig. 1.

Animal model

Animal studies were conducted in accordance with
the Ethical Committee of the Universidad Del Desar-
rollo (Approval certificate N°07/2021_CICUAL-UDD).
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Immune-compromised BalbC NOD/SCID mice (males
and females) were obtained from The Jackson Laboratory
(Bar Harbor, ME, USA) and maintained in the animal
facilities of the Universidad Del Desarrollo under specific
pathogen-free conditions, in a temperature-controlled
environment with 12/12 h light/dark schedule. Animals
were fed with sterile food and water ad libitum.

Tumor growth assay

Mice between 6 and 8 weeks of age were used for the
experiments. AGS R-CDDP cells were cultured to
develop tumoroids at 14th days. The tumoroids were
then tripsinizated, and 2.5 x 10 tumoroid AGS R-CDDP
cells in a total volume of 0.2 ml (1:1 Matrigel® Matrix,
Cat#356255, Corning, USA) were injected subcutane-
ously into the flanks of BalbC NOD/SCID mice. Tumor
growth was monitored by palpation (volume =width2 x
length x 11/6) as described by Lobos-Gonzélez et al. [25,
26]. Mice were randomized into four different treatment
groups: Group 1 (control, n=6) treated with NaCl 0.9%
p/v; Group 2 (MVC, n=6) treated with MVC 10 mg/
kg; Group 3 (CDDP, n=5) treated with CDDP 10 mg/
kg; and Group 4 (MVC+ CDDP, n=4) treated with the
combination of MVC and CDDP. MVC and CDDP doses
were obtained from Mencarelli et al. and Xu et al. respec-
tively [23, 27]. The doses were administered intra-peri-
toneally every three days for a total of 20 days, starting
three days after cell inoculation.

Statistical analysis

All the experiments were performed in biological and
technical triplicates for each condition. Data were ana-
lyzed using the GraphPad Prism 10.0.3 software (Graph-
Pad, USA). Cell viability and cell cycle data were analyzed
using a two-way ANOVA with Bonferroni post-hoc test.
Cell death and RT-qPCR data were analyzed using Krus-
kal-Wallis with Dunn post-hoc test. Tumoroid formation
was analyzed using one-way ANOVA with Tukey’s mul-
tiple comparisons post-hoc test. Mixed-effect analysis
followed by Tukey’s multiple comparison test was used
for tumor growth. Terminal tumor size was analyzed
using one-way ANOVA with Tukey’s multiple compari-
sons post-hoc test. Animal survival was analyzed using
Log-rank (Mantel-Cox) test.

Results

MVC/CDDP synergistically decreases cell viability in CDDP-
resistant AGS cells

MTT assays were performed in AGS R-CDDP cells
exposed to MVC and/or CDDP to evaluate the effect of
CCR5 inhibition on cell viability (Fig. 1). No differences
in cell viability were observed between cells exposed to
MVC and control cells at 24-, 48-, and 72-h post-incuba-
tion. However, a substantial decrease in cell viability was
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Fig. 1 Cell Viability of AGS R-CDDP cells exposed to MVC and/or CDDP. Cells were incubated with MVC and/or CDDP for 24, 48, and 72 h, and cell vi-
ability was measured using a standard viability assay (MTT). Two-way ANOVA with Bonferroni post-hoc test was used to compare the groups. Values of
P<0.05 were considered statistically significant. *P<0.05, ***P<0.001 and ***P<0.0001. Data were expressed as mean + SD of three biological replicates.

Maraviroc (MVC) and Cisplatin (CDDP)

observed when MVC was combined with CDDP. MVC
combined with a low concentration of CDDP (4.8 uM)
triggered a reduction in cell viability at 24 (P<0.0001),
48 (P<0.0001), and 72 (P<0.0001) h post-incubation
compared to control cells. Similarly, when MVC was
combined with a high concentration of CDDP (26.05
uM), cell viability was significantly reduced at all times
of incubation (P<0.0001) compared to control cells.
As was expected, cells exposed to a high concentration
of CDDP showed a viability reduction 24 (P<0.01), 48
(P<0.0001), and 72 h after incubation (P<0.0001) com-
pared to control cells. When MVC/CDDP combinations
were compared to cells exposed to CDDP (at high or low
concentrations), we observed a significant reduction of
cell viability at all incubation times. The most remark-
able effect in cell viability decrease was observed after
72 h of incubation with the combination of MVC and
CDDP in high concentration (5.37% cell viability), which
was significantly lower than the cell viability of control
cells (100% cell viability) and cells exposed to a high con-
centration of CDDP treatment (21.74%) cell viability. A
cell viability reduction was also observed among cells
exposed to MVC/CDDP combinations at 72 h after incu-
bation (P<0.001).

Dose-dependent effects of MVC/CDDP combination on cell
death in CDDP-resistant AGS cells

The analysis of cell death by flow cytometry using
annexin V and PI staining and representative cytometric
profiles (dot plots) are shown in Fig. 2. As expected, cell
death was increased in cells exposed to a high concen-
tration of CDDP (P<0.01) compared to control cells. In
the same way, we observed a greater cell death in those

resistant cells exposed to the combination of MVC and
CDDP at high concentration in comparison with MVC
(P<0.0001) and CDDP low concentration (P<0.001).
In contrast, no differences were observed in the overall
cell death percentages between cells exposed to MVC or
CDDP at low concentration (4.8 pM). No increasement
in cell death was observed in cells exposed to the combi-
nation of MVC and CDDP at low concentration. There-
fore, the results of the MVC/CDDP combination on cell
death were associated with a dose- dependent effect
associated to high concentration of CDDP.

Dose-dependent effects of MVC/CDDP combination on cell
cycle progression in CDDP-resistant AGS cells

We examined the effect of CCR5 inhibition on cell
cycle progression using flow cytometry analysis in AGS
R-CDDP cells exposed to MVC and/or CDDP (Fig. 3).
Cells exposed for 24 h to control, MVC, 4.8 uM of CDDP,
and MVC/ 4.8 uM CDDP combination showed an arrest
at the S phase with a concomitant decrease in the GO/G1
and G2/M phase. In contrast, cells exposed for 24 h to
26.05 pM of CDDP and MVC/26.05 pM CDDP combina-
tion showed a similar percentage of cells arrested in the
GO/G1 and S phase with a decrease in the G2/M phase
(Fig. 3A). When cells were exposed for 48 h to control,
MVC, 4.8 uM of CDDP, and MVC/4.8 uM CDDP com-
bination, was evident an arrest at the GO/G1 phase with
a concomitant decrease in the S and G2/M phase. In
contrast, cells exposed 48 h to 26.05 pM of CDDP, and
MVC/26.05 uM CDDP combination, showed an arrest
at the S phase with a concomitant decrease in the GO/G1
and G2/M phase (Fig. 3B). Finally, cells exposed for 72 h
to control, MVC, 4.8 pM of CDDP, and MVC/4.8 uyM
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Fig. 2 Percentage of cell death of AGS R-CDDP cells exposed to MVC and/or CDDP. The results include annexin V-positive/Pl-negative cells at Q4 coordi-
nate, annexin V/PI double-positive cells at Q2, and annexin V-negative/Pl-positive cells at Q1. Cells were incubated for 72 h with MVC and/or CDDP, and
the cell death was measured by flow cytometry. The fluorescence was read at maximum excitation/emission of 499521 for Alexa Fluor 488 annexin V and
535617 for PI. Kruskal-Wallis with Dunn post-hoc test was used to compare groups. Values of P<0.05 were considered statistically significant. ***P <0.001
and ***P<0.0001. Data were expressed as mean + SD of three biological replicates. Maraviroc (MVC) and Cisplatin (CDDP)

CDDP combination showed an arrest at the GO/G1 phase
with a concomitant decrease in the S and G2/M phase.
In contrast, cells exposed for 72 h to 26.05 pM of CDDP,
and MVC combined with 26.05 uM of CDDP showed
a similar percentage of cells arrested in GO/G1 and S
phase with a decrease in G2/M phase (Fig. 3C). These
results indicate that MVC does not influence cell cycle
progression compared to control, and the MVC/CDDP

combination influences cell cycle progression on a CDDP
dose-dependent manner.

MVC/CDDP combination decreased the mRNA expression
of chemokine CCL5 in CDDP-resistant AGS cells

A qRT-PCR was used to evaluate the effect of CCR5
receptor inhibition on the transcriptional expression of
CCL5 (main ligand for CCR5) in AGS R-CDDP cells after
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Fig. 3 Cell cycle analysis of AGS R-CDDP cells exposed to MVC and/or CDDP. Cells were incubated with MVC and/or CDDP for (A) 24, (B) 48, and (C) 72 h
by flow cytometry. Two-way ANOVA with Bonferroni post-hoc test was used to compare the groups. Data were expressed as mean + SD of three biological

replicates. Maraviroc (MVC) and Cisplatin (CDDP)

72 h of exposure to MVC and/or CDDP (Fig. 4). No dif-
ferences in the CCL5 mRNA expression were observed
between cells exposed to MVC and control cells. Simi-
larly, no differences in CCL5 mRNA expression were
observed between cells exposed to CDDP (high or low
concentrations) compared to control cells. However,
MVC/CDDP combinations (either low or high CDDP
concentrations) evidenced a significant reduction of
CCL5 mRNA expression compared with control cells
(P<0.01). No differences were observed when the mRNA
expression of CCL5 was compared between cells exposed
to different MVC/CDDP combinations.

MVC/CDDP combination inhibits tumoroid formation in
CDDP-resistant AGS cells

Tumoroid formation assay using AGS R-CDDP cells
exposed to MVC and/or CDDP is described in Fig. 5.
A significant decrease in the number of tumoroids was
observed when cells were exposed to MVC/CDDP
combinations compared to cells exposed only to CDDP
(P<0.05). AGS R-CDDP cells exposed to MVC also
showed a decrease in the number of tumoroids com-
pared to control cells. No differences were observed
between controls (NT and DMSO) and CDDP. (Fig. 5C).
Regarding the size of the tumoroids (Fig. 5D), the results
indicate that there are differences between the controls
(NT and DMSO) and the treatments with MVC and/
or CDDP, with the controls being larger. However, there
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Fig. 5 Tumoroid formation. (A) Scheme of development of tumoroids from AGS-RCDDP cells. (B) Representative images of tumoroids (3D tumor spher-
oids) on day 24. (C) Tumoroids number after treatments with MVC and/or CDDP. (D) Tumoroids size after treatments with MVC and/or CDDP. Tumoroids
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were no size differences among the different treatments
(MVC, CDDP, and MVC/CDDP combinations).

MVC enhances the survival rate of CDDP-treated mice

We evaluated the progression of tumor formation fol-
lowing subcutaneous injections of tumoroids in mice
(Fig. 6). Tumor formation was significantly reduced with

CDDP treatment, both alone and in combination with
MVC, compared to the control group (P<0.05, P<0.001,
respectively). However, no differences were observed
between CDDP alone and the MVC/CDDP combina-
tion in their ability to reduce subcutaneous tumor forma-
tion (Fig. 6B, C). A comparison of terminal tumor sizes
between groups at day 21 is shown in Supplementary
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Fig. 6 In vivo assay. A) Schematic subcutaneous tumor formation in BalbC NOD/SCID mice from tumoroids. (B) Tumor volumes of animals treated with
MVC and/or CDDP were measured on day 21. (C) Time course of tumor formation in animals treated with MVC and/or CDDP. Mixed-effect analysis fol-
lowed by Tukey's multiple comparison test was used (*P<0.05, **P <0.01). Data were expressed as mean + SEM of three biological replicates) D) Survival
chart of animals treated with MVC and/or CDDP. The Log-rank (Mantel-Cox) test was used to assess animal survival. The overlap of the survival curves
for the control group, the group treated with MVC, and the group treated with the MVC/CDDP combination indicates that there were no deaths before
euthanasia, in contrast to the group treated with CDDP alone. Values of P<0.05 were considered statistically significant. Maraviroc (MVC) and Cisplatin

(CDDP)

Fig. 2. More notably, the survival rate of mice treated
with CDDP was markedly improved when combined
with MVC (Fig. 6D). No deaths occurred in the MVC/
CDDP group until euthanasia on day 21, similar to the
control and MVC-only groups. In contrast, mice treated
with CDDP alone had deaths on days 9 and 15, with only
50% surviving until day 21. Biochemical parameters (Sup-
plementary Table 2) revealed increased levels of essential
systemic metabolites (glucose, lactate, and creatinine)
and electrolytes (sodium and chloride) in the CDDP-only
group. In contrast, these parameters were reduced in the
MVC/CDDP group, contributing to improved survival
and quality of life in the animals.

Discussion

Platinum chemotherapeutic agents such as CDDP are
currently used to treat GC [4, 5]. Unfortunately, che-
moresistance is the most important cause of treatment
failure and mortality in this type of cancer [8]. The bio-
logical events that trigger or participate in resistance to
therapy, laid yet unknown. In this sense, the CC chemo-
kines subfamily has been involved in CDDP chemore-
sistance [11]. In fact, previously our team reported that
CCL5 is up-regulated in CDDP-resistant cells, as deter-
mined by RNA-seq analysis and transcriptional valida-
tion [12]. In this regard, we continued to study CCL5/
CCR5 axis in GC models of CDDP-resistance. CCR5 and
its ligand CCL5 have been involved in cancer progression

[13, 14]. CCR5 is a G-protein coupled transmembrane
receptor that was first described as a co-receptor of HIV
in immune cells [13]. Furthermore, CCR5 inhibition by
Maraviroc (MVC), an allosteric and reversible inhibitor,
is considered a therapeutic strategy used in clinical trials
for the treatment of metastatic breast and colon cancer
[13, 15]. Most studies of MVC'’s antagonism over CCR5
in cancer cells have shown effects such as decreased
growth, invasion, and metastasis [21, 28, 29]. However,
there is scarce evidence regarding its effect on chemo-
resistance. We hypothesize that CCR5 inhibition by
MVC might sensitize GC cells resistant to CDDP (AGS
R-CDDP). Because CDDP can bind covalently to DNA
forming adducts that cause DNA damage, the cell viabil-
ity, cell cycle progression and cell death assays were ana-
lyzed. Furthermore, the mRNA expression of CCL5, the
main CCR5 ligand, was evaluated. Finally, to evaluate the
role of MVC in tumor growth and survival, 3D tumor
spheroid obtained from AGS R-CDDP cells were used to
induce tumors in immune-compromised BalbC NOD/
SCID mice. Our study is the first to evidence a synergistic
effect of MVC and CDDP over platinum drug-resistant
GC cells.

In the present study, we observed that CCL5 mRNA
expression was decreased in AGS-R cells treated with
the MVC/CDDP combination. This finding suggests that
CCL5 may be regulated by an autocrine mechanism in
CDDP resistance. CCLS5 expression is associated with
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CDDP resistance, due to the increased secretion of CC
chemokines from both: autocrine manner, where the cell
sends signals to itself through the secretion of ligands
that bind to receptors on its own surface [30], and the
tumor microenvironment (paracrine regulation) through
the activation of pathways, such as Proline-rich tyrosine
kinase 2 (PYK2) and Signal transducer and activator of
transcription 3 (STAT3) [31, 32]. The autocrine regula-
tion of CCL5 can affect both the quantity available and
the binding to its receptor, consequently influencing
its expression. As a result, inhibiting CCR5 leads to a
decrease in the expression of CCLS [33].

We also explored the effects of MVC and/or CDDP on
cell viability, cell death and cell cycle progression. Several
studies have associated MVC with decreased cell viabil-
ity, proliferation, and apoptotic effects [21, 23]. Even so,
in our study, MVC by itself was not capable to reduce
cell viability in AGS R-CDDP cells. However, cell viability
decreased when MVC was combined with CDDP (high
or low concentration). Hence, the MVC/CDDP combina-
tion was significantly more effective than MVC alone. On
the other hand, MVC also did not affect the cell death of
AGS R-CDDP cells. We only observed an increase in cell
death for cells treated with MVC/CDDP combinations,
which directly correlated with the increase of CDDP con-
centration in the mixture. Casagrande et al.. found that
MVC decreased cell viability but did not induce apop-
tosis-necrosis in classic Hodgkin lymphoma cells (cHL)
[34]. Our results demonstrate that the synergistic effect
of MVC and CDDP is unrelated to the apoptotic path-
way. In addition, the combination of MVC/CDDP has
been proved only in cHL, where MVC had an additive
or antagonistic effect on tumor cell growth, depending
on the concentrations used [34]. However, our study is
the first to provide evidence of the effect of CCR5 inhi-
bition by MVC using CDDP-resistant GC cells. We also
observed a dose-dependent effect of CDDP in cell cycle
progression of AGS R-CDDP cells exposed to MVC/
CDDP combination, causing increased cell arrest in the
GO/G1 and/or S phases, at higher concentrations of
CDDP. CDDP-induced DNA damage leads to cell cycle
arrest or apoptosis [35]. Previous studies, in liver and
oral carcinoma cells, have shown that CDDP-induced
cell cycle arrest is linked to p53 and p16 expression [36,
37]. The effect of CDDP in the S phase of chemoresis-
tant breast cancer cells (MCF-7) revealed a decrease in
apoptosis induced by the drug and an increase in the
arrest of DNA synthesis [38]. In resistant cancer cells,
such arrests can promote DNA repair before replication
or mitosis, thereby limiting cell death by DNA-damaging
agents [39] like CDDP. In this sense and considering our
results demonstrate that the synergistic effect of MVC
and CDDP is not related to the apoptotic pathway or
to an arrest of the cell cycle in S phase, the DNA repair
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pathway could be associated with the re-sensitization of
AGS R-CDDP cells. Jiao et al.. showed that CCR5 induces
double-strand and single-strand DNA damage repair in
breast cancer cells in response to DNA-damaging agents
used in chemotherapy and high-dose y-irradiation [40].
Because CCL5/CCR5 is one the central axis of activation
for DNA repair from damage caused by CDDP [15] and
DNA repair is one of the most important mechanisms of
CDDP resistance [41-43], we hypothesized that CCR5
inhibition by MVC could enhance the action of CDDP in
gastric cancer platinum-resistant cells [35].

Additionally, we used an in vitro three-dimensional
(3D) tumor spheroid model to study the effects of MVC
and CDDP on gastric cancer. This model has been devel-
oped, validated, and characterized in previous studies by
our laboratory group [44—46]. The spheroid model repli-
cates tumor-like conditions, including nutrient exposure
and hypoxia [47] and overcomes 2D culture limitations
including reduced cell connections, uniform nutrient
distribution, and limited differentiation [48]. Spheroids
are adaptable for assessing the cytotoxic effects of treat-
ment [49]. They enhance cell-cell and tumor microen-
vironment representation, which aids in tumor growth
understanding by considering interactions with immune
cells, stem cells, and fibroblasts [50]. Additionally, they
possess cancer stem cell potential [51]. CDDP and MVC
have been previously used in spheroid models [28, 34,
52-58], however, MVC/CDDP combination is novel
in cancer treatment. In our study, the results of MVC/
CDDP combination were superior to those with CDDP
in to effectively delay the tumoroid growth. The action of
MVC influenced the effect observed with the combina-
tion of tumor cells that can have chemokine receptors.
These tumor cells can also secrete chemokines, which
can then influence other tumor cells or components of
the tumor microenvironment (TME) through paracrine
signaling. Chemokines can also act on the tumor cell
through autocrine signaling [11]. This type of communi-
cation has been associated with both tumor growth and
development of chemoresistance [59]. MVC would be
inhibiting the interaction between CCL5 and its recep-
tor. Therefore, the activation of intracellular signal-
ing cascades such as Phosphoinositide 3-kinase (PI3K),
Mitogen-activated protein kinase (MAPK), and the Janus
kinase signal transducer and activator of transcription
(JAK-STAT) pathway, which are involved in carcinogen-
esis, tumor growth, and regulation of other cytokines, is
inhibited. This would lead to a decrease in the develop-
ment of spheroids [13].

Furthermore, in our study, we used BalbC NOD/SCID
mice to study the effects of MVC and CDDP in a more
complex model. Considering that for the animal model
the tumoroids were trypsinized, and the cells constituting
them were injected into the animals, the results should
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be interpreted as the survival of the tumoroid-derived
cells, which possess cancer stem cell potential [51] and
are exposed to the different treatments with MVC and/
or CDDP. We found no significant difference in tumor
growth in animals treated with CDDP or in combination
with MVC. However, the survival rate and biochemi-
cal parameters were significantly improved in animals
treated with CDDP/MVC combination; glucose, lactate,
creatinine, sodium, and chloride levels were decreased
compared to animals only treated with CDDP, and hema-
tocrit levels were found between the normal range, in
comparison with animals exposed to only CDDP treat-
ment. Therefore, MVC/CDDP combination, reduced the
side effects of CDDP. In contrast, animals treated with
CDDP showing decreased survival rate and abnormal
biochemical parameters, both associated with CDDP side
effects. In this group, we observed elevated creatinine
levels and electrolytes related to CDDP nephrotoxicity.
These findings are consistent with the fact that one-third
of patients treated with CDDP experience nephrotoxicity
levels, manifesting decreased glomerular filtration rates,
elevated serum creatinine, and electrolyte imbalance
[60]. We also observed a decrease in hematocrits (Hct)
and an increase in lactate, associated with anemia caused
by CDDP therapy [61]. Other changes were also observed
in presence of CDDP, such as an increase in glucose and
chloride levels. Yadav et al.. demonstrated that CDDP
increased glucose and glycated hemoglobin (Gly Hb)
levels in Wistar rats after a single dose of 10 mg/kg [62].
They showed that platinum drugs can cause hyperglyce-
mia in animal models. Similarly, Guo et al. demonstrated
that carboplatin administration could cause transient
hyperglycemia in rats, which might occur by the combi-
nation of glucagon accumulation caused by the decrease
in islet cell secretion [63]. The increased chloride levels
may be due to the entry of CDDP into the cell, where the
chloride ligands are replaced by water molecules, which
could explain the chloride accumulation [64].

The mechanisms by which MVC improves survival
rate and decreases CDDP side effects in GC animal mod-
els have not yet been studied. However, the anticancer
potential of MVC has been demonstrated in NOD/SCID
mice with GC cells (MKN-45) injected into the peritoneal
cavity [23]. Mencarelli et al. showed that MVC reduced
the number and total volume of peritoneal and mesen-
teric nodules and increased median survival time. Fur-
thermore, administration of MVC reduced tumor burden
and caused extensive intratumoral necrosis in mice
implanted with MKN45 and MKN74 cells. The authors
associated these results with regulating the expression
of several genes, including interleukin 10 receptor sub-
unit beta (IL-10RB), Mesenchymal-epithelial transition
factor (MET), FAT atypical cadherin 1 (FAT1), Nucleo-
side Diphosphate Kinase A (NME1), and Lymphotoxin
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beta (LTB) [23]. A phase I trial named MARACON
(NCTO01736813) showed that inhibition of CCR5 leads to
an antitumoral activation of macrophages, affecting the
composition of immune cell infiltrates. The trial demon-
strated that this inhibition leads to the repolarization of
tumor-associated macrophages toward an M1-like phe-
notype, promoting a tumor-inhibiting immune milieu in
patients with liver metastases from advanced refractory
colorectal cancer [29]. Clinical reports about MVC use
have shown that the drug is well tolerated and does not
compromise immune responses [65].

To date, there is no precedent regarding the mecha-
nism by which MVC and CDDP exert their effects on
drug chemoresistance. However, drawing from the find-
ings of Tupova et al. who have demonstrated interactions
between MVC and ATP-binding cassette sub-family B
member 1 (ABCB1), ATP-binding cassette super-family
G member 2 (ABCG2), and ATP-Binding Cassette Sub-
Family C Member 2 (ABCC2) transporters, we presume
that MVC’s mode of action may extend beyond the exclu-
sive inhibition of CCR5. This raises the intriguing pos-
sibility that MVC could also bind to these transporter
proteins. From this perspective, it is speculated that if
MVC were able to bind to these efflux transporters, it
could potentially lead to a prolonged intracellular reten-
tion of CDDP [66].

Conclusions

In in vitro studies, the combination of MVC/CDDP
decreases cell viability, increasing sensitivity to this plati-
num drug. In the 3D spheroid model, the combination
inhibits growth. In the murine model, the MVC/CDDP
combination results in increased survival and reduces the
adverse effects associated with CDDP monotherapy. The
MVC/CDDP combination shows promise as an adjunc-
tive therapy for gastric cancer. Future studies focused on
tumor invasion, metastasis, and clinical trials should be
conducted to confirm the synergistic effect of the combi-
nation of MVC and CDDP.
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