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ARTICLE INFO ABSTRACT

Keywords: Immune cells have an important role in the tumor-microenvironment. Macrophages may tune the immune
Macrophages response toward inflammatory or tolerance pathways. Tumor-associated macrophages (TAM) have a string of
Trabectedin immunosuppressive functions and they are considered a therapeutic target in cancer. This study aimed to analyze
5:111\;? the effects of trabectedin, an antitumor agent, on the tumor-microenvironment through the characterization of
Kyl.3 the electrophysiological and molecular phenotype of macrophages. Experiments were performed using the

Kyl.5 whole-cell configuration of the patch-clamp technique in resident peritoneal mouse macrophages. Trabectedin
does not directly interact with Ky1.5 and Ky1.3 channels, but their treatment (16 h) with sub-cytotoxic con-
centrations of trabectedin increased their Ky current due to an upregulation of Ky1.3 channels. In vitro generated
TAM (TAM;y) exhibited an M2-like phenotype. TAM;, generated a small Ky current and express high levels of M2
markers. K current from TAMs isolated from tumors generated in mice is a mixture of Ky and Kc,, and in TAM
isolated from tumors generated in trabectedin-treated mice, the current is mostly driven by Kc,. We conclude
that the antitumor capacity of trabectedin is not only due to its effects on tumor cells, but also to the modulation
of the tumor microenvironment, due, at least in part, to the modulation of the expression of different macrophage
ion channels.

1. Introduction

Ion channels present in the plasma membrane of macrophages make
up a perfectly orchestrated network that regulates the resting membrane
potential (Ep,), contributing to the signaling of intracellular Ca®** and
therefore, to their regulation of gene expression [1-9]. Macrophage ion
channels pattern vary depending on their state of polarization [3,6,7].
Several potassium currents have been described in macrophages, the Ky
current generated by the activation of Ky1.3/Kyl.5 heterotetrameric
channels [10,11]; the inward rectification potassium current generated
by Ki;2.1 channels (Ix;) [12] and the K* activated by Ca?" generated by
Kca3.1 channels [13,14]. In addition, entry of Ca®* into macrophages
through CRAC channels, which are formed by the transmembrane
pore-forming subunit ORAI1 in the plasma membrane and a Ca®* sensor
STIM1 present in the plasma of the endoplasmic reticulum (ER) [15].

Different stimuli may change the stoichiometry of these hetero-
tetrameric Ky channels. Thus, proliferation and classical activation (M1)
of macrophages increase the Ky current by: a) increasing the
Ky1.3/Ky1.5 ratio, and/or b) forming a certain degree of Ky1.3 homo-
tetramers. However, alternative activation decreases the hetero-
tetrameric channel ratio [3,6].

Macrophages play a crucial role in the inflammatory response, acting
as antigen-presenting cells and as cells to modify the production of cy-
tokines in the environment and, therefore, the intensity of the response
of T lymphocytes [16-19]. In cancer, tumor-associated macrophages
(TAMs) exhibit an immunosuppressive phenotype in which they lose
their anti-tumor capacity [20-23]. This protumoral capability makes
them useful therapeutic targets to prevent tumor growth [24-26].
Modulating the polarization of TAMs towards a
pro-inflammatory/anti-tumor phenotype (reeducation) would be
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therapeutically useful [27-34].

Trabectedin is an anti-tumor drug that blocks the oncogenic tran-
scription, interfering with the cell cycle of tumor cells and causing their
apoptosis, but it also affects the tumor microenvironment [25,35-38]. In
this study, we analyzed the effects of trabectedin on macrophage Ix; and
Ky currents. We observed that trabectedin does not produce direct ef-
fects on the Ky1.3 or Ky1.5 channels. However, after 16 h of incubation
with the drug, a decrease of the Ix; and an increase in the Ky current
were observed, both in peritoneal macrophages and TAM;y, due to an
increase in the expression of Ky1.3. We conclude that the anti-tumor
capacity of trabectedin is not only due to its effects on tumor cells and
its ability to produce selective depletion of monocytes and macrophages,
but also to the modulation of the tumor microenvironment, due, at least
in part, to the modulation of the polarization of the macrophages present
in the tumor.

2. Materials and methods
2.1. Animal experimentation

Animals were cared for according to the protocol approved by the
Ethical Committee of our institution (following directive 2010/63/EU of
the European Parliament and Recommendation 2007/526/EC regarding
the care of experimental animals, enforced in Spanish law under Real
Decreto 53/2013, and approved by the Institutional Ethics Committee
(PROEX 197/18). C57BL/6 J male mice were housed under controlled
conditions at 25 °C in 12-hour light/dark cycles with ad libitum access to
water and food in an environment with maintained temperature and
relative humidity.

2.2. Peritoneal macrophages

The mice were killed with CO2 and resident peritoneal macrophages
were obtained and cultured from C57BL/6 J male mice, aged 3-4
months as described [39,40]. Cells were cultured overnight (16 h)
without polarization (resting) or polarized (M1 or M2) with their
respective stimuli (LPS 100 ng/ml or IL-4 + IL-13 20 ng/ml, each).
Trabectedin was added to the culture medium 16 h before each exper-
iment. In some cases, to increase the number of peritoneal macrophages,
animals were inoculated with BD Difco™ thioglycollate medium
(Thermo Fisher Scientific).

2.3. Tumor-associated macrophages in vitro

In vitro generated tumor-associated macrophages (TAM;y) were ob-
tained by co-culturing resting peritoneal macrophages with a mouse
ovarian cancer tumor cell line (ID8) (American Type Culture Collection
(ATCC)). Co-culture was performed in transwell cell culture plates
(Corning) and maintained at 37 °C in a 5% CO; atmosphere. Peritoneal
macrophages were seeded in the lower part of the transwell and ID8 cells
in the permeable support and cultured in supplemented DMEM for 48 h.
The pore diameter (0.4 pm) only allows the passage of soluble metab-
olites synthesized by the cells. Trabectedin was added to the co-culture
medium 16 h before using TAMjy.

2.4. Tumor-associated macrophages

Tumor-associated macrophages (TAM) from tumor-bearing mice
treated with trabectedin 0.15 mg/Kg or with vehicle were obtained as
described next. Cell derived xenografts from human gastric carcinoma
line HGC27 was grafted subcutaneously to the flank of 4- to 6-week-old
nu/nu athymic mice near the hind paw. The grafts took about 10 days to
reach a size of 300-400 mm?>, at which point they were randomly
distributed between the control and treated groups. Those in the control
group received an intravenous injection of vehicle (aqueous solution
containing sucrose, potassium dihydrogen phosphate and pH correctors
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- phosphoric acid and potassium hydroxide) and those in the treatment
group received a single intravenous injection of trabectedin 0.15 mg/kg.
Mice were sacrificed 24 h after injection and tumors were obtained for
analysis. In no case did the tumors exceed 500 mm? in size. Each tumor
was cut into small fragments (< 2 mm) in a Petri dish with serum-free
RPMI containing collagenase (0.5 mg/ml), hyaluronidase (0.1 mg/ml)
and DNAase 200 U/ml and this mixture was incubated at 37 °C for 30
min with gentle shaking. Then, the fragments not digested by the
enzyme were disaggregated by gentle pipetting and filtered initially at
100 pym and then at 40 pum, washing with 20 ml PBS each time. This
solution was centrifuged at 300 g for 5 min at room temperature. The
pellet was resuspended in 10 ml of cold MACS buffer (PBS with 0.5%
BSA and 2 mM EDTA). The cells were centrifuged again at 300 g for 5
min at 4°C and the pellet was resuspended in 90 ul MACS buffer per 110
cells and 10 pl of Fe-receptor blocking reagent (Miltenyi Biotec) was
added and incubated for 10 min at 4°C. Then, 10 ul of magnetic beads
coated with anti-CD11b (Miltenyi Biotec) were added and incubated for
15 min at 4°C. Cells were washed with MACS buffer and CD11b positive
cells were separated using a magnetic separation system (MidiMACS
separator with LS columns, Miltenyi Biotec) according to the manufac-
turer’s instructions. TAMs (CD11b-positive cells) were collected in 5 ml
of ice-cold MACS buffer, removed from the LS column of the magnetic
support and kept on ice for the minimum time necessary for processing
in electrophysiology experiments. Likewise, resident peritoneal macro-
phages of these tumor-bearing mice were extracted by peritoneal lavage,
as described in the previous section. TAMs and peritoneal macrophages
of tumor-bearing mice were obtained from PharmaMar S.A. were seeded
in plates for cell culture (Falcon) in supplemented DMEM and main-
tained for 16 h at 37°C in a 5% CO; atmosphere.

2.5. Flow cytometry

Macrophages were seeded at a concentration of 0.5-1 x 106 cells/
well. 16 h before flow cytometry assays, resting, M1 and M2 macro-
phages, as well as TAMjy, were treated with increasing concentrations of
trabectedin (0-150 nM). Macrophages supernatants were preserved,
cells were treated with TrypLETM Express recombinant proteases
(Thermo Fisher Scientific) and after 4 min at 37 °C in a 5% CO, atmo-
sphere, trypsin was neutralized with sterile PBS with 2% FBS. Cells were
collected and centrifuged at 300 g for 5 min at 4 °C. The supernatants
were discarded and macrophages were incubated with different probes
for 30 min (see the following sections). 4’,6 Diamidino-2-phenylindole
or DAPI (1:1000) was added to all the cytometer tubes 5 min before
measuring the signal on the FACS-Canto II flow cytometer (Becton
Dickinson) from the Interdepartmental Research Service (SIdI) from the
UAM, using the BD FACSDivaTM program (BD Biosciences). The data
was processed using the FlowJo™ v10 program (FlowJo).

To analyze cell viability, cell media preserved were always centri-
fuged and properly considered for all cell viability determinations. The
Annexin V FITC probe (Immunostep) (2 pl/well) was diluted in the
Annexin V binding buffer (1 x) (Immunostep). Therefore, we stained
simultaneously with DAPI, to discriminate intact macrophages (Annexin
V FITC-, DAPIL-), early apoptosis (Annexin V FITC+, DAPI-), late
apoptosis (Annexin V FITC+, DAPI+) and macrophages in a state of
necrosis (Annexin V FITC-, DAPI+).

To measure reactive oxygen species (ROS) DCFH-DA fluorescent
probe was used (2’7’dichlorofluorescin diacetate, Sigma-Aldrich). The
probe was prepared according to the manufacturer’s instructions. It was
dissolved in DMSO and stored at — 20°C. The probe was used at a con-
centration of 5 uM, dissolved in PBS with 2% FBS.

MitoTracker® Red CMXRos probe (Invitrogen) allowed us to differ-
entiate macrophages with a compromised mitochondrial membrane
potential (¥). The CMXRos probe was prepared according to the man-
ufacturer’s instructions. It was dissolved in DMSO and stored at — 20°C,
protected from light. The probe was used at a concentration of 100 nM,
dissolved in PBS with 2% FBS.
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Fig. 1. Effects of trabectedin on viability, ROS and mitochondrial membrane potential of peritoneal macrophages. (A) Plot of the percentage of live macrophages,
early apoptosis, late apoptosis or necrosis of the different polarization states (resting, LPS 100 ng/ml or after IL-4 & IL-13 20 ng/ml) treated or not with different
concentrations of trabectedin (0-150 nM). (B) Dot-plot of Annexin V FITC/DAPI obtained by flow cytometry representative of different polarization states of
macrophages untreated (control) or treated with trabectedin 5 and 100 nM. The right quadrants of each dot-plot (Annexin V FITC+/DAPI- and Annexin V FITC+/
DAPI+) represent the apoptotic cells of each condition. (C) Plot of the increase in ROS production by macrophages in different polarization states treated or not with
trabectedin (0-150 nM). Values normalized to the 0 nM concentration of each condition (untreated, left). Representative histograms of live macrophages in different
polarization states untreated or treated with 5 or 100 nM trabectedin and labeled with DCFH-DA (right). (D) Plot of the increase of the y of live macrophages in
different polarization states treated or not with trabectedin (0-150 nM). The mean + SEM of 5-7 experiments is plotted (left). Representative histograms of mac-
rophages in different polarization states, untreated or treated with 5 and 100 nM trabectedin labeled with CMXRos (right). Each point represents the mean + SEM of
9—7 experiments. Statistical analysis: * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Trabectedin (0 nM) (1-way ANOVA, followed by a Test-Tukey).

2.6. RNA extraction and RT-qPCR assays

Total RNA extraction from macrophages was performed at the IIBm
Genomics Service (CSIC-UAM) using RNeasy Micro RNA extraction kit
(QIAGEN). RNA sample quality check was performed using an Agilent
2100 Bioanalyzer (Agilent) and the quantity check was measured using
the NanoDrop® ND 1000 (Thermo Fisher Scientific). Consecutively, the
Applied BiosystemsTM High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific) was used to perform the reverse-transcription
of the RNA obtaining a concentration of 2.5 ng/ul of cDNA. The g-PCR
was performed at the IIBm Genomics Service (CSIC-UAM) using the
Applied Biosystems 7900 HT Fast Real-Time PCR kit (Thermo Fisher
Scientific) using 5 ng of cDNA and SYBR Green probes (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Three replicates
for each ¢cDNA sample were tested. Supplemental Table 1 shows the
specific sequences of the primers used in the RT-qPCR experiments. The
expression level of each of the genes was quantified, using the formula 2
AACt where GAPDH served as an internal control.

2.7. Immunofluorescence of Ky1.3 (extracellular) channels

Ky1.3 channels in the plasma membrane of macrophages were suc-
cessfully immunostained with a polyclonal anti-Ky1.3 antibody directed
against an extracellular epitope of the human Ky1.3 channel (APC-101,
Alomone) as described [40]. Preparations were examined using an
LSM710 spectral confocal microscope (Zeiss) in the IIBm Optical and
Confocal Microscopy Service (SEMOC) and processed using ZEN2009
image acquisition (Zeiss). Fluorescence intensity was quantified using
ImageJ software (NIH).

2.8. Electrophysiology

Potassium currents from macrophages were recorded at room tem-
perature (21-24 °C), using the whole-cell patch-clamp technique with
an Axopatch 200B amplifier (Molecular Devices) connected to Digidata
1322 A. Micropipettes were pulled from borosilicate glass capillary
tubes (Narishige GD-1) on a programmable horizontal puller (Sutter
Instrument Co.) and heat-polished with a microforge (Narishige).
Micropipette resistance was 2-4 MQ. Data acquisition and genesis of
experimental protocols were performed by the cLampex utility of the
pCramp 9.0.1 program (Molecular Devices). Currents were filtered at 2
kHz and sampled at 4 kHz (Bessel filter of 4 poles). The internal pipette
filling solution with a free Ca®* concentration of 10° M ([10° M Ca2*]))
contained (in mM): 80 K-aspartate, 42 KCl, 3 phosphocreatine, 10
KH,PO,, 3 MgATP, 5 HEPES-K ', 5 EGTA-K " and it was adjusted to pH =
7.25 with KOH. The intracellular pipette filling solution with a free Ca?*
concentration of 10° M ([10° M Ca2+]i) contained (in mM): 150 KCI, 10
NaCl,1.13 MgCl,, 1 CaCl,, 10 HEPES-K', 1.1 EGTA-K' and it was
adjusted to pH = 7.20 with KOH. The bath solution contained (in mM):
145 NaCl, 4 KCl, 1.8 CaCl,, 1 MgCl,, 10 HEPES-Na™ and 10 glucose and
it was adjusted to pH = 7.40 with NaOH. The currents were stored in a
computer and analyzed with the ciampriT utility of the pCramp 9.0.1
program and Origin 2018 (OriginLab Co.). The Ky and K¢, currents were
recorded from a potential holding of — 80 mV after applying different
pulse protocols every 20 s at 0.02 Hz to complete the recovery process of

the current inactivation avoiding an accumulation of inactivation.

2.9. Calcium time-lapse assays

We used the in vivo Cell Observer system (Carl Zeiss) of the IIBm
SEMOC, composed of an inverted, light-transmitted and epifluorescence
71 Observer microscope coupled with a tightly regulated cell incubator
chamber (37 °C in a 5% CO2 atmosphere) connected to a monochrome,
high-resolution camera (Cascade 1 K), 10 x Plan-APOCHROMAT cam-
era lens. Additionally, we assembled a suction system with a vacuum
pump and a system that allowed us to change solutions at the right time.
Macrophages were seeded at a concentration of 1 x 10° cells/well.
Before, they were incubated in equal volumes of a Tyrode solution (1.2
mM Ca®") containing (in mM): 140 NaCl, 5 KCl, 1.2 CaCl,, 0.5 MgCl, 10
HEPES-Na™ and 5 glucose (adjusted to pH = 7.40 with Tris-HCI) and
Fluo-4 DirectTM probe (Thermo Fisher Scientific) for 40 min at 37 °C in
a 5% CO, atmosphere. Later, Fluo-4 DirectTM was removed by washes
with Tyrode (1.2 mM Ca®"). After placing the culture plate on the stage
of the Cell Observer microscope, we removed the Tyrode (1.2 mM ca®h
and add Tyrode (0O Ca?") contained (in mM): 140 NaCl, 5 KCl, 1.7 MgCly,
10 HEPES-Na™, 0.5 EGTA and 5 glucose (adjusted to pH = 7.4 with Tris-
HCI). At this point, we began to measure the basal fluorescence ([Ca®*]
basal) for 5 min. Afterward, thapsigargin (200 nM) (Sigma-Aldrich) in
Tyrode (0 Ca®") was added and we measured the fluorescence for 10
min to analyze the Ca®* output from the endoplasmic reticulum (ER).
Finally, the Tyrode (0 Ca?*) was changed to Tyrode (1.2 mM Ca®") and
we measured the fluorescence for another 10 min, thus observing the
entry of Ca?' into the cytoplasm through the CRAC channels. The ab-
sorption and emission spectra were 494 nm and 516 nm, respectively.
Data acquisition and the genesis of the experimental protocol were
controlled by the Axiovision Rel. 4.8 system (Thermo Fisher Scientific).
The calcium time-lapse assays were analyzed by using the AxioVision
program (Thermo Fisher Scientific) and the ImageJ program.

2.10. Statistical analysis

In each series of experiments the mean, standard deviation and
standard error of the mean (SEM) were calculated. Data were expressed
as the mean + SEM of a given number (n) of experiments. To analyze the
significant differences in blocking at different voltages, use dependency
of the current in the absence and in the presence of trabectedin, the
Student t-paired data comparison test was used. Comparisons between
more than two experimental groups were performed using an analysis of
variance (ANOVA), and a subsequent Tukey-test as a post hoc analysis to
determine the statistical significance between each group. In both cases,
significant differences were considered when the P value turned out to
be less than 0.05.

3. Results

3.1. Effects of trabectedin on viability, ROS production and Ay in
different functional states of peritoneal macrophage polarization

Peritoneal macrophage viability, ROS production and Ay were
decreased by trabectedin in a concentration-dependent manner. Each
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polarization state of macrophages presents a different degree of sensi-
tivity to trabectedin, but all of them share a similar response based on
two types of concentrations as macrophage viability is compromised:
sub-cytotoxic (1-10 nM) and cytotoxic (20-150 nM) (Fig. 1A-B). A
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greater degree of early apoptosis induced by trabectedin sub-cytotoxic
concentrations was observed in MO macrophages (p < 0.001 vs. M1),
followed by M2 and M1. It should be noted that ROS production related
to the apoptotic effect of trabectedin (Fig. 1C) at MO macrophages have
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Fig. 2. Effects of trabectedin on K;, and K, currents, on the levels of expression of ion channels and also on M1 and M2 markers of peritoneal macrophages. (A) Ix;
current traces generated by macrophages treated or not with trabectedin 1, 5 and 100 nM, obtained after applying the pulse protocol shown. (B) I-V ratio of Ix; from
macrophages treated with 0.1-100 nM trabectedin. Dashed lines show the mean I-V obtained in resting and in LPS (100 ng/ml) conditions. Each point represents the
mean + SEM of 6-26 experiments. (C) Representative recordings of the Ky currents of resting macrophages treated or not with trabectedin (0.1-100 nM), obtained
after applying the protocol shown. (D) I-V relationship of Ky currents from macrophages treated or not with trabectedin. Dashed lines show the I-V relationship of the
resting and LPS (100 ng/ml) conditions. Each point represents the mean + SEM of 8-37 experiments. (E) Representative recordings of resting macrophages treated or
untreated with trabectedin, obtained after applying the pulse train shown at the top. (F) Use-dependence decay of Ky generated by macrophages treated or not with
trabectedin after normalizing the amplitude generated by each pulse against the maximum current of the pulse train versus the number of pulses. Each point
represents the mean + SEM of 5-28 experiments. (G) Representative recordings of resting macrophages treated or not with trabectedin obtained after applying a
depolarizing pulse of 2.5 s at + 40 mV. (H) Inactivation kinetics (Tjac) of the depolarizing pulse of 2.5 s at the different experimental conditions obtained after fitting
this process to a monoexponential function. (I) Degree of inactivation during the application of 2.5 s at different experimental conditions shown in panel G. (J)
Relative mRNA expression of the genes codifying different ion channels in basal or treated with trabectedin quantified by RT-qPCR. Variation of normalized mRNA
versus mRNA present in basal macrophages. The mean + SEM of 3-9 experiments is plotted. (K) Expression ratio of Ky1.5 and Ky1.3 measured by RT-qPCR. The
mean + SEM of 4-11 experiments is plotted. (L) Relative mRNA expression of inflammatory genes (Cxl10, Ptgs2 and Nos2) from basal or trabectedin-treated
macrophages versus mRNA expressed in basal macrophages. The mean + SEM of 3-9 experiments is plotted. (M) Relative mRNA expression of anti-inflammatory
genes (CD163, Argl and Hmox1) from basal or trabectedin-treated macrophages versus mRNA expressed in basal macrophages. The mean + SEM of 4-9 experi-
ments is plotted. * p < 0.05, ** p < 0.01, * ** p < 0.001 vs. Resting; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. Trabectedin (100 nM) (1-way ANOVA, followed by

a Test-Tukey).

slower exponential kinetics than that of LPS-stimulated macrophages. In
contrast, when these cells are polarized to an immunosuppressive
phenotype with IL4 +1L13 (M2-like), they turn out to be more resistant.
In fact, at the maximum concentration tested, the ROS release produced
by M2 macrophages is less than in MO (p < 0.05, n = 5) or in M1
macrophages (p < 0.05, n = 6). We also studied the mitochondrial
membrane potential (Ay) to know if the apoptotic effect of trabectedin
entails a dysfunction of mitochondrial respiration (Fig. 1D). Trabectedin
induced hyperpolarization of the Ay in a concentration-dependent
manner in all three experimental approaches. Thus, the M1 stimulus
(LPS) is the only experimental condition in which sub-cytotoxic con-
centrations seem to hyperpolarize the Ay. In basal or M2 macrophages
(IL4 +IL13), the level of hyperpolarization turned out to be similar.
Considering all these results, we set out to study whether the functional
state of macrophages could be modulated using sub-cytotoxic concen-
trations of trabectedin that did not compromise the viability of
macrophages.

3.2. Effects of trabectedin on potassium ion currents of resting peritoneal
macrophages

Supplementary Fig.1 A-H shows the K;j; and Ky currents obtained in
resting, M1 and M2 macrophages, which resulted be similar to those
previously described in other types of macrophages [3,6,8,39]. We then
analyzed the effects of trabectedin (100 nM) in the Ky currents gener-
ated by MO macrophages (mostly generated by Kyl.5 channels) and
LPS-stimulated macrophages (mostly due to the activation of Ky1.3
channels) perfused (15 min) with trabectedin (100 nM) (Supplementary
Fig. 2A-C). Under these experimental conditions, Ky currents were not
modified, suggesting that trabectedin does not produce direct effects on
Kyl.5 or Ky1.3 channels. Thus, we analyzed the electrophysiological
characteristics of the Ky currents generated by MO macrophages after
incubation for 16h with sub-cytotoxic (0.1-5nM) trabectedin
concentrations.

After applying the pulse protocol shown in the upper part of Fig. 2A,
Ki; currents were recorded. The incubation of resting macrophages with
trabectedin (5nM) decreased the Kj currents (n =26, p < 0.001)
(Fig. 2A-B). On the contrary, trabectedin increased the magnitude of the
Ky current on resting macrophages in a qualitatively similar way to LPS
(n =38, p < 0.001) (Fig. 2C-D). As shown in Fig. 2E, the trabectedin-
induced increase in the amplitude of the Ky current was accompanied
by an increase in the use dependency of the current, and by an increase
in the degree of inactivation in a concentration-dependent manner.
Thus, macrophages incubated with the highest sub-cytotoxic concen-
tration of trabectedin (5 nM) generated a current with a greater per-
centage of use-dependent decay (n = 24-28, p < 0.001) (Fig. 2E-F). This
degree of use-dependent decay induced by trabectedin (5 nM), is similar

to that observed in M1 macrophages (n = 25-28, p > 0.05). Also, after
applying a depolarizing pulse of 2.5s (Fig. 2G), trabectedin (1 and
5 nM) accelerates the inactivation kinetics of the Ky current (n = 29-30,
p <0.001) (Fig. 2H) and increased the degree of inactivation
(n = 27-30, p < 0.001) (Fig. 2D).

The electrophysiological changes of K;. and Ky current generated by
resting macrophages incubated with trabectedin for 16 h may be
indicative of modifications in the expression and composition of the K™
ion channels present in the macrophages. In fact, Fig. 2J shows changes
in the relative expression of RNA of several ion channels present in
macrophages. Trabectedin (5 nM) decreased the relative expression of
Kcnj2 and increased the expression of Kcna3, which can explain the
decrease in K;; and the increase of Ky currents observed in macrophages
incubated with trabectedin (5 nM), respectively (Fig. 2J). All these re-
sults suggest that trabectedin modifies the Ky1.3/Ky1l.5 ratio of the
heterotetramers that generate Ky currents in macrophages (Fig. 2K). We
also analyzed the levels of expression of Ky1.3 channel protein at the
plasma membrane (Supplementary Fig. 3A-B) by immunofluorescence,
observing an increase in Kyl.3, suggesting that the increase in the
amplitude of the Ky current produced by trabectedin (5 nM) is due to an
increase for Kyl.3 channel in the macrophage plasma membrane.
Therefore, we studied the relative expression of mRNAs of different M1
and M2 markers and we observed that trabectedin increased in
expression levels of the pro-inflammatory markers: Cxcl10 and Ptgs2
(Fig. 2L); and reduced (p < 0.05) the expression of the anti-
inflammatory marker Cd163 (Fig. 2M).

3.3. Effects of trabectedin on Ca®* movements of resting macrophages

Due to the crucial role of Ky channels in maintaining the E, and,
thus, in the regulation of [Ca2+]i, we analyzed the effects of trabectedin-
incubation on Ca?" movements in MO macrophages. To that end, we
applied the protocol shown in Fig. 3A. First, we observed that
trabectedin-treated macrophages exhibited greater [Ca?*]; in compari-
son to MO macrophages (n = 4, p < 0.01, trabectedin 5 nM vs. resting).
Similar results were observed when we compared LPS-stimulated vs. MO
macrophages, (n =5, p < 0.05, LPS vs. resting). Fig. 3B shows the de-
gree of thapsigargin-induced (TG) emptying of Ca®* from the endo-
plasmic reticulum (ER) in each experimental condition in a 0 mM Ca%t
solution.

The bar chart represents the area under the curve obtained after
emptying the ER stored-Ca®", in which it is shown that the Ca®*
emptying from M1 macrophages is lower than in resting macrophages.
We also observed that macrophages treated with trabectedin stored
more Ca?" than the resting condition. The stored-operated calcium entry
(SOCE) through the CRAC channels was induced by exchanging the
0 mM Ca®" solution for the same solution containing Ca2* (1.2 mM



D.A. Peraza et al.

A

Biomedicine & Pharmacotherapy 161 (2023) 114548

Fig. 3. Effects of trabectedin on Ca?" movements in peri-
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Fig. 4. Effects of trabectedin (1, 5 and 100 nM) on K;, and K, in TAM;,. Levels of expression of ion channels and also on M1 and M2 markers in TAM;,. Effects of
trabectedin on K* currents recorded from TAM,. (A) Records of Ix; current from TAM;, macrophages in the absence and in the presence of trabectedin, after applying
the pulse protocol shown. (B) I-V ratio of Ix; obtained after measuring the amplitude of the current at the end of the records shown in panel A (n = 8-26). (C) Records
of the Ky current from TAM;, macrophages in the absence and in the presence of trabectedin, after applying the pulse protocol shown. (D) I-V relationship of the Ky
currents obtained after measuring the amplitude of the current at the end of the records shown in panel C (n = 18-38). (E) Representative records of Ky currents from
TAM,;y in the absence and in the presence of trabectedin, obtained after applying the pulse train shown in the upper part. (F) Use-dependence of Ky current shown in
panel E, after normalizing the maximum amplitude of each trace to the maximum current amplitude generated during the application of the train of pulses versus
pulse number (n = 11-24). (G) Representative records of TAM;, in the absence and in the presence of trabectedin, obtained after applying the long depolarizing pulse
of 2.5 s shown in the upper part. (H) Inactivation time constant (Ty,act) Obtained after fitting the traces shown in panel G to a monoexponential function (n = 12-30),
and (I) Degree of current inactivation produced by the application of depolarizing pulses of 2.5 s applied to TAM,;, in the absence and in the presence of trabectedin
(n = 14-30). ** p < 0.01 (1-way ANOVA, followed by a Test-Tukey). (J) RT-qPCR of the genes of different ion channels in TAM;, in the absence and in the presence
of trabectedin (n = 3-9). (K) Expression ratio of Ky1.5 and Ky1.3 measured by RT-qPCR (n = 3-11). (L) RT-qPCR of the proinflammatory genes (Cxcl10, Ptgs2 and
Nos2) in TAM;, in the absence and in the presence of trabectedin (n = 4-9). (M) RT-qPCR of the anti-inflammatory genes (CD163, Argl and Hmox1) in TAM;, in the
absence and in the presence of trabectedin (n = 3-9). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. rest; # p < 0.05, ## p < 0.01 vs. TAM;, (48 h) (1-way ANOVA,

followed by a Test-Tukey).

3.4. Trabectedin and K" currents of in vitro generated tumor-associated
macrophages (TAM;,)

We generated TAM;y, co-culturing resting macrophages with the ID8
tumor cell line for 48 h. The K;; and Ky currents elicited in TAM;y
exhibited similar amplitudes to those recorded in M2 polarized macro-
phages with IL-4 + IL-13 (Supplementary Fig. 1), suggesting that TAM;y
exhibits an anti-inflammatory phenotype.

The amplitude of the Kir current obtained in the TAM;, was not
modified after the treatment with sub-cytotoxic concentrations of tra-
bectedin (Fig. 4A-B). Fig. 4C-D shows that only the highest sub-cytotoxic
trabectedin concentration (5 nM) increased the Ky amplitude of this
current. These data seem to indicate that the anti-inflammatory
phenotype exhibited by TAM;, requires higher concentrations of tra-
bectedin to produce the same effect observed in resting macrophages
and thus re-educate TAM;, towards a pro-inflammatory phenotype
(Supplementary Fig. 4). The small increase in the amplitude of the Ky
current produced by trabectedin (5 nM) in TAM;y could also be due to an
increase in the expression of the Ky1.3 channels. To check this, we
applied a pulse train Fig. 4E) and after normalizing we obtained the use
dependency of each experimental condition (Fig. 4E-F). Ky currents
generated by trabectedin-treated TAM;, exhibited the same degree of
use-dependent decay as the untreated TAM;, (n = 8-15, p > 0.05 vs.
untreated TAM;,). However, the depolarizing pulse of 2.5s showed
differences between the different experimental groups. The inactivation
kinetics of the current traces obtained in TAM;, + trabectedin (1 nM)
were not modified compared to untreated TAM;, (n = 6-14, p > 0.05)
(Fig. 4G-H). Trabectedin (1 nM) was also unable to modify the inacti-
vation percentage of the Ky current (n = 6-16, p > 0.05) (Fig. 4G and I).
However, treatment of TAM;, with the highest sub-cytotoxic concen-
tration used accelerated the Ty, compared to untreated TAM;,
(n =12-14, p < 0.01) (Fig. 4G-H) and also increased the percentage of
Ky current inactivation compared to untreated TAM;, (n = 12-16,
p < 0.01) (Fig. 4G and I). These changes in the electrophysiological
characteristics of the Ky currents recorded in trabectedin 5 nM-treated
TAM;y are due to an increase in the relative expression of Kcna3 (Fig. 4J)
and, therefore, to a change in the Ky1.3/Kyl.5 ratio of the hetero-
tetramers that generate the Ky current of the TAM;y (Fig. 4K). These data
suggest that TAM;y, which have an anti-inflammatory phenotype, re-
quires a higher concentration of trabectedin to increase the amplitude of
the Ky current, because of the increase in the expression of the Ky1.3
channels. At the same time, trabectedin increased the mRNA levels of
the Cxcl10 and Ptgs2 pro-inflammatory markers in TAM;, (Fig. 4L) and
decreased the Cd163, Argl and Hmoxl1 anti-inflammatory markers
(Fig. 4M). Thus, trabectedin changes the anti-inflammatory phenotype
of TAM;y not only at the electrophysiological, but also at the molecular
level.

3.5. Characterization of K" ion currents of tumor-associated
macrophages

TAMs obtained from tumor-bearing mice exhibited a low amplitude
and very noisy Ky current, both in TAMs from untreated and
trabectedin-treated tumor-bearing mice (TAMs Treated) (Fig. 5A).
Fig. 5B shows that the Ky current obtained in the TAMs exhibited a
greater amplitude than that recorded in the TAMs obtained from
trabectedin-treated mice (n = 10, p < 0.05). Because it is known that
macrophages express K¢, channels, we recorded the K¢, current using an
[10° M Ca2+]i internal solution. Thus, we recorded a Ca2+—dependent
K" current with slower activation kinetics than the activation kinetics of
the Ky current. The K¢, current records obtained in TAMs show faster
activation kinetics than those from TAMs from trabectedin-treated mice
(Fig. 5C). K¢, records under both experimental conditions show a slight
inactivation of the current during the application of depolarizing pulses,
and an accumulation of the inactivation in the current records obtained
from TAMs from untreated mice. These data suggest that TAMs have a
mixture of Ky and K¢, currents and also that the current recorded in the
TAMs Treated is mainly due to K¢, channels. The K¢, current amplitude
at the end of the 250 ms depolarizing pulses was greater in the TAMs
Treated than in the TAMs (n = 4-6, p < 0.05) (Fig. 5D). These changes
in the electrophysiological characteristics of the K currents recorded in
TAMs from treated mice are due to a decrease in the relative expression
of Kcna3 (Fig. 5E) and also to an increase in Kcnn4, which led to a
phenotype more similar to Kc,3.1 in TAMs from treated mice (Fig. 5E).
These results might indicate that, unlike what was observed in TAMjy,
the main K current in TAMs is the K¢, current with a small contribution
from the Ky current. Furthermore, treatment with trabectedin in tumor-
bearing mice appears to change the type of K* ion current exhibited by
TAMs, with greater importance on the K¢, current.

Using the [10'9 M Ca2+]i internal solution we observed that the Ky
current records of both TAMs situations also showed an inward current
at the start of the depolarizing pulses of 250 ms duration (Fig. 5A). After
applying the ramp shown in the upper part of Fig. S5F and using an in-
ternal solution [10° M Ca?*] i, a current inward current was obtained in
both TAMs. These current records obtained seem to indicate that the
inward current is slightly higher in TAMs Treated than in TAMs. Indeed,
when we measured the amplitude of the current between 25 and 50 ms
of the depolarizing pulse, we observed that the inward current has a
greater amplitude in the TAMs Treated than in the TAMs (n =8,
p < 0.05) (Fig. 5G). We ruled out that the input current was due to an L-
type Ca?" channel because it was not inhibited after perfusing macro-
phages with Co%* (2 mM) in the external solution (Fig. 5H). In addition,
Ni%* (50 uM) was used in the external solution and, unfortunately, the
small amplitude of this inward current did not allow us to analyze the
possible effects of Ni%", since at this concentration Ni%* displaces the
activation curve of the Ca?* T-type channels (Fig. 5I). Finally, when we
added to the external solution La®* (100 uM), the inward current was
completely inhibited (Fig. 5J). Similarly, we also observed that this
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Fig. 5. Characteristics of TAM from control mice and TAM from treated mice on K currents. Characterization of an inward current. (A) Representative recordings of
TAMs obtained from tumor-bearing mice untreated or treated with trabectedin, obtained after applying the pulse protocol shown above and using an internal so-
lution with a concentration of free Ca®>" of 10° M. (B) I-V relationship of Ky current of untreated or trabectedin-treated TAM under these experimental conditions
(n = 8). (C) Representative records of the Ky current of TAM and TAM-trabectedin treated mice, obtained after applying the pulse protocol shown in the upper part
and using an internal solution with a free Ca?" concentration of 10°® M. (D) I-V relationship of Ky currents from TAM and TAM-trabectedin treated under these
experimental conditions (n = 5-9). (E) Expression ratio of ion channels measured by RT-qPCR (n = 3-11). (F) Current recordings generated in TAM from tumor-
naive or trabectedin-treated mice obtained after applying the ramp shown in the upper panel (n = 3). (G) I-V relationship of the Ky current measured between 25 and
50 ms, obtained after applying depolarizing pulses of 250 ms duration from — 80 mV to + 60 mV in increments of 10 mV at a frequency of 0.02 Hz. (H) Current
1:3cords generated in TAM in the absence and in the presence of CoCl, (2 mM), NiCl, (50 uM) (I) or LaCls (100 uM) (J).

inward current was inhibited when the holding potential was set at
— 40 mV and depolarizing pulses of 250 ms duration were applied from
— 80 mV to + 60 mV in increments of 10 mV (Data not shown). Taken
together, these data allow us to suggest that the inward current present
in TAMs may be due to TRP channel activity since they are sensitive to
La®". However, we cannot rule out the possibility that it is due to the
activity of Ca®" T-type channels, since these Ca?" channels are also
sensitive to La®", and also because they are inactivated with a holding
potential of — 40 mV.

3.6. KV ion currents of peritoneal macrophages from tumor-bearing mice
treated or not with trabectedin

Finally, we studied the K™ ion currents present on peritoneal mac-
rophages from tumor-bearing mice that were treated or not with tra-
bectedin (tumor peritoneal macrophages or T-PMs). As shown, the
amplitude of the Ix; currents recorded in the T-PMs from tumor-bearing
mice treated or not with trabectedin was similar (n = 6-12, p > 0.05).
However, both exhibited an Ix; current of smaller amplitude than the Ix;
current registered in resting macrophages (n = 26, p < 0.001) (Fig. 6A-
B). The amplitude of the Ky current recorded in the T-PMs was greater
than that recorded in the resting macrophages (n = 7-38, p < 0.001)
(Fig. 6C-D). The results of the Ix; and Ky currents recorded in T-PMs
indicate an electrophysiological phenotype of pro-inflammatory mac-
rophages. In trabectedin-treated tumor-bearing mice, the Ky current had
a smaller amplitude than that observed in T-PMs (n = 7-13; p < 0.001)
(Fig. 6C-D), indicating that trabectedin exhibits an inhibitory effect on
the immunosuppressive environment, not an anti-inflammatory effect as
such (it would favor M1, thus it has an anti-tumor effect because it favors
anti-tumor inflammation).

The use-dependent decay of the Ky channels in T-PMs was greater
than that observed in resting macrophages (n = 6-24, p < 0.001)
(Fig. 6E-F). However, the use-dependent decay observed in the T-PMs
Treated was similar to that of the T-PMs (n = 6-11, p > 0.05) (Fig. 6E-
F). Similar results were obtained after applying a depolarizing pulse of
2.5 s duration at + 40 mV (Fig. 6G). The inactivation kinetics of Ky
current were unchanged in T-PMs after treatment of the tumor-bearing
mice with trabectedin (n = 4-8; p > 0.05) (Fig. 6G-H). However, this
inactivation process was accelerated compared to the resting macro-
phages (p < 0.05) (Fig. 6G-H). The Ky current degree of inactivation was
greater in T-PMs and in T PMs Treated than in resting macrophages
(n = 4-10, p < 0.05) and, therefore, treatment with trabectedin did not
modify this parameter (Fig. 61).

If we consider the relative expression of the Kcna3 mRNA, we
observe that it increased in the T-PMs and in the treated T-PMs, which
explains the increase in the amplitude of the Ky current that we have
observed in these macrophages vs. those recorded in resting macro-
phages (Fig. 6J). Likewise, there was an increase in the expression levels
of the Kcna5 mRNA in the treated T-PMs, which, in turn, is different
from the level of Kcna5 expression that present T-PMs. The increase in
Ky1.5 channels could explain the decrease in the amplitude of the Ky
current obtained in T-PMs Treated, which produces a change in the
Ky1.3/Kyl.5 ratio of the heterotetramers that generate macrophage
current Ky (Fig. 6K). Furthermore, the relative levels of mRNA of the
pro-inflammatory markers Cxcl10, Ptgs2 and Nos2 are increased in T-
PMs compared to those of resting macrophages (Fig. 6L). These data also
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showed that T-PMs show a pro-inflammatory phenotype, although it
should be noted that certain anti-inflammatory markers such as Argl
and Hmox1 are elevated (Fig. 6M). Trabectedin treatment of tumor-
bearing mice decreased the expression of the pro-inflammatory
markers Cxcl10, Ptgs2 and Nos2 in the T-PMs (Fig. 6L). All these data
suggest that trabectedin exerts an inhibitory effect on the immunosup-
pressive milieu.

4. Discussion

In the present study, we have characterized the electrophysiological
effects of trabectedin on murine peritoneal macrophages, TAM;,, TAMs
and peritoneal macrophages from tumor-bearing mice treated or non-
treated with this drug. Our data demonstrate that: 1) trabectedin-
treatment of peritoneal macrophages changes their electrophysiology,
due to changes in the expression of K* channels, as well as changes in
M1 and M2 markers. 2) trabectedin-treatment of TAM;, also modified
their electrophysiology, but to a lesser extent; in parallel with modifi-
cations with M1 and M2 markers. 3) TAMs isolated from tumors
generated in mice exhibited a K' current that is a mixture of Ky and Kc,.
4) Trabectedin-treated TAMs mostly exhibited a Kt current elicited by
Kca channels. From all these features, we conclude that the anti-tumor
effect of trabectedin is not only due to its effects on tumor cells, but
also to the modulation of the tumor microenvironment, due, at least in
part, to the modulation of the polarization of the macrophages present in
the tumor.

Previous reports demonstrated that trabectedin induces apoptosis
[41]. In this study, similar results were observed. Activation, mostly M1,
of peritoneal macrophages increased their resistance to trabectedin.
Trabectedin, at sub-cytotoxic concentrations within its therapeutic
range [42], did not modify: i) the viability of macrophages, ii) ROS
production or iii) the mitochondrial Ay.

Our results indicate that trabectedin does not produce direct effects
on Ky1.3 or Ky1.5 channels. However, incubation of resting peritoneal
macrophages or TAM;, with sub-cytotoxic concentrations of trabectedin
induces M1-like polarization, observed both in their electrophysiology
and in the M1 and M2 markers. In basal peritoneal macrophages we
observed: i) a decrease in I3, as a consequence of a downregulation of
the expression of Kcnj2, and ii) an increase of the Ky current, due to an
increase in the expression of Kcna3, accompanied by an increase in the
Ky1.3 protein expression, without modifications in the expression of
Kcna5, which leads to an increase in the Ky1.3/Kyl1.5 ratio of hetero-
tetrameric Ky channels. The variation in the stoichiometry of Ky heter-
otetramers was reflected in their electrophysiology. Thus, the slight
cumulative inactivation observed in resting macrophages and in TAM;;,
increased in macrophages incubated with sub-cytotoxic concentrations
of trabectedin. All these results show that trabectedin modulates the
state of polarization of macrophages towards a pro-inflammatory
phenotype and also that the required sub-cytotoxic concentration var-
ies depending on the state of polarization in which they are found
(greater for TAMjy than for resting).

We also observed that sub-cytotoxic concentrations of trabectedin
not only increased the expression of M1 markers in resting macrophages
and TAMjy, but also decreased the expression of anti-inflammatory
markers. The decrease in M1 markers in T-PM with a pro-
inflammatory phenotype confirms that trabectedin attenuates the



D.A. Peraza et al. Biomedicine & Pharmacotherapy 161 (2023) 114548

A B 104 .
somv 500 ms . Membrane potential (m—\{)‘/_i”
140 mV b 190 -120 /@—— 60 60 4o
Basal T-MP T-MP Treated ~ 5-10 bwﬂ/ s
100 ms 100 ms 100 ms 3 /
< < < =3 Hkk /
o o
ol Ermm  AN—— [ Yo—— £ 201
ettt et g = ,
@ -30+ )/ ---- Basal
5 /. —e—T-PM
401/ T-PM Treated
250
Cc +60mV il D ..
-80mV -40mv z ---- Basal
&200' —e— T-PM s
T-PM 8 T-PM Treated Hitt
3 1504
Basal T-PM Treated =
i 5 100 .
';;"“m.m» o 5
< 5 50
<
S o o ° 0]
N 100 ms
80 -60 -40 20 O 20 40 60
Membrane potential (mV)
4 ----Basal ® T-PM T-PM Treated
Basal Bos
- 06
I
T 04
E
0 0.2
< z
o e— ol
© 100 ms 0 2 4 6 8 10 12 14 16
# Pulse
[”””]Basal
G 25s H - Basal I - T-PM
+40 mV | ] -¥ Em Treated I T-PM Treated
-80mvV -80mvV 1800 -
100 A
P,f\\ 15001 o P
N ' ~ 801 o @
. T TTTTTTm Tt % 12004 S 5
- - -Basal e S 60
—IPM =~ 900+ 5 %
i T-PM Treated k3] = 0
KM’ o £ 600 g 40
i, e 1 c oK
| R it .
'ﬂ"‘"‘Mw‘n’“ 3004 204 /‘/
L ol o LE®
500 ms

(3
P
r
=

Kcna3 [”’]Basal
301 % B Kcnas Basal %t 250, B T-PM

¥ 120 —~ 80004 [T-PM *# - [ T-PM Treated

* Basal S ] T-PM Treated *4 S 2004 eae
= 251 I T-PM = 6000 ©
S [ 1T-PM Treated B S Wt ~ 1501 %
L 4 ke = 4000+ i S 100 d

= ]
5 20 & S 2000] @
@ 3 2 = p ®» 50- # *
© s @ 807 ¥ A %
g N g 601 *4 S &l
3 2 X 40 3 & ¥
e 5 o = o 457 *
= 15] =
@ o 0751 D 159,
. ¥ % *
. 0- o % A
6’\6 (Q:\ 0+
IS » \?\\(\

(caption on next page)

12



D.A. Peraza et al. Biomedicine & Pharmacotherapy 161 (2023) 114548

Fig. 6. Characteristics of peritoneal macrophages obtained from tumor-bearing mice non-treated (MP-T) or tumor-bearing mice treated with trabectedin (MP-T
Treated). (A) Representative recordings of Ix; from MP-T or MP-T Treated, obtained after applying the pulse protocol shown. (B) I-V relationship of Ix; from PM-T
and PM-T Treated. The dashed line shows the I-V relationship of Ix; from Resting macrophages (n = 5-12). (C) Representative records of Ky current of PM-T and PM-
T Treated, obtained after applying the pulse protocol shown. (D) I-V relationship of Ky currents of PM-T and PM-T Treated. The dashed line shows the I-V relationship
of the Ky current of Resting macrophages (n = 7-13). (E) Representative records of MP-T and MP-T Treated, obtained after applying the pulse train shown. (F) Use-
dependence of the PM-T and PM-T Treated, after normalizing the maximum amplitude of the current of the pulse train against the number of pulse. The dashed line
shows the use-dependency of Resting macrophages (n = 6-11). (G) Representative records of PM-T and PM-T Treated, obtained after applying the pulse protocol
shown. The dashed line shows a record from a resting macrophage after applying the same protocol. (H) Time-constant of inactivation (Ty,ct) Obtained after fitting
the current trace shown in panel G to a monoexponential function (n = 4-8). (I) Degree of inactivation obtained in traces shown in panel G (n = 4-10). (J) RT-qPCR
of the genes of different ion channels in resting macrophages, in MP-T and MP-T Treated (n = 4-9) (K) Expression ratio of Ky1.5 and Ky1.3 measured by RT-qPCR. (L)
RT-qPCR of proinflammatory genes in resting, MP-T and Treated MP-T macrophages (n = 3-9). (M) RT-qPCR of anti-inflammatory genes in resting macrophages, the
MP-T and MP-T Treated (n = 3-9). Statistical analysis: * p < 0.05, ** p < 0.01, *** p < 0.001 vs. rest; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. MP-T Treated
(‘ANOVA and Test-Tukey).

inflammatory response without losing the anti-tumor phenotype. This microenvironment by both released cytokines by tumor cells as well as
variation in the expression of M1 markers produced by sub-cytotoxic by T lymphocytes [52-54].

concentrations of trabectedin reinforces the close relationship between In summary, we conclude that the anti-tumor capacity of trabectedin
ionic currents and signaling pathways, showing that trabectedin mod- is not only due to its effects on tumor cells, but also to the modulation of
ulates macrophages differently, depending on their functional state of the tumor microenvironment, due, at least in part, to the modulation of
polarization. ROS production induced by trabectedin in macrophages the polarization of the macrophages present in the tumor, varying the
may be due to the dysfunction of mitochondrial respiration [43,44], expression of different macrophage ion channels.

which we detected in the different polarization states, after inducing

apoptosis. While pro-inflammatory macrophages produce a large Funding

amount of ROS, anti-inflammatory macrophages (M2) require high

concentrations of trabectedin to produce it; suggesting again that tra- This research was funded by AEI, Grants SAF2016-75021-R (to CV)

bectedin acts differently depending on the polarization of macrophages. funded by MICIN/AEI/10.13039/501100011033 and by “ERDF A way

Surprisingly, peritoneal macrophages from tumor-bearing mice of making Europe”; Grants PID2019-104366RB-C21 (to CV) and
exhibited a pro-inflammatory phenotype. Like LPS-stimulated macro- PID2020-113238RB-I00 (to L.B.) funded by MCIN/AEI/10.13039/
phages, T-PM exhibited: i) an Ig; of very small amplitude, likely due to a 501100011033; by CIBERCV, Grant CB/11/00222 funded by Instituto
decrease in the expression of Kcnj2; and ii) a greater amplitude Ky de Salud Carlos III (to LB and CV) co-financed by the European Devel-
current compared to peritoneal macrophages from control mice, due to a opment Regional Fund “A Way to Achieve Europe”); Comunidad de
higher Ky1.3/Kyl.5 ratio of Ky heterotetramers, due to an increase in Madrid Programa Biociencias (P2022-BMD-7223); by CSIC Grants
the expression of Kcna3. Treatment of these immunosuppressed mice PIE201820E104 and 2019AEP148 (to CV). This research was partially

with trabectedin changed the expression pattern of the ion channels of funded by a grant from a PharmaMar S.A. Grant.

their peritoneal macrophages. The Ky1.3/Kyl.5 ratio of their hetero-

tetrameric Ky channels decreased, likely due to an increase in the Ethics approval and consent to participate

expression of Kcna5 without changes in the relative expression of Kcna3.

This increase in Kcna5 gene expression could explain the decrease in the The Institutional Ethics Committee (PROEX 197/18) approved the

total Ky current, since it has been demonstrated that Kyl.5 impairs animal studies performed in this article. All animal procedures con-

Ky1.3 surface expression [45]. formed to EU Directive 2010/63 and Recommendation 2007/526/EC
A joint suppression of Stim1 and Stim2 may result in SOCE inhibition regarding the protection of animals used for experimental and other

[5,46-49]. This could be the reason that the decrease in Stim1 observed scientific purposes, enforced in Spanish law (RD 53/2013). C57BL/6J

in trabectedin-treated resting macrophages did not produce conse- male mice were housed under controlled conditions at 25 °C in 12-hour

quences in SOCE. The correct signaling of intracellular Ca?" is essential light/dark cycles with ad libitum access to water and food in an envi-

for the accurate function of macrophages, mediated by other trans- ronment with maintained temperature and relative humidity.

porters or ion channels that measure Ca" conductance and induce the

release of stored Ca®™ deposits [5,50,51]. We have registered in TAMs an CRediT authorship contribution statement

inward ion current that may be due to TRP channel activity since they

are sensitive to La®", although we cannot rule out the possibility that it D.A.P. designed the study, performed experiments, designed and

should be a Ca%* T-type channel, since they are also sensitive to La>* and performed experiments, analyzed data, designed the figures and wrote

they are inactivated with a holding potential of — 40 mV. the first draft of the manuscript. A.P.-R. and M.M. provided experi-
At the tumor microenvironment level, the anti-tumor ability of tra- mental and intellectual input. A.B.G.-R. and P.M.A. provided biological

bectedin is due, at least in part, to its ability to modulate the state of samples. L.B. provided intellectual input and revised the manuscript. C.

polarization of TAM;, towards a pro-inflammatory phenotype. TAMs V. designed the project, wrote the paper, provided funding and intel-

treated or not with trabectedin, exhibited different electrophysiological lectual input and organized the information.

characteristics to those generated in vitro. However, trabectedin also

induced changes in the expression pattern of ion channels in TAMs. On Conflict of interest statement

the other hand, while in TAM;y an increase in the Ky1.3/Ky1.5 ratio was

observed due to an increase in the expression of Kcna3; the electro- P.M.A. is an employee of PharmaMar. The authors declare to have

physiology of TAMs is different, the K¢, current contribution being received a grant from PharmaMar S.A. to support in part the costs of the

greater than Ky current to maintain the E,. These dissimilarities be- research. Trabectedin was provided by PharmaMar S.A. This funder had

tween the expression of ion channels in both kinds of macrophages may no role in the design of the study; analyses and interpretation of data; in

suggest that may depend on the embryonic origin of the macrophages. the writing of the manuscript; or in the decision to publish the results.

Indeed, TAM;, are generated from embryonic precursors derived from
the yolk sac; whereas TAMs come from mononuclear cell precursors that
circulate through the bloodstream attracted to the tumor
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