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Abstract

:

Simple Summary


Calcium electroporation (CaEP) is an innovative anti-tumor treatment modality that induces cell death by introducing supraphysiological concentrations of calcium into cells with a limited effect on normal cells. The objective of the present study is to assess the effect of CaEP in uveal melanoma (UM) cell lines in comparison to electrochemotherapy (ECT) with bleomycin using 2D monolayer cell cultures as well as 3D tumor spheroid models in four different UM cell lines. The morphological changes of the spheroids, the cell viability, growth rate as well as the cytotoxic effect of electroporation (EP) with calcium chloride and bleomycin were evaluated with various drug concentrations. The results of CaEP and ECT both suggest a comparable dose-dependent reduction in cell viability and proliferation rate in all tested 2D cell lines and 3D tumor spheroids. These data point out that CaEP is an established anticancer treatment causing cell death by ATP depletion in in vitro and in vivo, representing an efficient alternative therapy with a lower cytotoxic potency for the local UM tumor control.




Abstract


Electrochemotherapy (ECT) is the combination of transient pore formation following electric pulse application with the administration of cytotoxic drugs, which enhances the cytotoxic effect of the applied agent due to membrane changes and permeabilization. Although EP represents an established therapeutic option for solid malignancies, recent advances shift to the investigation of non-cytotoxic agents, such as calcium, which can also induce cell death. The present study aims to evaluate the cytotoxic effect, the morphological changes in tumor spheroids, the effect on the cell viability, and the cell-specific growth rate following calcium electroporation (CaEP) in uveal melanoma (UM) 2D monolayer cell cultures as well as in 3D tumor spheroid models. The experiments were conducted in four cell lines, UM92.1, Mel270, and two primary UM cell lines, UPMD2 and UPMM3 (UPM). The 2D and 3D UM cell cultures were electroporated with eight rectangular pulses (100 µs pulse duration, 5 Hz repetition frequency) of a 1000 V/cm pulse strength alone or in combination with 0.11 mg/mL, 0.28 mg/mL, 0.55 mg/mL or 1.11 mg/mL calcium chloride or 1.0 µg/mL or 2.5 µg/mL bleomycin. The application of calcium chloride alone induced an ATP reduction only in the UM92.1 2D cell cultures. Calcium alone had no significant effect on ATP levels in all four UM spheroids. A significant decrease in the intracellular adenosine triphosphate (ATP) level was documented in all four 2D and 3D cell cultures for both CaEP as well as ECT with bleomycin. The results suggest a dose-dependent ATP depletion with a wide range of sensitivity among the tested UM cell lines, control groups, and the applied settings in both 2D monolayer cell cultures and 3D tumor spheroid models. The colony formation capacity of the cell lines after two weeks reduced significantly after CaEP only with 0.5 mg/mL and 1.1 mg/mL, whereas the same effect could be achieved with both applied bleomycin concentrations, 1.0 µg/mL and 2.5 µg/mL, for the ECT group. The specific growth rate on day 7 following CaEP was significantly reduced in UM92.1 cell lines with 0.5 and 1.1 mg/mL calcium chloride, while Mel270 showed a similar effect only after administration of 1.1 mg/mL. UM92.1 and Mel270 spheroids exhibited lower adhesion and density after CaEP on day three in comparison to UPM spheroids showing detachment after day 7 following treatment. CaEP and bleomycin electroporation significantly reduce cell viability at similar applied voltage settings. CaEP may be a feasible and inexpensive therapeutic option for the local tumor control with fewer side effects, in comparison to other chemotherapeutic agents, for the treatment of uveal melanoma. The limited effect on normal cells and the surrounding tissue has already been investigated, but further research is necessary to clarify the effect on the surrounding tissue and to facilitate its application in a clinical setting for the eye.
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1. Introduction


Uveal melanoma (UM) is a relatively rare disease with an incidence of approx. five cases per million in the USA and approx. 1–8 cases per million in Europe per year, however, constituting the most common primary intraocular tumor in adults [1,2]. It arises from neoplastic melanocytes along the uveal tract, most commonly occurring in the choroid (approx. 85%) and the ciliary body or the iris [1,2,3,4]. While several prognostic genetic changes have been identified in UM, epigenetic influences are gradually intensely emphasized [1,3,5,6,7]. Further risk factors are the presence of light eyes or fair complexion, iris or choroidal nevus, ocular or oculodermal melanocytosis as well as dysplastic nevus syndrome [4,8].



Furthermore, the molecular pathogenesis of UM is characterized by chromosomal abnormalities and gene mutations. Most common are mutations in the guanine nucleotide-binding protein G(q) subunit alpha (GNAQ) and the guanine nucleotide-binding protein subunit alpha-11 (GNAQ/GNA11), which occur in a mutually exclusive manner in approx. 90% of posterior UMs [7]. Other commonly detected mutations in UM are the BRCA1-associated protein-1 (BAP1), splicing factor 3B subunit 1 (SF3B1), eukaryotic translation initiation factor 1A, X-chromosomal (EIF1AX) as well as telomerase reverse transcriptase promoter (TERTp). Moreover, recent advancements in the molecular pathophysiology improved the understanding of signaling pathways and their role in the development of UM, such as MEK, the retinoblastoma (Rb) pathway, p53 signaling, the P13K/AKT, and MAPK pathway, as well as PTEN, GNAQ/11, andBAP1 mutations [3,9]. The most common chromosomal abnormalities include loss of the 1p, 3, 6q, and 8p chromosomes as well as a gain of the 1q, 6p, and 8q chromosomes. Monosomy 3 is present in 65% of UM and is associated with a particularly poor prognosis [4,5,7,10,11].



Treatment options range from local therapy, including radiotherapy (brachytherapy or teletherapy), thermotherapy, and tumor resection (transscleral resection, and endoresection) to enucleation [12]. The prognosis is associated with different variables, including the location and size of the tumor, age of the patient, the extent of a possible metastasis but foremost the histological characteristics, tumor cytology, circulating cells, and specific gene profiling. Uveal melanoma has a high tendency to metastasize (approximately 50%) within 10 years after the first diagnosis irrespectively from the type of treatment, resulting in high mortality [13,14,15].



Despite advancements in the management of localized disease, adjuvant therapy of metastatic disease in the form of chemotherapy, adjuvant immunotherapy, and molecular targeted therapy may be necessary to prevent further progression, prolong life expectancy, and improve quality of life. The research and establishment of additional globe-preserving treatment strategies are, therefore, crucial for uveal melanoma patients [16].



Electroporation-based techniques, such as irreversible electroporation, electrochemotherapy, and gene therapy, have already been established as effective alternative treatment modalities, especially for inoperable, recurring, and chemo-resistant malignancies in various tumor entities that do not adequately respond to the current treatment regimen. Electroporation (EP) is the induction of transient permeabilization of the cell membrane via short high voltage electric pulses, allowing passage of ions and molecules into and out of the cell. Electrochemotherapy is emerging (ECT) as an adjuvant treatment modality for local tumor control in various cancer entities. It combines the application of electric pulses to the tumor tissue with the administration of chemotherapeutic agents, rendering the cell membrane permeable to otherwise impermeant or poorly permeant anticancer drugs [17,18,19,20,21,22,23,24,25,26,27].



Calcium electroporation (CaEP) is a prospective anticancer treatment where high concentrations of calcium are introduced into the cytosol following the application of electric pulses. The high intracellular concentrations of calcium ions can lead to an adenosine triphosphate (ATP) deficit [28,29,30,31]. The ATP depletion may be attributed to various pathomechanisms, such as direct loss of ATP through the permeabilized membrane, increased consumption of ATP by the Ca2+-ATPases to transport calcium out of the cells, and reduced production of ATP due to disruption in the mitochondrial membrane potential by the high intracellular calcium concentrations [32,33,34,35].



Preclinical investigations suggest that this acute and severe ATP depletion leads to necrotic, apoptotic, or autophagic cell death [28,29,30,31]. Using the ESOPE protocol, both ECT and CaEP show comparable results regarding tumor control and cell viability in different tumor types [36,37,38]. CaEP offers several advantages, including being inexpensive, non-mutagenic, and having long durability [39]. The present study aims to evaluate the cytotoxic effect, the morphological changes, the effect on the cell viability, as well as on the cell-specific growth rate following CaEP and ECT in UM 2D monolayer cell cultures and 3D spheroid models in four UM cell lines.




2. Materials and Methods


2.1. Characterization of Uveal Melanoma Cells Lines


To reproduce the heterogenic characteristics of uveal melanoma, four UM cell lines with different genetic profiles were analyzed in the present study: two UM cell lines, UM92.1 and Mel270, and two uveal primary melanoma (UPM) cell lines, UPMD2 and UPMM3. The genetic and morphologic characteristics are summarized in Table 1 [27].



All cell lines were authenticated by short tandem repeat profiling according to published data [21,40,41,42,43,44].
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Table 1. Characteristics of uveal melanoma cell lines.






Table 1. Characteristics of uveal melanoma cell lines.





	Cell Line
	Genetics
	Morphology/Doubling Time
	References





	UM92.1
	GNAQ Q209L, Disomy-3, WT BAP1, EIF1AX
	Epithelioid/38–58 h
	[40,41,42,43]



	Mel270
	GNAQ Q209P, Disomy-3, WT BAP1
	Spindle/43 h
	[41,42,44]



	UPMD2
	GNA11 Q209L, Disomy-3, WT BAP1
	Epithelioid/150 h
	[21,45]



	UPMM3
	GNAQ Q209P, Monosomy-3, Mutant BAP1
	Spindle and epithelioid/100 h
	[45]









2.2. 2D and 3D Cultures of Uveal Melanoma Cell Lines


The UM cell lines UM92.1 and Mel270 were maintained in RPMI 1640 medium (GIBCO, Fisher Scientific, Thermo Fisher Scientific Inc., Waltham, MA, USA). The UPM cell lines UPMD2 and UPMM3 were cultivated in Ham/F12 medium (PAN-Biotech GmbH, Aidenbach, Germany). The cell medium was supplemented with 10% fetal calf serum and 1% penicillin-streptomycin (5000 U/mL) and was exchanged two times per week. The cell cultures were incubated in a humidified incubator (37 °C, 5% CO2).



The 3D spheroids were generated by seeding 5 × 103 cells/well in 96-well ultra-low attachment plates (PHC Corporation, Tokyo, Japan) in 100 µL of the respective cell culture medium. The spheroid cultures were incubated in a humidified chamber (37 °C, 5% CO2) for one week until electroporation.




2.3. Electroporation of 2D and 3D Uveal Melanoma Cell Cultures


The UM cells were trypsinized and transferred into Ingenio cuvettes (Mirus Bio LLC, Madison, WI, USA) for the formation of monolayer cell cultures. A total of 5 × 105 cells were resuspended in 400 µL Hepes buffer containing 0, 0.11 mg/mL, 0.28 mg/mL, 0.55 mg/mL or 1.11 mg/mL calcium chloride or 1.0 µg/mL or 2.5 µg/mL bleomycin.



Seven days after generating the UM spheroids, the medium was gently removed and replaced with 100 µL Hepes buffer containing 0, 0.55 mg/mL, 1.11 mg/mL, 2.78 mg/mL, 5.55 mg/mL, and 8.33 mg/mL calcium chloride or 1.0 µg/mL or 2.5 µg/mL bleomycin. The spheroids were treated at higher concentrations of calcium chloride because preliminary tests showed no effect after treatment at the concentrations used on the single-cell model (data not shown).



The monolayer cell cultures and the spheroids were then electroporated using a Genedrive voltage pulse generator (IGEA S.p.A., Carpi, Italy) with an electroporator adapter for cuvettes and a two parallel aluminum electrode (4 mm apart) respectively. In this study, cells and spheroids were electroporated with eight rectangular pulses (100 µs pulse duration, 5 Hz repetition frequency) of a 1000 V/cm pulse strength according to the European Standard Operating Procedure on Electrochemotherapy (ESOPE) alone or in combination with the aforementioned calcium and bleomycin concentrations.




2.4. Analysis of Cellular ATP Level Following CaEP and ECT in 2D and 3D Uveal Melanoma Cell Cultures


Following electroporation of monolayer cell cultures, the cell suspensions, approx. 104 cells were transferred to white opaque-walled multi-well plates (Nunc F96 Microwell Polysterolplate white, Thermo Fisher Scientific, Roskilde, Denmark) in 100 µL medium (RPMI 1640) or Ham/F12 medium, supplemented with 10% fetal calf serum and 1% penicillin-streptomycin (5000 U/mL) per well. Changes in cellular ATP concentrations (N = 3 or 4; n = 8 each condition) were analyzed using the CellTiter-Glo 2.0 assay (Promega GmbH, Walldorf, Germany) according to the manufacturer’s instructions. Equal portions of CellTiter-Glo 2.0 and cell suspension were mixed and placed in the centrifuge (750 rpm) for two minutes. After a further 15 min of incubation in a dark chamber at room temperature, the luminescence was recorded using the plate reader ClarioStar Plus (BMG LABTECH, Ortenberg, Germany). The ATP luminescence was given in RLU (relative light units).



The cellular ATP level in UM and UPM spheroids (N = 3 or 4, n = 5–8 each condition) was assessed using the CellTiter-Glo 3D (Promega) according to the manufacturer’s instructions. Equal amounts of CellTiter-Glo 3D and spheroid cultures were mixed by pipetting up and down for 30 s to ensure complete lysis of the cells and the release of ATP. The mixture was transferred to white opaque-walled multi-well plates. After five minutes of incubation in the centrifuge (750 rpm) and a further 25 min in a dark chamber at room temperature, the luminescence was measured using a reader ClarioStar Plus. The ATP luminescence was given in RLU.




2.5. Cell Viability and Cell-Specific Growth Rate in 2D Cell Cultures Following CaEP and ECT


After the electroporation procedure, the UM and UPM cells (n = 3 or 4; n = 8 each condition) were seeded on flat bottomed 96-well plates (Sarstedt, Nürnbrecht, Germany) with 104 cells in 100 µL medium per well. To determine cell viability and growth, the cells were fixated 24 h, 3 days, and 7 days after electroporation with 50 µL 10% trichloroacetic acid (TCA, in Aqua dest.; Fluka, Honeywell International Inc., Charlotte, NC, USA) for one hour at 4 °C and then stained with 50 µL 0.4% Sulforhodamine B solution (SRB, in 1% acetic acid; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). After approximately three washing steps with 1% acetic acid, the minoxanthene dye was then dissolved with 150 µL 10 mM Tris buffer (pH 10.5). Finally, the absorbance was recorded at 560 nm using the reader ClarioStar Plus (BMG LABTECH GmbH, Ortenberg, Germany). Based on these data, the cell line-specific growth rate (SGR) in % per day was calculated by using the following Equation (1).


  SGR =   ln  (  Nt / N 0  )    t 2 − t 0     × 100 %  



(1)







N = absorbance units; t = time point.




2.6. Morphology and Growth of 3D Spheroids Following CaEP and ECT


The image documentation of the 3D multicellular spheroids was conducted before (d0), on day 3 (3 d), as well as on day 7 (7 d) after treatment using a Zeiss Primovert bright-field microscope at 4× magnification. The image and morphological analysis of the spheroids was carried out with a Zeiss Axiocam 105 and ZENcore software (Carl Zeiss AG, Oberkochen, Germany). The optic density (mean gray value; mgv) and the cross-sectional area were measured to evaluate the mass density of the spheroids. Due to frequent detachment of cells from the main spheroid core due to low adhesion and density following treatment, the Feret’s diameter was calculated. This value represents the mean diameter of the not dissociated spheroid as well as the mean distance between the most distant spheroid compartments. All measurements were performed using the open-source software Fiji ImageJ 1.53c (MPI-CBG, Dresden, Germany).




2.7. Colony Formation Following CaEP and ECT in 2D and 3D UM Cell Cultures


UM and UPM cell suspensions of the monolayer cell cultures (n = 3–6 each condition) were diluted in medium (RPMI or Ham’s F12) supplemented with 10% fetal calf serum and 1% penicillin-streptomycin (5000 U/mL) and seeded on Cellstar 6-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany) with 2 × 103 cells in 3 mL medium per well.



One week after the electroporation procedure, spheroids treated the same were pooled and seeded on 6-well plates (Cellstar, Greiner Bio-One GmbH, Frickenhausen, Germany) with 2 × 103 cells per well and incubated in a humidified chamber at 37 °C with 5% CO2. The medium was exchanged once a week. After an incubation period of 3 weeks, the medium was removed, and the spheroids were dissociated by pipetting and pooling. Finally, the cells were plated on a Cellstar 6-well plate (Greiner Bio-One GmbH, Frickenhausen, Germany) with 2 × 103 cells in 3 mL medium per well.



After a two-week for monolayer and a three-week incubation phase for spheroids in a humidified chamber (37 °C, 5% CO2), the medium was removed, and the cells were stained with 4% crystal violet solution. To assess the survival fraction (SF) of proliferating cancer cells, colonies containing 50 or more cells were counted using a Leica S6D Greenough stereo microscope (Leica microsystems GmbH, Wetzlar, Germany). The plating efficiency (PE; Equation (2)) and, therefore, the survival fraction (SF; Equation (3)) were calculated in percentage and statistically analyzed.


  PE =     no .    of   colonies   formed    no .    of   cells   seeded        × 100 %  



(2)






  SF   =     no .    of   colonies   formed   after   treatment    no .    of   cells   seeded    ×    PE      × 100  %     



(3)








2.8. Statistical Analysis


Statistical analysis of the data was performed using a two-way ANOVA and Tukey’s multiple comparisons test (GraphPad Prism 9.20 software, GraphPad Software Inc., San Diego, CA, USA). A value of p < 0.05 was considered statistically significant and significance levels were indicated with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.





3. Results


3.1. Effects of CaEP and ECT on ATP Levels


To assess the cytotoxicity of CaEP compared to ECT with bleomycin in UM and UPM cells and spheroids, an ATP assay was performed 24 h after treatment (Figure 1 and Figure 2). The analysis shows a significant ATP depletion after treatment with 1 μg/mL as well as 2.5 μg/mL bleomycin even without the application of electrical pulses in all analyzed 2D cell cultures compared to the untreated control group (Figure 1A–D). However, exposure to the indicated calcium chloride concentrations without application of electrical pulses had no significant impact on cellular ATP levels except for the UM92.1 cell line after administration of 1.11 mg/mL. EP alone also significantly reduced the ATP levels in UM92.1. Overall, all lines showed a highly significant decrease in ATP compared to both control groups following EP with calcium and bleomycin, accompanied by slight differences in sensitivity. A higher ATP depletion was achieved in the Mel270 following EP alone in comparison with CaEP with a concentration of 1.11 mg/mL. The UPMM3 cell line shows a higher depletion of ATP after administration of 0.11 and 0.28 mg/mL calcium chloride alone with respect to the other cell lines, as well as a more dramatic reduction in ATP after the combination of low calcium concentrations with EP (Figure 1D). After EP with increasing concentrations of calcium chloride (0.11; 0.28; 0.55; 1.11 mg/mL), a dose-dependent and significant ATP depletion was documented in all tested cell lines and in comparison to the control groups resulting in outcomes similar to ECT.



The ATP levels of UM and UPM spheroids were only marginally affected following calcium chloride and bleomycin administration without EP (Figure 2A–D). Electroporation alone reduced the ATP levels significantly in UM92.1, Mel270, and UPMD2 spheroids (Figure 2A–C). UPMM3 did not respond after the application of EP alone but showed a higher reduction in ATP in comparison to the tested cell lines and control groups in the CaEP group, even with low calcium concentrations. A higher sensitivity of UPMD2 spheroids was noted in the ECT group. All tested UM spheroids exhibit a statistically significant reduction in ATP for the tested condition of ECT and CaEP.




3.2. Effects of CaEP and ECT on Cell and Spheroid Growth


The sulforhodamine B (SRB) assay was used for cell density determination and, therefore, as a cytotoxicity screening of the tested agents. The tumor growth was quantified by calculating the specific growth rate (SGR). The cytotoxic effect of 2.5 µg/mL bleomycin and EP alone in the UM92.1 (Figure 3A) and Mel270 (Figure 3B) cells was statistically significant on day 7 and higher than following CaEP with 0.11 for both cell lines. Calcium alone did not exhibit a significant reduction in cell count in contrast to bleomycin alone. UPMD2 illustrates (Figure 3E,F) a significant decrease in cell viability on day 7 after treatment only with 2.5 mg/mL bleomycin when no electric voltage was applied (p < 0.005). The reduction in cell viability and the cytotoxic effect of the tested conditions were not statistically significant in the UPMM3 cells (Figure 3G). Nevertheless, a decrease in the cell viability on day one after ECT with both tested concentrations as well as after CaEP with 0.28 mg/mL up to 1.11 mg/mL calcium chloride was noted.



One week following CaEP, a significant reduction in the cell viability with a mean specific growth rate (Figure 3B) of 17.71% per day (0.55 mg/mL calcium) and 14.09% per day (1.11 mg/mL calcium) was documented. After ECT with bleomycin, the UM92.1 cells showed a comparable mean specific growth rate of 11.26% (1 μg/mL) and 10.45% per day (2.5 μg/mL) and a statistically significant reduction in cell viability. Similar results could be achieved for Mel270 cells only after CaEP with concentrations of 1.1 mg/mL of calcium chloride (Figure 3C,D). The specific growth rate was significantly affected in Mel270 cells after CaEP with 1.11 mg/mL calcium (mean of 7.45% per day) and after ECT with both concentrations (mean of 0% per day). In the UPMD2 cells, the mean specific growth rate was calculated 6.75% per day after CaEP with 0.55 mg/mL calcium chloride and 0% per day after CaEP/ECT with 1.11 mg/mL calcium or 1 μg/mL and 2.5 μg/mL bleomycin, respectively. Significant differences in the specific growth rates between the treated and untreated cohorts could not be observed in the UPMM3 cell line (Figure 3H).



The image documentation was conducted before and on days 3 and 7 following treatment (Figure 4). The mass, spread or shrinkage, and the cell density of the spheroids were quantitatively measured using the mean gray value (mgv), the calculation of the cross-sectional area, and the Feret’s diameter (Figure 5). The evaluation of the spheroid images shows a dramatic reduction in size, especially in the UM92.1 and Mel270 cell lines, accompanied by low adhesion and peripheral cell distribution. The Feret’s diameter shows a statistically significant increase in UM92.1 and Mel 270 and a decrease in UPMM3 after CaEP with 8.33 mg/mL. On the other hand, ECT led to a significant decrease in Feret’s diameter in UM92.1 and UPMM3 cell lines. The effect of CaEP on the reduction in the cross-sectional area was more apparent in the Mel 270 cells with or without EP in comparison with ECT. CaEP and ECT had a similar effect on the cross-sectional area in all cell lines, with the exception of UM92.1, where the cells exhibited a more drastic response following ECT (Figure 5). An increase in the mean gray value was observed foremost in the UM92.1 and Mel270 cell lines after ECT, whereas a statistically significant decrease in the mean gray value and the cell density was documented after CaEP with 8.33 mg/mL. In the UPMD2 and UPMM3 cell lines, the mean gray value remained stable in all cohorts.




3.3. Effect of CaEP and ECT on the Colony Formation Capacity of 2D and 3D UM and UPM Cell Cultures


The survival fraction in the monolayer cell lines was significantly decreased in all tested cell lines for all tested conditions (Figure 6). A statistically significant increase in SF was only documented in the UPMM3 cells after administration of calcium or bleomycin alone. EP alone induced an apparent reduction in the survival fraction in the Mel270 and UPMM3 cell lines (Figure 6B,D).



An overall reduction in the survival fraction and, therefore, the colony formation capacity of the tested spheroids was documented for all cell lines following CaEP and ECT (Figure 7A–D). The UPMM3 and UPMD2 cell lines showed a significant response and reduction in the survival fraction following the application of calcium and bleomycin alone, whereas no significant changes were observed in the no EP cohort group in the UM92.1 and Mel 270. A difference in the reduction in the survival fraction was noted between CaEP and ECT only in the Mel270 cells with a greater response following ECT, indicating a lower sensitivity to CaEP in comparison to the other cell lines. Interestingly a significant reduction was also illustrated in the UPMD2 and UPMM3 cell lines after EP alone (Figure 7C,D).





4. Discussion


ECT is a well-established electroporation-based treatment modality with high response rates in various tumor entities [36,37,38,46]. The electric pulses result in reversible cell poration with minimal ablative effects. However, the elementary mechanism of cell death following CaEP is dissimilar from ECT due to the absence of a chemotherapeutic agent. Apart from ATP depletion, an immunomodulatory effect, attributed to the reduction in suppressor cells and the increase in cytotoxic T lymphocyte activity, has been postulated [47]. Moreover, CaEP causes intratumorally vascular damage, resulting in tumor necrosis. Gibot et al. showed that the cell death following CaEP may also arise from mitochondrial dysfunction, without accompanying DNA damages, underlying its safety as a treatment option [48]. Intracellularly, calcium ion (Ca2+) plays an important role as a second messenger by maintaining cytoplasmic Ca2+ concentration low at rest and by mobilizing Ca2+ in response to stimulus, which in turn activates the cellular reaction [49]. In addition, calcium signaling regulates numerous basic cellular and biochemical processes, including cell proliferation and differentiation, and exhibits regulatory effects on various enzymes and proteins. Calcium levels must strictly remain at very low concentrations intracellularly via its removal to the extracellular environment and sequestration in the endoplasmic reticulum, maintaining the equilibrium of cytoplasmic Ca2+ level in concentrations about 20 to 40 nM [50].



Despite positive results in vitro and in vivo, the application of CaEP is mainly restricted to research purposes [51,52,53,54]. The applicability of CaEP for the treatment of UM has not yet been investigated. The present study aims to evaluate the cytotoxic effect, the morphological changes in tumor spheroids, the effect on cell viability, and cell-specific growth following CaEP and ECT in UM 2D monolayer cell cultures, as well as in 3D tumor spheroids. A dose-dependent reduction in ATP levels, cell viability as well as proliferation capacity with varying sensitivity was documented for all four tested UM cell lines following CaEP. ECT and CaEP showed a statistically significant reduction in ATP in all four tested cell lines in 2D and 3D tumor models. Higher sensitivity for CaEP regarding the ATP depletion was noted in both cell models for the UPMM3 cell line, exhibiting an apparent difference in comparison to ECT foremost in the 3D cell cultures. The great response following CaEP or ECT in the UPMM3 cells could not be reproduced with reference to the cell viability and the specific growth rate, which were not significantly affected after treatment. These results in the 2D cell cultures are in accordance with the minor morphological changes of the UPMM3 spheroids in size and cell distribution, as seen in Figure 5. In addition, a significant reduction in the cross-sectional area and the Feret’s diameter without alterations in the optic density and cell cohesion was detected in the UPMM3 spheroids. The discrepancy in the results between ATP levels, cell viability, and growth rate could be attributed to the doubling time of this cell line. Another explanation for the treatment resistance in the UPMM3 cell line could lie within the presence of monosomy 3, which is associated with a higher progression rate and therapy resistance [5,7,10,11,41,55]. Similarly, the UPMD2 cells also exhibit a lower sensitivity in comparison to the other UM-tested cell lines, thus showing a significant reduction in cell viability and specific growth rate following CaEP with a concentration of calcium chloride of 0.55 mg/mL or higher. The UPMD2 spheroids show more prominent morphologic changes after ECT in comparison to CaEP, whereas the optic density and Feret’s diameter remain non-significant for both treatment modalities, underlying the importance of image documentation and automatized image analysis for the proper interpretation of the results.



UM92.1 cells show a more significant response than Mel270 in regard to the ATP reduction in 2D cell cultures, whereas the ATP levels in the spheroids are comparable for both cell lines. The difference between the two tested models could be accredited to a more accurate simulation of morphological and biochemical features of the original tissue cells in the spheroids since 3D cell cultures offer investigative conditions that closely resemble the in vivo situation. In respect of the cell viability, a significant reduction was detected with concentrations of calcium chloride higher than 0.28 mg/mL. For the UM92.1 and Mel270 cell lines, a similarly significant effect regarding cell viability and specific growth rate reduction could be achieved in monolayer cell cultures after ECT with both bleomycin concentrations and following CaEP only after application of 1.1 mg/mL calcium chloride. Analyzing the image documentation of the spheroids, a more evident size reduction and detachment manifest in the UM92.1 and Mel270 cell lines in comparison to the UPM spheroids after both treatment modalities and independently from the administered concentrations. The detachment is more prominent after CaEP in comparison to ECT for both UM92.1 and Mel270, whereas ECT has a lower effect in concern to the spheroid detachment and a higher impact on the spheroid size, especially in the UM92.1 cell line. The low cohesion and peripheral cell distribution seen in the spheroid imaging explains the increase in the mean gray value following ECT in both cell lines. The greater response and the robust growth development of the UM92.1 and Mel270 spheroids may be associated with the origin of the cell lines. Mel270 cells arose from a large recurrent tumor after prior irradiation [41]. The UM92.1 cells were acquired from a large tumor mass that had destroyed the eye and orbit and led to metastases, although this tumor had disomy of chromosome 3 and expressed BAP1. An EIF1AX mutation was detected, which has been associated with the development of metastases in disomy 3 uveal melanomas [43]. The tumor origin also explains the significant reduction in the survival fraction following the application of bleomycin and calcium without electroporation only in the primary cell lines. The morphologic spheroid changes are also illustrated diagrammatically after the calculation of a significant reduction in the cross-sectional area, optic density, and Feret’s diameter for the two cell lines. Image documentation and analysis represent a supplementary instrument for a simple and rapid assessment of therapy efficacy, cytotoxicity, and the spheroid microenvironment, implementing standard biochemical and histological procedures. EP alone had a significant effect on ATP depletion and cell viability in both UM92.1 and Mel270, also leading to an apparent detachment in the spheroid structure, in contrast to the results in the UPM cell lines and spheroids. On the other hand, no significant differences between the tested cell lines were detected in regard to the colony formation capacity and the survival fraction; thus, all four cell lines showed a significant reduction.



Calcium electroporation is postulated to have a limited impact on normal cells compared to malignant cells, as shown in 3D spheroid models and in vivo [51,52,53,54]. Normal cells show a higher resistance to ATP depletion than malignant cells [31,36,52,53,54,56]. The background for this observation may lie within the impact of CaEP on cytoskeleton components, including the activation of ATP-dependent pumps [48], e.g., plasma membrane calcium ATPase (PMCA), sodium calcium exchanger (NCX1) [51] or SERCA2/3 [33,34,35] as well as the altered production of ATP as a reaction to higher intracellular calcium concentrations [32]. The spatial structure of the actin cytoskeleton is crucial for numerous processes such as cell migration, membrane extension, and extracellular signal transduction [57]. A different response to CaEP was documented in normal cells due to a higher expression of PMCA in comparison to malignant cells, which induces the fast removal of calcium ions from the cytosol and could indicate higher viability [54]. One other component that differs between normal and malignant cells in the fraction and localization of the negatively charged phospholipid, phosphatidylserine [58]. Normal cells exhibit plasma membrane asymmetry, and phosphatidylserine is almost exclusively localized in the inner leaflet of the cell membrane unless undergoing apoptosis. Calcium interacts with phosphatidylserine, stabilizing the cell membrane, and the localization of phosphatidylserine in the outer cell membrane leaflet of malignant cells may therefore influence the effect of calcium electroporation [59].



Furthermore, the temperature and the time of administration prior to or after electroporation have been discussed as possible factors with an impact on the efficacy of CaEP [39]. In this regard, EP and ECT combined with concomitant irradiation enhance the radiosensitivity of UM. Our group has previously presented the effect of ECT by altering electric settings in combination with various chemotherapeutic agents in various concentrations [27] in ocular conjunctival and uveal melanoma. Further studies optimizing the EP conditions and calcium concentrations as well as investigating other influencing variables are required to explore the CaEP outcome in vivo for malignant tumors. Calcium displays low cytotoxicity, especially when applied locally, and is therefore only associated with minor adverse effects compared to other cancer treatments or chemotherapeutic agents used in ECT, constituting it a suitable alternative adjuvant therapy for the improvement of local tumor control.




5. Conclusions


The present study aims to evaluate the cytotoxicity, the morphological changes of tumor spheroids, the effect on the cell viability, the specific growth rate, and the survival fraction following CaEP compared to ECT in 2D monolayer cell cultures as well as in 3D tumor spheroids in four UM cell lines. A dose-dependent reduction in ATP levels, cell viability, and specific growth rate with varying sensitivity among the tested cell lines was documented. The limitation of our study is the short lifespan of spheroids, which affects the size of the treated tumor as well as the central cell necrosis in the tumor organoids. CaEP is a novel treatment modality, and little knowledge has been generated up to now regarding its pathomechanism, and the optimal therapeutic settings and further dependent variables remain to be explored. The use of 3D spheroid models imitates an in vivo setting with higher precision, delivering more representative results for optimization of CaEP settings for targeted treatment. Our in vitro results indicate that CaEP may constitute an efficient and inexpensive therapeutic option for the local tumor control of UM and the prolongation of life expectancy in patients with progressive disease.
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Figure 1. Intracellular ATP level in 2D UM cell cultures after CaEP and ECT. ATP depletion after calcium electroporation (0.11, 0.28, 0.55 or 1.11 mg/mL) compared to ECT with bleomycin (1 or 2.5 μg/mL) on (A) UM92.1, (B) Mel270, (C) UPMD2, and (D) UPMM3 single-cell suspension (N = 3 or 4; n = 8 each condition) was assessed by lysing the cells and measuring the ATP luminescence (Relative Light Units; RLU) 24 h after treatment. The analyses show the non-electroporated (no EP) and the electroporated groups (EP) alone or in combination with the tested calcium and bleomycin concentrations. The EP was conducted with 1000 V/cm pulse strength, 100 µs pulse duration, and 5 Hz repetition frequency. Untreated cells, calcium chloride alone, bleomycin alone (no EP group), or EP alone constitute the control groups. Statistical analysis was performed using a two-way ANOVA and Tukey’s multiple comparisons test. Statistically significant levels are indicated with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 2. Effect of CaEP and ECT on UM and UPM tumor spheroid ATP level. (A) UM92.1 spheroids, (B) Mel270 spheroids, (C) UPMD2 spheroids, and (D) UPMM3 spheroids were incubated with different concentrations of calcium chloride (0.55, 1.11, 2.78, 5.55, or 8.33 mg/mL) or bleomycin (1 μg/mL or 2.5 μg/mL) and electroporated (1000 V/cm pulse strength, 100 µs pulse duration and 5 Hz repetition frequency; EP group). Untreated cells, calcium chloride alone, bleomycin alone (no EP group) or EP alone constitute the control groups. Statistical analysis was performed using a two-way ANOVA and Tukey’s multiple comparisons test. Statistically significant levels are indicated with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 3. Effects of CaEP and ECT on cell viability and cell growth. The different UM cell lines. (A,B) UM92.1, (C,D) Mel270, (E,F) UPMD2, and (G,H) UPMM3 were exposed to calcium chloride (0.11, 0.28, 0.55 or 1.11 mg/mL) or bleomycin (1 or 2.5 μg/mL). EP was conducted with 1000 V/cm pulse strength, 100 µs pulse duration, and 5 Hz repetition frequency. Untreated cells, calcium chloride alone, bleomycin alone (no EP group), or EP alone constitute the control groups. The cell count and, therefore, the cytotoxic effect (N = 3–4; n = 8 each condition) were assessed by measuring SRB absorbance values at 560 nm cell cultures stained with SRB on day 1 (1 d), 3 (3 d), and 7 (7 d) after treatment (A,C,E,G). The data are shown as absorbance units (au) (mean values ± SD). Cell line-specific growth rates in percentage per day (mean ± SD) were calculated and statistically compared to the control groups (B,D,F,H). Statistical analysis was performed using a two-way ANOVA and Tukey’s multiple comparisons test.; significance levels are indicated with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 4. UM and UPM spheroids after EP with calcium chloride and bleomycin. Image documentation of (A) UM92.1, (B) Mel270, (C) UPMD2, and (D) UPMM3 spheroids was conducted before (day 0) and on days 3 and 7 after electroporation (EP) in combination with calcium chloride (5.55 or 8.33 mg/mL) or bleomycin (1 or 2.5 μg/mL). Untreated cells, calcium chloride alone, bleomycin alone (no EP group), or EP alone constitute the control groups. Images were recorded at 4× magnification; scale bars represent 100 µm. 
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Figure 5. Cross-sectional area, mean gray value, and Feret’s diameter of UM and UPM spheroids on day 7 following EP in combination with calcium chloride or bleomycin. (A) UM92.1, (B) Mel270, (C) UPMD2, and (D) UPMM3 spheroids were incubated with different concentrations of calcium chloride (0.55, 1.11, 2.78, 5.55, or 8.33 mg/mL) or bleomycin (1 μg/mL or 2.5 μg/mL) and electroporated (1000 V/cm pulse strength, 100 µs pulse duration and 5 Hz repetition frequency; red (EP). Untreated cells, calcium chloride alone, bleomycin alone (no EP group), or EP alone constitute the control groups. To assess spheroid density, mass, expansion/shrinkage, the area (left column), the optic density (mean gray value; middle column), and the mean Feret´s diameter area (right column) of the detected spheroid or spheroid compartments were calculated (n = 4–5 each condition). Statistical analysis was performed using a two-way ANOVA and Tukey’s multiple comparisons test. Significance levels are indicated with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 6. Survival fraction of UM and UPM cells following CaEP and ECT. To investigate the effect of CaEP and ECT on the cell growth of 2D UM and UPM cell cultures, the fraction of seeded cells that retained colony formation capacity was calculated two weeks after treatment (n = 3–6 each condition). Therefore, (A) UM92.1, (B) Mel270, (C) UPMD2, and (D) UPMM3 cell suspensions were treated with calcium chloride (0.11, 0.28, 0.55, or 1.11 mg/mL) or bleomycin (1 or 2.5 μg/mL) and electroporated with 1000 V/cm pulse strength, 100 µs pulse duration, and 5 Hz repetition frequency. Untreated cells, calcium chloride alone, bleomycin alone (no EP group), or EP alone constitute the control groups. To determine the survival fraction, colonies were stained with a 4% crystal violet solution. For the present analysis, only colonies consisting of at least 50 cells were included. Based on the amount of counted colonies, the cell-specific plating PE and the treatment-specific SF were calculated. The statistical analysis was performed using a two-way ANOVA and Tukey’s multiple comparisons test. The data are presented as mean values ± SD; significance levels are indicated with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 7. Survival fraction of UM and UPM spheroids following CaEP and ECT. (A) UM92.1, (B) Mel270, (C) UPMD2, and (D) UPMM3 spheroids were treated with 5.55 or 8.33 mg/mL of calcium chloride or with 1 μg/mL or 2.5 μg/mL of bleomycin in combination with EP (1000 V/cm pulse strength, 100 µs pulse duration and 5 Hz repetition frequency; EP group). Untreated cells, calcium chloride alone, bleomycin alone (no EP group), or EP alone constitute the control groups. After EP, spheroids were incubated for one week. After this incubation phase, the spheroids were dissociated, the cells were pooled and plated on a 6-well plate, and finally stained with 4% crystal violet solution. Only colonies consisting of at least 50 cells were counted. The statistical analyses were performed using a two-way ANOVA and Tukey’s multiple comparisons test. The data are presented as mean values ± SD; significance levels are indicated with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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