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In vivo morphological alterations of TAMs during KCa3.1 inhibition—by using in vivo two-photon time-lapse technology
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Tumor associated macrophages (TAMs) are the mostprevalent cells recruited in the tumor microenvironment (TME). Once recruited, TAMs acquire a pro-tumor phenotype characterized by a typical morphology: ameboid in the tumor core and with larger soma and thick branches in the tumor periphery. Targeting TAMs by reverting them to an anti-tumor phenotype is a promising strategy for cancer immunotherapy. Taking advantage of Cx3cr1GFP/WT heterozygous mice implanted with murine glioma GL261-RFP cells we investigated the role of Ca2+-activated K+ channel (KCa3.1) on the phenotypic shift of TAMs at the late stage of glioma growth through in vivo two-photon imaging. We demonstrated that TAMs respond promptly to KCa3.1 inhibition using a selective inhibitor of the channel (TRAM-34) in a time-dependent manner by boosting ramified projections attributable to a less hypertrophic phenotype in the tumor core. We also revealed a selective effect of drug treatment by reducing both glioma cells and TAMs in the tumor core with no interference with surrounding cells. Taken together, our data indicate a TRAM-34-dependent progressive morphological transformation of TAMs toward a ramified and anti-tumor phenotype, suggesting that the timing of KCa3.1 inhibition is a key point to allow beneficial effects on TAMs.
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INTRODUCTION

Glioblastoma (GBM) is the most common and aggressive brain tumor with a harmful prognosis (Hasselblatt et al., 2018; Tesileanu et al., 2020); according to the World Health Organization, the majority of GBM belong to Grade IV tumor classification with a median survival less than 2 years (Louis et al., 2021). Current clinical treatment for GBM based on resection of the tumor mass, radiotherapy in the tumor area, and concomitant temozolomide chemotherapy is not effective due to the invasiveness, the radio/chemo resistance, and the heterogenic composition of the TME that makes finding a therapeutic approach even more difficult (Weller et al., 2017). TAMs are the most abundant non-neoplastic immune cells in the TME. They consist of both brain-resident microglia and bone-marrow derived macrophages (BMDM), attracted by tumor-released molecules (Buonfiglioli and Hambardzumyan, 2021). Once recruited into the TME, TAMs not only showed a significant expression of anti-inflammatory M2 phenotype markers but were also found to be an important functional component of the TME by supporting tumor progression and glioma resistance to drug treatment (Gabrusiewicz et al., 2011; Li and Graeber, 2012; Wei et al., 2013; Hambardzumyan et al., 2016; Gieryng et al., 2017; Lee et al., 2021). Targeting TAMs to promote their repolarization toward M1-like macrophages resulted in the release of inflammatory factors that support the anti-tumor immune response able to counteract tumor growth and improve the effectiveness of available drugs (Mieczkowski et al., 2015; D’Alessandro et al., 2016; Georgoudaki et al., 2016; Dang et al., 2021; Urbantat et al., 2021). However, there is growing evidence that TAMs activation is dynamic and goes beyond the conventional model of M1/M2 activation, mainly correlating with the phagocytic capacity, thus associated with a hypertrophic morphology of TAMs (Ma et al., 2019; Zhan et al., 2022). In addition, differential TAMs distribution has been reported in a retrospective study showing not only a different distribution between the tumor core and the periphery as a function of TAMs presence but a region-specific morphology of these cells. To note, a ramified morphology was reported in the periphery of the tumor, whereas TAMs into the central region of the tumor were mostly ameboid according to various functional states that reflect the tissue environment (Kvisten et al., 2019). We made use of Cx3cr1GFP/WT heterozygous mice implanted with murine glioma GL261-RFP cells and longitudinal in vivo two-photon microscopy to analyze in vivo the morphological changes of TAMs and its effect on tumor growth (Madden et al., 2013; Resende et al., 2016).

Our target to modulate TAMs and tumor growth was the Ca2+-activated K+ channel (KCa3.1). KCa3.1 has been found to be expressed in the brain, primarily by microglial cells in which it regulates migration and proliferation and the immune response to pro-inflammatory stimuli (Kaushal et al., 2007; Maezawa et al., 2011) in different pathological conditions such as Alzheimer’s disease, ischemia and animal model of MS (Reich et al., 2005; Chen et al., 2011; Maezawa et al., 2012). It has been previously shown that KCa3.1 activity is involved in the inflammatory gene expression of glioma infiltrating TAMs and in glioma cell proliferation in vitro and in vivo (Grimaldi et al., 2016).

In this work, we investigated in vivo the effects of KCa3.1 channels inhibition with TRAM-34 1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole on the morphological shift of TAMs at the late stage of glioma growth (Wulff et al., 2000; Brown et al., 2018). Taking advantage of two-photon imaging we have constantly monitored TAMs into the tumor mass and recorded responses to channel inhibition. Therefore, we demonstrated that TAMs are highly dynamic cells that promptly respond to KCa3.1 inhibition by reducing their density and the ameboid shape, boosting ramified projections specifically in the tumor core. This trend is in line with the reduced proliferation of glioma cells upon TRAM-34 treatment confirming that affecting TAMs phenotype might be a successful strategy for cancer immunotherapy.



MATERIALS AND METHODS


Cell cultures

Murine glioma GL261-RFP cells, obtained as previously described (Garofalo et al., 2015) were cultured in DMEM supplemented with 20% heat-inactivated FBS, 1% of penicillin/streptomycin (All the reagents are from Invitrogen). Cells were grown at 37°C in a 5% CO2 humidified atmosphere and sub-cultivated when confluent.



Mouse models

Cx3cr1GFP/WT heterozygous mice were housed at a temperature and light-controlled animal facility, at the Interdepartmental Centre for Experimental Research (CIRSAL) of the University of Verona, and received food and water ad libitum. The animal study protocol was approved by the Ethics Committee of the University of Verona and the Italian Ministry of Health (protocol code n° 309/2019- PR, April 2019).



Mice surgery and TRAM-34 treatment

Eight-week-old Cx3cr1GFP/WT male mice were anesthetized with Ketamine/Xylazine 100 mg/Kg and 10 mg/Kg body weight, respectively and stabilized on a stereotactic frame using ear bars. A hand drill was used to thin the skull and open a cranial window. 1 × 105 GL261-RFP cells in 3 μl PBS were injected 2.0 mm posterior and 1.5 mm lateral of the bregma at 2 mm depth by using a Hamilton syringe (Hamilton) with a 25-gauge needle. A 5 mm-diameter sterile circular cover glass was carefully placed to cover the window and facilitate the in vivo imaging procedure, as described in detail in Laperchia et al. (2013). Mice were then housed individually and left to recover for 3 weeks before starting TRAM-34 1-[(2-chlorophenyl) diphenylmethyl]-1H-pyrazole; 120 mg/Kg or vehicle (peanut oil, Sigma Aldrich) intraperitoneal (i.p.) treatment for 10 days. The non-toxicity of the treatment had already been demonstrated (Toyama et al., 2008). See Supplementary Material for additional information and comments on TRAM-34.



Two-photon imaging acquisition

Taking advantage of cell fluorescence and cranial window surgery to follow the TAMs and glioma cells during tumor growth, two-photon imaging sessions were scheduled to have a baseline acquisition 3 weeks after surgery before starting drug treatment (T0), following one halfway through (T1) and the last one (T2) at the end of TRAM-34 administration. LEICA TCS-SP5 Upright Confocal-Multiphoton Microscope equipped with a long distance 20× water immersion objective was used for live acquisition from the brain surface to a depth of 200 μm. XYZ stack images (1,024 × 1,024 pixels) were taken with a step size of 2.9 μm. XYZT time lapse imaging was performed every 15 min for 1 h.



Morphological analysis of microglia

XYZ stack images from two-photon acquisition were imported into IMARIS software (BitPlane, Zurich, Switzerland). The morphological analysis of GFP-positive cells (representing the Cx3Cr1 signal) was performed using the Imaris Surface function to measure the area, volume and sphericity of the cell body. The Imaris Filament function was used to measure the cell branching through the quantification of the number of branches, the number of terminal points, and dendrite length (Chen et al., 2019). Microglia branches were considered as “dendrites” by the software. Fifty GFP positive cells from five differently treated or control animals were reconstructed and analyzed for each time point. See Supplementary Material for additional comments.



Quantitative analysis of microglia and glioma cells in the tumor core

XYZ stack images from two-photon acquisition were imported into ImageJ software. 3D reconstruction was performed using the maximum intensity projection function. Quantitative analysis of TAMs and glioma cells in the tumor core was performed using the Image J plugin Weka Segmentation in order to quantify the % of pixels that were GFP-positive or RFP-positive within a region of interest. Same regions were analyzed to quantify the % of the two cellular populations. See Supplementary Material for additional comments.



Immunofluorescence staining and quantification

At the end of drug treatment, three mice per group (TRAM-34 or vehicle treated animals) were anesthetized using tribromoethanol (TBE) drug, and perfused transcardially with 0.1 M phosphate buffer solution (Crotty et al., 2008), followed by 40 ml of 4% paraformaldehyde. After the excision, the brain was post-fixed overnight in the same perfusing solution. 40 μm coronal sections were obtained by using the cryostat (Leica, CM1900). Sections with the tumor area were mounted on X-tra adhesive slides (Leica). Once the slices became dry, the slides were immersed in a permeabilization solution, composed of 0.4% Triton-X 100 in PBS with or w/o 2% Goat serum for 30 min at RT. Sections were then treated with rabbit anti-Ki67 (Abcam; 1:500) or anti-CD68 (MCA1957, Bio-Rad; 1:200) in Blocking Solution, composed of 2% Goat Serum, 2% BSA, and 0.4% Triton-X 100 in PBS, for 2 h at RT for Ki67 stain or overnight at 4°C for CD68 stain in dark. After three washes in PBS for 15 min each, sections were incubated with the secondary antibody anti-rabbit CFTM—647 (Merck; 1:1,000) and anti-rat 647 (A21247, Invitrogen; 1:1,000), respectively. Staining with DAPI (1:5,000 in PBS) for 6 min followed by three other PBS washes. Successively, slides were mounted with DAKO Fluorescence mounting medium (DAKO).



Confocal microscopy acquisition and IMARIS analysis

z-Stacks images (1,024 × 1,024 pixel; step size 0.7 μm) from brain sections were acquired with Leica-Sp5 Confocal Microscope with a 40× oil immersion objective. Eight slices for Ki67 and three slices for CD68 immunofluorescence analysis, per animal, were stained and observed at the microscope. For each slice containing the tumor, three images of the inside, periphery and outside of the tumor were acquired, respectively. The mean number of z-stacks was 3–4 per area. The thickness of each z-stack was 17–20 μm. Three-dimensional image reconstruction was performed with IMARIS software, and two different ROIs were selected randomly for each of the three areas of interest. Ki67 positive cells in the tumor core were manually counted by using the “Manual Edit” option within the “Spot” function of Imaris Software. CD68 signal was analyzed by using the option “Surface” on IMARIS software, allowing a reconstruction of the signal via the “Background Subtraction.” Then, the number of voxels occupied by the CD68 signal was divided by the total number of voxels of the ROI.



Statistical analysis

All data were analyzed by using the GraphPad-Prism8 software and expressed as a mean ± standard error. The two-way analysis of variance was used to compare the means between vehicle and TRAM-34 treated animals.




RESULTS


TAMs-glioma model for two-photon in vivo imaging

To evaluate the role of KCa3.1 activity in glioma-associated TAMs morphology, we took advantage of Cx3cr1GFP/WT heterozygous mice intracortical implanted with GL261-RFP cells. In this mouse model of TAMs-glioma interaction, we were able, by two-photon imaging to follow the TAMs (GFP) and tumor cells (RFP) during the tumor growth. It has been already demonstrated that Cx3cr1 deletion or replacement with GFP did not affect TAMs infiltration in tumor bearing mice (Liu et al., 2008; Feng et al., 2015). All image stacks were acquired up to a depth of ~200 μm from the surface and the maximum projection of a 3D confirmed the good quality of the fluorescence intensity until the end of the experimental procedure. First, we verified that the whole experimental procedure did not affect animal health (Supplementary Figure S1), as already proved by Toyama and colleagues (Toyama et al., 2008). To evaluate the role of KCa3.1 in TAMs we pharmacologically inhibited the channel expressed in both glioma and immune cells (Fioretti et al., 2006; Weaver et al., 2006; Nguyen et al., 2017). For this purpose, mice were treated with TRAM-34 starting 3 weeks after the surgery to reduce the inflammation of the tissue and the activation of microglia (Wulff et al., 2000). From this time point, mice were daily administered with TRAM-34 (120 mg/kg) or peanut oil for 10 days and in vivo acquisition was performed every 5 days as shown in Figure 1A.
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FIGURE 1. Experimental procedures and analysis of TAMs-glioma interaction in vivo. (A) Experimental design of drug treatment and two-photon acquisition. (B) Representative two-photon images of TAMs-glioma (GL261 cells) interaction before starting drug treatment (T0), halfway through (T1), and at the end (T2) of i.p. treatment with TRAM-34 (120 mg/Kg) or vehicle (100 μl of peanut oil). Scale bar 50 μm. Weka segmentation (ImageJ) quantification of GL261-positive pixel (C) or TAMs-positive pixel (D) within a picture’s ROI at each day of acquisition (T0, T1, T2) in treated and control mice. Vehicle 10 animals, TRAM-34 nine animals, one picture per animal. TAMs, Tumor associated macrophages. Two-way ANOVA ± S.E. *p < 0.05.





KCa3.1 channel inhibition reduces the proliferation of glioma cells

Previous works showed that the mean survival time of GL261glioma-bearing mice was of about 30 days after tumor cell inoculation (Pellegatta et al., 2006; D’Alessandro et al., 2016). In order to follow TAMs morphology and the role of KCa3.1 channels at the most acute stage of tumor growth and invasiveness, GL261 bearing mice were evaluated by in vivo two-photon imaging at 21 (T0), 26 (T1), and 31 (T2) days after tumor cell inoculation. At T0, the chronic inhibition of KCa3.1 was started by daily administration of TRAM-34 (Figure 1A). Figure 1B shows representative images of two-photon acquisition at the set time points of treatment. Green, fluorescent TAMs infiltrated the total tumor mass and exhibited a typical amoeboid shape in the tumor core (Supplementary Figure S2) clearly observable at T0 acquisition and preserved in vehicle-treated mice. KCa3.1 channel inhibition reduced the proliferation of glioma cells over time from 5 to 10 days of treatment with a significant decrease compared to vehicle-treated mice (Figure 1C). TAMs recruitment into the tumor mass was also quantified. As observed in Figure 1D, there were no significant changes in the quantity of TAMs over time although a slight decrease of GFP-positive cells was measured in TRAM-34-treated mice at the end point.

To further confirm the power of TRAM-34 in reducing cell proliferation, we stained coronal slice and quantified the number of Ki67 positive cells at the end point of the treatment (T2). Representative Figure 2A shows Ki67 stain and GFP-positive cells in the tumoral mass of vehicle and TRAM-34 treated mice. Quantification of Ki67 positive cells was performed in the core, the periphery and outside the tumor mass separately (Figure 2B). As shown in Figure 2C, we found a significant reduction of Ki67-positive cells inside the tumor after 10 days of TRAM-34 administration (T2) compared to vehicle-treated mice. Moving out (periphery and outside tumor mass), no differences in Ki67 quantification were reported (Figure 2C). The same ROIs were also evaluated for the presence of TAMs recruited into the TME. GFP-positive cells counting in Figure 2D, showed a significant reduction between vehicle and TRAM-34 treated mice in line with the reduction of Ki67 suggesting that the recruitment of TAMs, as well as tumor cell proliferation, were affected by the treatment only in the tumor core region.
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FIGURE 2. Immunofluorescence analysis of proliferation marker Ki67. (A) Representative confocal images at 40× magnification of inside the tumor of CX3CR1 mice, stained with anti-Ki67 antibody (blu) with a higher magnification below, at T2. Scale bar = 30 μm. (B) Representative 2D image of the tumor cells in a brain slice of 40 μm. The boxes indicate the three considered areas. The image was acquired with a fluorescence microscope, 5× objective. Scale bar = 100 μm. (C) The number of Ki67 positive cells per region of interest (ROI) and (D) number of TAMs per ROI inside, peripherical, and outside the tumor of vehicles and TRAM-34 groups (n = 3/group). Analysis with two-way ANOVA, mean ± SEM *p < 0.05; ***p < 0.001.





KCa3.1 channel inhibition promotes morphological changes of TAMs in the tumor microenvironment

Two-photon XYZ stacks acquisitions at each time point for TRAM-34- or vehicle-treated animals were imported into IMARIS for the creation of 3D images (Figure 3A and Supplementary Figure S3). TAMs cells were identified according to the green fluorescence in the tumor mass. Ten cells per image, of five animals for each experimental group were randomly analyzed before the treatment (T0), halfway through the treatment (T1), and at the end point (T2). The most significant differences in cell morphology were related to the branches’ conformation. An increased number of branches was measured for TRAM-34-treated animals over time (Figure 3B), together with the increase in the number of terminal points (Figure 3C) and the length of ramification (Figure 3D) attributable to an activated non-ameboid phenotype. Looking at the cells in control animals, the morphology of the ramification has not changed over the 10 days of treatment confirming the role of the KCa3.1 channel in modulating the morphology of TAMs. The mean surface area, volume, and sphericity (Figures 3E–G) were not changed by TRAM-34 treatment compared to control animals.
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FIGURE 3. Morphology analysis of TAMs. (A) Representative 3D IMARIS reconstruction of TAMs. The reconstruction above was performed at T0, T1, and T2 of TRAM-34 treatment. The images on the center (scale bar = 20 μm) and in the right (scale bar = 10 μm) show the reconstruction of TAMs indicated with a white arrow in the picture on the left (scale bar = 30 μm). (B) The number of branches/cell. (C) The number of terminal points/cells. (D) The total branch length for each cell is considered as “dendrite” for the IMARIS Filaments function (μm). (E) Sphericity (1.0 perfect sphere; 0 non sphere). (F) Cell area (μm2). (G) Cell volume (μm3). White bars are for vehicle-treated animals, while the gray ones are for TRAM-34-treated animals. 50 cells from five mice. Two-way ANOVA followed by Tukey’s Post hoc correction ± S.E. *p < 0.05; ***p < 0.001. Scale bar 10 μm.



XYZT time-lapse images were then analyzed by using the Image J plug in TrackMate to define the migratory ability of TAMs into the tumor microenvironment as a function of the morphological changes promoted by drug treatment. TAMs speed within the tumor core was measured by following cells selected based on threshold and size within an ROI from time 0 up to 60 min (Supplementary Figure S4A). Microglia activation depends on different stimuli and its migratory activity seems to be boosted in the alternative-activated cells as well as KCa3.1 blocking inhibits chemotactic migration in vitro (Ferreira and Schlichter, 2013; Lively and Schlichter, 2013; Ferreira et al., 2014). In this regard, TAMs from TRAM-34-treated mice showed a slight reduction in migratory speed after 5 days of treatment (T1) even though the end point was comparable to the baseline level, emphasizing once again the complex behavior of TAMs in response to activating stimuli (Supplementary Figure S4B).



KCa3.1 channel inhibition promotes the reduction of phagocytic activity of TAMs in the tumor microenvironment

The cluster of differentiation CD68, overexpressed in TAMs, not only indicates the amoeboid, phagocytic phenotype of those cells (da Silva and Gordon, 1999) but it is also related to a higher-grade tumor, Ki67 positivity, and tumor aggressiveness (Sun et al., 2016; Zhu et al., 2016; Ni et al., 2019). In this regard, to better outline the functional profile of TAMs in our model, we stained the coronal slice and quantified the expression of CD68 at the end point of TRAM-34 treatment (T2). Representative Figure 4A shows CD68-positive cells and TAMs inside, in the periphery, and outside the tumor mass of vehicle and TRAM-34 treated mice. As shown in Figure 4B, we found a significant reduction of CD68 expression inside the tumor after 10 days of TRAM-34 administration compared to vehicle-treated mice. A similar trend was identified even in the periphery, and outside the tumor suggesting that the phagocytic activation was reduced in mice treated with TRAM-34 as well as tumor progression (Sun et al., 2016; Zhu et al., 2016; Ni et al., 2019).
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FIGURE 4. Immunofluorescence analysis of phagocytic marker CD68. (A) Representative confocal images at 40× magnification of the tumor of CX3CR1 mice, stained with anti-CD68 antibody (blue), at T2. Scale bar = 30 μm. (B) Number of CD68-positive voxels over the total number of voxels per ROIs inside, peripherical and outside the tumor of vehicles and TRAM-34 groups (n = 4/group). Analysis with unpaired t-test; mean ± SEM, *p < 0.05.






DISCUSSION

In vivo models of glioma are becoming a widely used model to study TAMs biology and their role in cancer immunotherapy (Resende et al., 2016; Gieryng et al., 2017; Chen et al., 2019; Dugandžija et al., 2021; Zhang et al., 2021). Cx3cr1GFP/WT—GL261-RFP model, together with cranial window surgery, gives the opportunity to longitudinal follow the morphometric properties of TAMs during tumor growth.

We decided to start TRAM-34 treatment and imaging acquisition 3 weeks after tumor implantation for three main reasons: (i) let the cranial window become clear to ensure good image quality; (ii) have a reliable pro-tumorigenic phenotype of TAMs to test the effectiveness of KCa3.1 inhibition in the modulation of TAMs morphology and therefore their immunomodulatory functions (Gabrusiewicz et al., 2011; Gieryng et al., 2017; Dugandžija et al., 2021); and (iii) test the effectiveness of KCa3.1 inhibition at the end stage of tumor growth in order to define the better timing for drug treatment in comparison with previous studies that investigated longer treatment and at an early stage of tumor progression.

KCa3.1 channel is overexpressed in 32% of glioma patients and correlates with significantly shortened survival (Turner et al., 2014). In glioma cell lines KCa3.1 expression level correlates with cell invasiveness in response to the chemokine CXCL12, serum, and bradykinin (Sciaccaluga et al., 2010; Catacuzzeno et al., 2011; Cuddapah et al., 2013). As already demonstrated, KCa3.1 inhibition affects microglia proliferation, p38 MAPK phosphorylation, NF-kβ activation, and NO production (Kaushal et al., 2007; Maezawa et al., 2011) as well as the migration properties through the FAK (focal adhesion kinase) and PI3K/AKT pathway signaling downstream KCa3.1 activation (Giannone et al., 2002; Ferreira and Schlichter, 2013).

We demonstrated that KCa3.1 channel inhibition was able to decrease glioma cell proliferation. This result is in line with the reduced infiltrative behavior of human glioma cells silenced for KCa3.1 and implanted in SCID mice (D’Alessandro et al., 2013; Turner et al., 2014). In addition, we also showed a reduction of TAMs density inside the tumor area, suggesting a reduced recruitment of TAMs in the TME. TAMs respond to KCa3.1 inhibition via morphological changes (Hutter et al., 2019). TAMs underwent morphological changes once in contact with glioma cells as described in human glioma (Kvisten et al., 2019) and in glioma-bearing animal models (Fernández-Arjona et al., 2017; Sørensen et al., 2018; Dugandžija et al., 2021). TAMs contacted GL261-RFP cells in Cx3cr1GFP/WT mice shortly after tumor injection turning toward an ameboid shape characterized by larger soma and shortened, thick branches found in the tumor core (Resende et al., 2016; Fernández-Arjona et al., 2017; Sørensen et al., 2018; Kvisten et al., 2019; Dugandžija et al., 2021) that correlates with a significant increase of M2-phenotype markers and reduced expression of inflammation mediators (Gieryng et al., 2017). Ameboid TAMs were found in the tumor area at the first acquisition (T0) in agreement with the activated state demonstrated for infiltrating microglia in glioma-bearing models (Gabrusiewicz et al., 2011; Gieryng et al., 2017). Daily administration of TRAM-34 promoted the morphological change of microglia toward a more complex and ramified shape attributable to an activated non-ameboid phenotype characterized by branched cells with highly active processes (Chen et al., 2019; Qiao et al., 2019; Zhang et al., 2021). By exploiting two-photon imaging we demonstrated for the first time that five days of treatment with KCa3.1 inhibitor was enough to promote a partial morphological change in TAMs that became more significant at the end point. Our results are supported by a recent study that characterized the different activation states of TAMs according to the branching parameters in vivo (Qiao et al., 2019). Despite this, we failed to detect an increase in body area and volume associated with pro-tumor polarization of TAMs probably due to the timing of our experimental procedures which aimed to inhibit KCa3.1 channels at an advanced stage of glioblastoma growth. Nevertheless, we demonstrated that 10 days of TRAM-34 administration were enough to reduce cell proliferation inside the tumor without affecting the periphery proving a specific effect of drug treatment in the tumor core with no interference with surrounding cells.

Further, we demonstrated that ameboid TAMs and increased cell proliferation within the tumor are associated with CD68 expression. The reduced expression of CD68, a marker of phagocytic macrophages (da Silva and Gordon, 1999) inside the tumor, correlates with the reduction of the ameboid morphology of TAMs promoted by KCa3.1 channels inhibition, allowing us to also validate the functional properties of TAMs in the TME in response to TRAM-34. Thus, the modulation of CD68 expression in accordance with the reduction of cell proliferation measured within the tumor confirms the ability of TRAM-34 to reduce glioma invasiveness since the overexpression of CD68, recently found in several types of cancer, has been correlated with tumor aggressiveness and malignant progression (Zhang et al., 2022).

The anti-tumor efficacy of TRAM-34 in terms of reduction of migration, invasiveness, and phagocytosis of TAMs depends on FAK and AKT phosphorylation (Grimaldi et al., 2016) as well as tumor infiltration in the brain parenchyma (D’Alessandro et al., 2013). Also, Ca2+ influx regulated by K+ channels works as a temporal and spatial regulator of cell migration coordinating the retraction of the rear part of migrating cells with forward protrusion (Duffy et al., 2007; Fabian et al., 2008). Blocking the channels with TRAM-34 resulted in a slight reduction of migratory speed of TAMs in time-lapse acquisition at T1 compared to T0 as well as compared with the control group at the same day time. This result overlapped the inhibition of chemotactic activity reported in response to glioblastoma-conditioned medium (D’Alessandro et al., 2013) or IL-4 (Ferreira et al., 2014). Nevertheless, the migratory capacity of TAMs in our model is intriguing. See Supplementary Material for additional comments.

A detailed analysis in terms of the migratory capacity of brain resident microglia BMDM showed no migration property for microglial cells, mainly found at the periphery of the tumor margins while infiltrating inflammatory monocytes, found both in the tumor bulk and in the tumor margins were found to be migratory (Chen et al., 2019).

Also, it has been reported that blocking KCa3.1 with TRAM-34 inhibited chemotactic migration of rat microglia since K+ efflux through the channel followed by Ca2+ influx due to the electrochemical gradient helps the cells to modify their shape promoting the migration (Ferreira et al., 2014).

Considering this evidence, we can speculate that the slightly reduced migratory capacity of TAMs at day 5 of treatment with TRAM-34 depends on the electrochemical gradient modified by the inhibition of KCa3.1 on recruited cells within the tumor. In addition, the heterogeneity of TAMs population, might be the limiting factor that does not allow us to clearly define the migratory properties of microglia and macrophages.

In conclusion, we can hypothesize a progressive and non-complete polarization of TAMs from the pro-tumor phenotype toward the anti-tumor one suggesting that the timing of KCa3.1 inhibition is a key point to allow beneficial effects on TAMs.
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