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Abstract
Purpose  Mesenchymal stromal cells (MSCs) within the glioblastoma microenvironment have been shown to promote tumor 
progression. Tumor Treating Fields (TTFields) are alternating electric fields with low intensity and intermediate frequency 
that exhibit anti-tumorigenic effects. While the effects of TTFields on glioblastoma cells have been studied previously, noth-
ing is known about the influence of TTFields on MSCs.
Methods  Single-cell RNA sequencing and immunofluorescence staining were employed to identify glioblastoma-associated 
MSCs in patient samples. Proliferation and clonogenic survival of human bone marrow-derived MSCs were assessed after 
TTFields in vitro. MSC’ characteristic surface marker expression was determined using flow cytometry, while multi-lin-
eage differentiation potential was examined with immunohistochemistry. Apoptosis was quantified based on caspase-3 and 
annexin-V/7-AAD levels in flow cytometry, and senescence was assessed with ß-galactosidase staining. MSCs’ migratory 
potential was evaluated with Boyden chamber assays.
Results  Single-cell RNA sequencing and immunofluorescence showed the presence of glioblastoma-associated MSCs in 
patient samples. TTFields significantly reduced proliferation and clonogenic survival of human bone marrow-derived MSCs 
by up to 60% and 90%, respectively. While the characteristic surface marker expression and differentiation capacity were 
intact after TTFields, treatment resulted in increased apoptosis and senescence. Furthermore, TTFields significantly reduced 
MSCs’ migratory capacity.
Conclusion  We could demonstrate the presence of tumor-associated MSCs in glioblastoma patients, providing a rationale 
to study the impact of TTFields on MSCs. TTFields considerably increase apoptosis and senescence in MSCs, resulting in 
impaired survival and migration. The results provide a basis for further analyses on the role of MSCs in glioblastoma patients 
receiving TTFields.
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Introduction

Mesenchymal stromal cells (MSCs) can be found in dif-
ferent tissues including the microenvironment of various 
cancers [1–3]. In glioblastoma, the number of glioma-infil-
trating MSCs have been shown to inversely correlate with 
patient survival [3]. Glioblastoma-associated MSCs pro-
mote proliferation, invasiveness and angiogenesis of glio-
blastoma cells [4, 5], and mitochondrial transfer from MSCs 
to glioblastoma stem cells contributes to resistance against 
temozolomide [6]. The origin of glioblastoma-associated 
MSCs remains a matter of debate: differentiation from glio-
blastoma stem cells, epithelial-to-mesenchymal transition-
like processes from astrocytes, transdifferentiation from 
pericytes and vascular smooth muscle cells, or migration of 
bone marrow-MSCs towards glioblastomas have been dis-
cussed [7].

Tumor Treating Fields (TTFields) are alternating elec-
tric fields with low intensity (1–3 V/cm) and intermediate 
frequency (100–500 kHz) that can disrupt the localization 
and orientation of polar molecules such as tubulin and 
septin, finally impairing key processes during mitosis [8, 9]. 
Besides these antimitotic effects, TTFields result in altera-
tions of several biological processes including DNA repair, 
autophagy and migration [10–13], summarized by Karanam 
and colleagues [14]. In the last years, it could be shown 
that TTFields cause immunogenic cell death and exhibit an 
immunoactivating role [15–17]. TTFields not only target 
tumor cells themselves but also influence the tumor micro-
environment and permeabilize the blood-brain barrier [18–
20]. In accordance with the preclinical data, TTFields have 
demonstrated clinical efficacy in the treatment of glioblas-
toma, pleura mesothelioma and non-small-cell lung cancer 
[21–24].

Given the pro-tumorigenic effects of glioblastoma-asso-
ciated MSCs, we aimed to examine the role of MSCs in glio-
blastoma patients and to explore the influence of TTFields 
on MSCs in vitro.

Methods

Single-cell RNA sequencing

For single-cell analysis, we used the GBMap reference data-
set [25, 26]. Single-cell data were processed using the Seurat 
(v5.0) package in R software. To identify the MSC popula-
tion within the single cell data, we first filtered the cells by 
the expression of classical positive marker genes for MSCs 
(NT5E, THY1, ENG, and ITGB1) [27]. We built a meta score 
using the Seurat function Seurat::AddModuleScore(). Next, 
we removed all cells containing high expression (> 50% 

quantile) of MSC-negative marker genes (CD14, CD34, 
PTPRC) and subsequently, all cells bearing aneuploid chro-
mosomal alterations (based on the inferCNV [copy number 
variations] estimations) to avoid contamination with tumor 
cells.

Immunofluorescence staining

In a cohort of 11 glioblastoma patients, all treated with surgi-
cal resection, (chemo)radiation and TTFields treatment, the 
expression of the MSC markers CD73, CD90 and CD105 
was analyzed at initial diagnosis. Formalin-fixed paraffin-
embedded tissue sections of 4 μm thickness were mounted 
on glass slides for deparaffinization and heat-induced anti-
gen retrieval at pH 9, subsequent blocking, indirect immu-
nofluorescence staining (Supplementary Table 1) and DAPI 
staining (Carl Roth, Karlsruhe, Germany). Randomly 
selected representative images from the lesion area were 
acquired on a Keyence BZ-X810 fluorescence microscope 
(Keyence Corporation, Osaka, Japan) in quadruplets. Total 
cell numbers were determined using the particle analyzation 
plug-in for ImageJ (National Institutes of Health, Bethesda, 
USA). Cells larger than 10  μm and equally expressing 
CD73, CD90 and CD105 were counted.

Cell culture

Human MSCs were isolated from the bone marrow of three 
healthy donors and cultured in StemMACS™ human MSC 
Expansion Medium (Miltenyi Biotec, Bergisch-Gladbach, 
Germany), supplemented with 1% (v/v) penicillin/strepto-
mycin [28, 29]. Written consent was obtained before bone 
marrow sampling, and the investigation was approved in 
advance by the Heidelberg University Ethics Committee 
(S-384/2004) and the Freiburg University Ethics Commit-
tee (436/20).

In order to compare the results obtained with MSCs, 
HS68 (RRID: CVCL_0839) fibroblasts were used as control 
cell population. HS68 fibroblasts were purchased from the 
American Type Culture Collection (ATCC, Manassas, VA, 
USA) and cultured in Dulbecco’s Modified Eagle Medium 
(DMEM), containing 1  g/L glucose and GlutaMAX™ 
(Gibco, Carlsbad, USA), supplemented with 10% fetal 
bovine serum (FCS) and 1% penicillin/streptomycin.

All cells were maintained at 37 °C in a humidified incu-
bator with 5% CO2, and the medium was changed twice a 
week.

TTFields

TTFields were applied using the inovitro™ system 
(Novocure, Haifa, Israel) [30]. Cells were exposed to the 
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electric fields for 72 h prior to analyses. 2 × 104 cells were 
plated on cover slips and left to adhere overnight prior to 
TTFields application. For proliferation and viability analy-
ses, TTFields were applied at an intermediate (~ 1,33 V/cm 
root-mean-square (RMS)) and a high (~ 1,62 V/cm RMS) 
field intensity, and several frequencies within the range 
of 100–500 kHz were used. For all other endpoints, cells 
were treated at an intensity of 1.33 V/cm and the clinically 
applied frequency of 200 kHz.

Proliferation, clonogenic survival, and viability

After TTFields treatment, cells were detached using trypsin 
and counted using a Neubauer chamber. Trypan blue stain-
ing was performed to select viable cells.

For clonogenic survival analyses, cells were treated 
with TTFields and then replated in T25 cell culture flasks. 
Cells were allowed to divide for 10–14 days before fixa-
tion and staining using a methanol/crystal violet solution, 
as described before [31]. Colonies with ≥ 50 cells were 
counted with a light microscope. Cellular survival fractions 
were calculated using the formula (no. of colonies/ no. of 
cells plated)treated/(no. of colonies/ no. of cells plated)untreated.

Cellular viability was determined using resazurin assays. 
After TTFields treatment, 2 × 103 cells, suspended in 100 
µL of the respective cell culture medium, were replated 
in a 96-well plate. After 96 h, 10 µL of 0.3 mg/mL resa-
zurin (PromoCell, Heidelberg, Germany) was added to 
each well and incubated for 4 h. Colorimetric analyses were 
performed by measuring light absorbance at 570  nm and 
600  nm using a VersaMax microplate reader (Molecular 
Devices, LLC, Sunnyvale, CA, USA). To quantify cellular 
capacity to metabolize resazurin, background absorbance at 
600 nm was subtracted from absorbance at 570 nm.

Cell cycle and apoptosis

Cells were fixed in a 3% paraformaldehyde (PFA)/phos-
phate-buffered saline (PBS) solution immediately after 
TTFields treatment and permeabilized using − 20 °C-cold 
70% ethanol. After blocking with 0.5% bovine serum albu-
min (BSA) in PBS, samples were incubated with an Alexa 
Fluor 647-conjugated antibody targeting cleaved caspase-3 
(BD Pharmingen, Heidelberg, Germany), diluted 1:20 in 3% 
BSA/PBS, for 1 h at room temperature. After centrifugation 
and removal of the supernatant, 250 µL 4′,6-diamidino-
2-phenylindole (DAPI)/PBS solution (1 µg/mL) was added 
to analyze the cell cycle distribution.

To further differentiate between early and late apoptosis, 
annexin V/7-aminoactinomycin D (7-ADD) measurements 
were performed. Viable MSCs and fibroblasts were har-
vested after being exposed to TTFields for 72 h and stained 

with the PE-Annexin-V Apoptosis Detection Kit with 
7-AAD (BioLegend, London, UK) following the manufac-
turer’s protocol.

Flow cytometry measurements were performed using a 
FACSVerse™ (BD Biosciences, San Jose, CA, USA) and 
quantified using FlowJo™ v10 (FlowJo LLC).

Senescence

2 × 103 were plated on glass cover slips and exposed to 
TTFields for 72 h, before cover slips were transferred to a 
24-well plate to be fixed and stained using the Senescence 
β-Galactosidase Staining Kit (Cell Signaling Technology, 
Danvers, MA, USA). Nuclei were counterstained with 1 µg/
mL DAPI/PBS. Five randomly chosen regions of interest 
(ROI) per technical replicate were photographed using an 
Olympus IX51 microscope (Olympus Corporation, Tokyo, 
Japan). Senescent cells were manually counted in each ROI, 
while the total number of cells were automatically deter-
mined using ImageJ.

Cell cytoskeleton

As TTFields are known to alter the cytoskeletal structure of 
glioblastoma cells, thereby impairing the migratory poten-
tial, we performed F-actin immunofluorescence staining to 
examine the influence of TTFields on the cytoskeleton of 
MSCs. After TTFields treatment, 1 × 103 cells were plated 
on glass cover slips in 24-well plates. Cells were fixed using 
a 3% PFA/PBS solution, permeabilized with 70% ethanol 
at -20 °C for 30 min, and stained with AF488-conjugated 
phalloidin (Invitrogen, Waltham, MA, USA), diluted in 1% 
BSA/PBS, for 60 min at room temperature. Cell nuclei were 
counterstained with 1 µg/mL DAPI/PBS.

Migration

Boyden chamber migration assays based on an FCS-gradi-
ent were performed to examine the effect of TTFields on 
MSCs’ migratory potential. To sensitize the cells to the 
gradient, MSCs and fibroblasts were cultured in FCS-free 
DMEM for 48 h. 2 × 103 FCS-starved cells were then pipet-
ted into a transwell insert (24 well ThinCert-TC Inserts, 
pore size 8 μm, Greiner Bio-One, Frickenhausen, Germany) 
and transferred to inovitro™ high wall dishes containing 
DMEM supplemented with 10% FCS (for MSCs) and 20% 
FCS (for HS68). Afterwards, high wall dishes were con-
nected to TTFields base plates to initiate the treatment. After 
24-hours TTFields treatment, cells that had not migrated 
were cleared off the upper membrane surface. Transwells 
were washed in PBS and placed in a 4% PFA/PBS solution 
for 15 min. Nuclei were stained with 1 µg/mL DAPI/PBS, 
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included with StemMACS™ ChondroDiff Media (Miltenyi 
Biotech). After 21 days, spheroids were fixed with 4% PFA/
PBS solution for 30  min, frozen at -20  °C and sectioned 
using a cryomicrotome. Sections were incubated in 1% 
alcian blue dissolved in 3% acetic acid solution for 30 min, 
and washed with 0.1 M hydrochloric acid, PBS and deion-
ized water.

Statistics

At least three replicates were used for all experiments. Val-
ues are presented as mean with standard deviations. Poten-
tial differences between the TTFields and control group were 
examined using unpaired t-tests. Statistical analyses and 
visualization of the results were performed using GraphPad 
Prism 9 (GraphPad Software Inc., San Diego, CA, USA). 
A p-value < 0.05 was considered as statistically significant.

Results

Abundance of MSCs in glioblastoma

We accomplished MSC identification through single-cell 
RNA-sequencing and a dual marker strategy, utilizing posi-
tive (NT5E, THY1, ENG, ITGB1) and negative markers 
(CD14, CD34, PTPRC), followed by the exclusion of cells 
with aneuploid chromosomal alterations (Fig. 1a-c). After 
demonstrating the presence of these multipotent stromal 
cells within the glioblastoma microenvironment, we con-
ducted immunofluorescence analyses of CD73, CD90 and 
CD105 in glioblastoma patient samples at initial surgery in 
order to validate these findings (Fig. 1d-e, Supplementary 
Table 2). Here, CD73/CD90/CD105-positive cells were 
found in 10 out of the 11 analyzed patients, with a mean 
abundance value of 0.5% (range, 0.0-2.2%).

TTFields reduce MSCs’ proliferation and clonogenic 
survival

In vitro, TTFields reduced the proliferation rates of human 
bone marrow-derived MSCs by about 50% (Fig.  2a). 
While there was a frequency optimum at 100–200 kHz in 
HS68 fibroblasts, no frequency optimum could be found 
for MSCs. Proliferation curves showed no significant dif-
ferences between the two tested field intensities in MSCs 
(p = 0.27 for MSC1, p = 0.06 for MSC2, p = 0.60 for MSC3, 
paired t-tests) and HS68 fibroblasts (p = 0.73).

MSCs exhibited reduced clonogenic survival rates after 
TTFields by up to 88.3% in MSC1, 75.0% in MSC2 and 
73.1% in MSC3 (Fig.  2b). At 200  kHz, which is clini-
cally used in glioblastoma treatment [33], HS68 fibroblasts 

and images of 4 ROIs per transwell were taken. Total cell 
number in these sections was determined using the particle 
analyzation plug-in for ImageJ.

Adhesion

TTFields-associated increase of cellular adhesion was 
investigated as previously described [13]. The average time 
needed for detachment of untreated cells was determined 
for each cell line individually. Subsequently, TTFields-
treated cells were incubated in trypsin for exactly this 
period of time, and cells detached after this time span were 
counted using a Neubauer chamber. To compensate for 
generally lower cell numbers in TTFields-treated speci-
mens, a second trypsinization step was performed until 
all treated cells were detached, and cells were counted 
again. The detachment rate was calculated by the for-
mula (No. of cells detached)1st trypsinization/((No. of cells 
detached)1st trypsinization+(No. of cells detached)2nd trypsinization).

Surface marker expression

To examine whether TTFields affect the expression of the 
defining MSC surface marker pattern [27], flow cytomet-
ric measurements were performed as reported before [32]. 
After harvesting, specimens were washed and resuspended 
in FACS buffer containing 0.5% BSA/2 mM ethylenediami-
netetraacetic acid in PBS. 10 µL of MSC Phenotyping solu-
tion (MSC Phenotyping Kit, human, Miltenyi Biotec) was 
added, followed by incubation for 10  min. MSC markers 
were targeted using anti-CD73-APC, anti-CD90-FITC and 
anti-CD105-PE antibodies, whereas PerCP-conjugated anti-
CD14/CD20/CD34/CD45-antibodies were used regarding 
MSC negative markers. Fluorescence signatures were mea-
sured on a FACSVerse™ and analyzed with FlowJo™ v10.

MSC differentiation

After 72-hour TTFields treatment, cells were seeded for 
subsequent differentiation experiments. For adipogenic and 
osteogenic differentiation, 3 × 104 cells per well were plated 
in 24-well plates. StemMACS™ AdipoDiff Media (Miltenyi 
Biotec) was used to induce adipogenic differentiation, while 
osteogenic differentiation was induced by StemMACS™ 
OsteoDiff Media (Miltenyi Biotec). Lipid droplets of MSC-
derived adipocytes were stained using 1 µM/mL BODIPY® 
493/503, whereas hydroxyapatite secreted by MSC-derived 
osteocytes was stained with OsteoImage™ Staining Reagent 
(Lonza, Basel, Switzerland).

To analyze chondrogenic differentiation, 1 × 105 MSCs 
were transferred to each well of 96-well plates and allowed 
to form spheroids. Chondrogenic differentiation was 
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Furthermore, the number of ß-galactosidase-positive cells 
was higher in all MSCs (p < 0.05 for MSC1 and MSC3, 
p < 0.01 for MSC2) following 72 h of TTFields treatment 
(Fig. 3c). The strongest increase was observed in MSC2 in 
which senescence levels doubled from 4.8 to 11.9%.

TTFields impair MSCs’ migratory potential

TTFields-exposed MSCs were enlarged and exhibited more 
cytoplasmic vacuoles, supporting the finding of increased 
senescence induction after TTFields (Fig.  4a). F-actin 
immunofluorescence staining revealed a dense meshwork of 
actin filaments around the entire cell periphery in TTFields-
treated MSCs (Fig. 4b). The number of migrated MSCs con-
siderably decreased after TTFields exposure (p < 0.01 for 
MSC1, p < 0.001 for MSC2, p < 0.05 for MSC3) (Fig. 4c).

The trypsinization time, used as surrogate parameter 
for cellular adhesion, increased threefold in all MSCs 
(p < 0.0001 for MSC1, p < 0.001 for MSC2, p < 0.01 for 
MSC3) (Fig. 4d, Supplementary Material).

exhibited higher survival rates (50.9%) than MSCs (17.1% 
in MSC1, 25.0% in MSC2, 30.2% in MSC3). Metabolic 
viability of both MSCs and HS68 was not markedly reduced 
following TTFields exposure (Supplementary Material).

After TTFields treatment for 72  h, treatment effects 
on the cell cycle distribution of MSCs were small. While 
TTFields resulted in a minor G1 phase arrest in MSC1 cells 
(p < 0.01), there was no G1 phase arrest in MSC2 and MSC3 
cells (Fig. 2C).

TTFields induce apoptosis and senescence in MSCs

Annexin-V/7-AAD assays revealed a TTFields-induced 
increase of annexin V-positive MSCs (p < 0.05 for MSC1 
and MSC2, p < 0.01 for MSC3) (Fig. 3a). While untreated 
controls exhibited between 2.4% (MSC3) and 3.8% 
(MSC2) annexin-V-positive cells, TTFields led to apoptosis 
rates between 8.0% (MSC3) and 13.7% (MSC2). Apoptosis 
levels based on cleaved caspase-3 expression also showed 
elevated apoptosis rates after TTFields in MSC1 (p < 0.01), 
MSC2 (p < 0.001) and MSC3 (p < 0.0001) (Fig.  3b). 

Fig. 1  Single-cell RNA sequencing and immunofluorescence reveal 
MSCs within the glioblastoma microenvironment. (a) Illustration 
of the workflow regarding identification of glioblastoma-associated 
MSCs. (b) Scatter plot of the dimensional reduction (UMAP) of the 
GBMap single cell dataset. Colors indicate the MSCs-score after filter-
ing for positive and negative marker. (c) UMAP representation of the 
MSC cells after removal of cells containing chromosomal alterations. 
(d) Representative immunofluorescence staining images of CD73/

CD90/CD105-positive cells (considered as MSCs). Blue: DAPI-
stained nuclei, green: CD73, cyan: CD90, red: CD105, white: CD73/
CD90/CD105-positive cells. Arrows: exemplary triple-positive cells 
classified as MSCs. Scale bar, 200 μm. (e) Percentage of CD73/CD90/
CD105-positive cells (considered as tumor-infiltrating MSCs) in 11 
patients with glioblastoma undergoing surgery, (chemo)radiation and 
subsequent TTFields treatment. Stainings were performed on the ini-
tial specimen at primary surgery
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Discussion

In this comprehensive preclinical and translational study, 
we could demonstrate the presence of MSCs within the glio-
blastoma microenvironment. Preclinically, human MSCs 
were found relatively sensitive towards TTFields. Their 
migratory potential and adhesive abilities were hampered, 
potentially related to alterations in the MSC actin cytoskel-
eton caused by TTFields. Both apoptosis and senescence 
levels were found to be increased after TTFields in MSCs, 
whereas the differentiation ability and surface marker 
expression of MSCs were unaltered.

To the best of our knowledge, this is the first study in 
which the effects of TTFields on human MSCs were stud-
ied. Both single-cell RNA sequencing and immunofluores-
cence analyses identified CD73/CD90/CD105-positive cells 
in the glioblastoma microenvironment, providing a rationale 

MSCs’ stem cell characteristics remain unaltered 
after TTFields

All three investigated MSC samples were positive for CD73, 
CD90 and CD105. TTFields exposure for 72 h led to higher 
expression of these surface markers in MSC1-3 (Fig. 5a). As 
observed in flow cytometry analyses, cells were significantly 
larger after TTFields exposure, potentially contributing to 
the increased surface marker expression (Supplementary 
Material). As examined with immunohistochemical stain-
ing, exposure to TTFields did not mitigate the potential of 
MSCs to differentiate into adipocytes, osteocytes, and chon-
drocytes (Fig. 5b).

Fig. 2  TTFields result in reduced proliferation and clonogenic sur-
vival in human MSCs. (a) Relative number of viable cells after 72 h 
of TTFields treatment depending on the electric field frequency in dif-
ferent MSCs and HS68 fibroblasts. Two different intensities (1.33 V/
cm RMS and 1.62 V/cm RMS) were used. (b) Clonogenic survival of 
MSCs and HS68 fibroblasts after TTFields with an intensity of 1.33 V/

cm using different electric field frequencies. (c) Cell cycle distribution 
of MSCs and HS68 fibroblasts after TTFields exposure at an intensity 
of 1.33 V/cm and a frequency of 200 kHz. Mean numbers (± standard 
deviations) are shown. **p < 0.01; ***p < 0.001; n.s, not significant. 
RMS, root-mean-square
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also been described for other cell types, including glioblas-
toma, osteosarcoma, and liposarcoma cells [13, 40, 41]. It 
has been demonstrated in a previous study that TTFields 
alter the organization and dynamics of microtubules and 
actin, thereby hampering both cellular adhesion and migra-
tion [13]. These findings provide a preclinical rationale 
that TTFields also impair tumor cell metastatic activity, 
as observed in an in vivo study by Kirson and colleagues 
[18]. Considering the fact that MSCs exhibit a strong tro-
pism towards glioblastoma cells, one may hypothesize that 
the reduced migration ability of MSCs after TTFields could 
negatively impact MSCs’ glioblastoma tropism [38].

In contrast to several cancer cells, MSCs did not exhibit 
a clear TTFields frequency optimum [12, 42, 43]. It has 
been shown that the optimal frequency is dependent on cel-
lular morphology and size; Kirson et al. observed an inverse 
relationship between cellular size and the optimal TTFields 

to study the influence of TTFields on MSCs [3, 4, 34, 35]. 
The majority of previous studies about TTFields focused on 
different cancer cells, while few studies examined TTFields’ 
effects on normal tissue cells such as astrocytes and neu-
rons [36]. Previous studies could show that TTFields result 
in immunogenic cell death and furthermore induce STING 
and AIM2 inflammasome activation, thereby activating the 
adaptive immunity [15, 16]. As MSCs have been reported 
to exhibit immunosuppressive functions in the glioblastoma 
microenvironment, the anti-proliferative effects of TTFields 
on MSCs may further enhance the immunogenic potential 
of TTFields [37].

The migration of MSCs towards glioblastoma potentially 
contributes to the pro-tumorigenic ability of MSCs in the 
glioblastoma microenvironment [38, 39]. In our analysis, 
TTFields considerably impaired the migration capability 
of MSCs. A reduced migratory capacity after TTFields has 

Fig. 3  TTFields lead to increased apoptosis and senescence in human 
MSCs. (a) Percentage of early and late apoptotic cells after TTFields as 
assessed by annexin-V/7-AAD flow cytometry analyses. Representa-
tive scatter plots show the shift towards more annexin-V- and 7-AAD-
positive cells after TTFields treatment compared with untreated con-
trols. (b) Relative expression of cleaved caspase-3 in TTFields-treated 

cells in relation to untreated control cells as examined using flow 
cytometry measurements. (c) Percentage of β-galactosidase-positive 
cells after TTFields. Representative images of β-galactosidase staining 
are shown. Scale bar, 500 μm. Mean numbers with the standard devia-
tions are shown. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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are required to examine the effects of TTFields on glioblas-
toma-derived MSCs.

In conclusion, we could show for the first time that 
TTFields considerably impair survival and migratory capac-
ity of human MSCs. Our findings provide a basis for fur-
ther analyses on the role of MSCs in glioblastoma patients 
undergoing TTFields treatment. Our results may also have 
implications for other cancer types in which TTFields are 
currently investigated, as tumor-associated MSCs are also 
found in the stromal compartment of many cancer entities 
[48].

frequency [42]. A previous preclinical investigation in 
which the effects of TTFields on head-and-neck squamous 
cell carcinoma cells were examined, did not show a distinct 
frequency optimum in terms of maximal reduction of cell 
proliferation either [44]. Although there was no clear fre-
quency optimum, TTFields treatment with 200 kHz, as used 
for glioblastoma treatment in clinical settings, resulted in 
considerably reduced proliferation rates (about 50%) and 
clonogenic survival (80–90%) in MSCs.

A limitation of our study is the fact that we used bone 
marrow-derived MSCs instead of glioblastoma-derived 
MSCs. Bone marrow-derived MSCs have been discussed 
as potential source of glioblastoma-associated MSCs due 
to MSCs’ strong glioma tropism, and there are some simi-
larities described between the bone marrow and the glio-
blastoma stem cell niche [45–47]. However, further studies 

Fig. 4  TTFields alter MSCs’ actin cytoskeleton and reduce MSCs’ 
migratory potential. (a) Representative phase contrast images of 
TTFields-exposed and untreated cells. Scale bars, 500 μm and 100 μm. 
(b) Immunofluorescence F-actin staining demonstrate cytoskeleton 
reorganization of TTFields-treated MSCs. Scale bar, 50 μm. (c) Num-
ber of migrating cells after TTFields as examined with classic Boyden 
chamber assays in 4 regions of interests (ROIs). Scale bar, 500 μm. (d) 
Detachment rate as surrogate marker for cellular adhesion ability is 

shown in control and TTFields-treated cells. The detachment rate was 
calculated by the formula (No. of cells detached)1st trypsinization/((No. of 
cells detached)1st trypsinization+(No. of cells detached)2nd trypsinization). Rep-
resentative images show higher numbers of adherent cells after tryp-
sinization in TTFields-treated cells. Scale bar, 500 μm. Mean values 
(± standard deviation) are shown. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001
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Fig. 5  MSCs maintain their stem cell characteristics after TTFields. 
(a) Representative histograms of flow cytometry staining for the char-
acteristic surface marker pattern of MSCs are shown, and mean fluo-
rescence intensity (MFI) values of both MSC-negative (CD14, CD20, 
CD34, CD45) and MSC-positive marker (CD73, CD90, CD105) are 
presented. (b) Representative immunohistochemical images of adip-
ogenic, osteogenic and chondrogenic differentiation of MSCs after 

TTFields. BODIPY® 493/503, OsteoImage™, and alcian blue stain-
ings were performed regarding adipogenic, osteogenic, and chondro-
genic differentiation, respectively. Mean values (± standard deviation) 
are shown. Scale bar, 500 μm for adipogenic und osteogenic differ-
entiation, and 1  mm for chondrogenic differentiation. **p < 0.01; 
***p < 0.001; ****p < 0.0001; n.s, not significant

 

1 3

337

https://doi.org/10.1007/s11060-024-04740-0
https://doi.org/10.1007/s11060-024-04740-0


Journal of Neuro-Oncology (2024) 169:329–340

fields (TTFields) potency in glioma stem-like cells. Br J Cancer 
129:1829–1840. https://doi.org/10.1038/s41416-023-02454-0

12.	 Davidi S, Jacobovitch S, Shteingauz A, Martinez-Conde A, 
Braten O, Tempel-Brami C, Zeevi E, Frechtel-Gerzi R, Ene H, 
Dor-On E, Voloshin T, Tzchori I, Haber A, Giladi M, Kinzel A, 
Weinberg U, Palti Y (2022) Tumor Treating Fields (TTFields) 
concomitant with Sorafenib Inhibit Hepatocellular Carcinoma 
in Vitro and in vivo. Cancers (Basel) 14. https://doi.org/10.3390/
cancers14122959

13.	 Voloshin T, Schneiderman RS, Volodin A, Shamir RR, Kaynan N, 
Zeevi E, Koren L, Klein-Goldberg A, Paz R, Giladi M, Bomzon 
Z, Weinberg U, Palti Y (2020) Tumor Treating Fields (TTFields) 
Hinder Cancer Cell Motility through Regulation of Microtubule 
and Acting dynamics. Cancers 12:3016. https://doi.org/10.3390/
cancers12103016

14.	 Karanam NK, Story MD (2021) An overview of potential novel 
mechanisms of action underlying Tumor treating fields-induced 
cancer cell death and their clinical implications. Int J Radiat Biol 
97:1044–1054. https://doi.org/10.1080/09553002.2020.1837984

15.	 Voloshin T, Kaynan N, Davidi S, Porat Y, Shteingauz A, Schnei-
derman RS, Zeevi E, Munster M, Blat R, Tempel Brami C, Cahal 
S, Itzhaki A, Giladi M, Kirson ED, Weinberg U, Kinzel A, Palti 
Y (2020) Tumor-treating fields (TTFields) induce immunogenic 
cell death resulting in enhanced antitumor efficacy when com-
bined with anti-PD-1 therapy. Cancer Immunol Immunother 
69:1191–1204. https://doi.org/10.1007/s00262-020-02534-7

16.	 Chen D, Le SB, Hutchinson TE, Calinescu AA, Sebastian M, 
Jin D, Liu T, Ghiaseddin A, Rahman M, Tran DD (2022) Tumor 
Treating fields dually activate STING and AIM2 inflammasomes 
to induce adjuvant immunity in glioblastoma. J Clin Invest 132. 
https://doi.org/10.1172/jci149258

17.	 Barsheshet Y, Voloshin T, Brant B, Cohen G, Koren L, Blatt R, 
Cahal S, Haj Khalil T, Zemer Tov E, Paz R, Klein-Goldberg A, 
Tempel-Brami C, Jacobovitch S, Volodin A, Kan T, Koltun B, 
David C, Haber A, Giladi M, Weinberg U, Palti Y (2022) Tumor 
Treating Fields (TTFields) concomitant with Immune Checkpoint 
inhibitors are therapeutically effective in Non-small Cell Lung 
Cancer (NSCLC) in vivo model. Int J Mol Sci 23. https://doi.
org/10.3390/ijms232214073

18.	 Kirson ED, Giladi M, Gurvich Z, Itzhaki A, Mordechovich D, 
Schneiderman RS, Wasserman Y, Ryffel B, Goldsher D, Palti Y 
(2009) Alternating electric fields (TTFields) inhibit metastatic 
spread of solid tumors to the lungs. Clin Exp Metastasis 26:633–
640. https://doi.org/10.1007/s10585-009-9262-y

19.	 Park JI, Song KH, Jung SY, Ahn J, Hwang SG, Kim J, Kim 
EH, Song JY (2019) Tumor-treating Fields induce RAW264.7 
macrophage activation Via NK-κB/MAPK signaling pathways. 
Technol Cancer Res Treat 18:1533033819868225. https://doi.
org/10.1177/1533033819868225

20.	 Salvador E, Kessler AF, Domröse D, Hörmann J, Schaeffer C, 
Giniunaite A, Burek M, Tempel-Brami C, Voloshin T, Volodin A, 
Zeidan A, Giladi M, Ernestus RI, Löhr M, Förster CY, Hagemann 
C (2022) Tumor Treating Fields (TTFields) Reversibly Permea-
bilize the blood-brain barrier in Vitro and in vivo. Biomolecules 
12. https://doi.org/10.3390/biom12101348

21.	 Stupp R, Taillibert S, Kanner A, Read W, Steinberg D, Lhermitte 
B, Toms S, Idbaih A, Ahluwalia MS, Fink K, Di Meco F, Lieber-
man F, Zhu JJ, Stragliotto G, Tran D, Brem S, Hottinger A, Kirson 
ED, Lavy-Shahaf G, Weinberg U, Kim CY, Paek SH, Nicholas 
G, Bruna J, Hirte H, Weller M, Palti Y, Hegi ME, Ram Z (2017) 
Effect of Tumor-Treating Fields Plus maintenance temozolomide 
vs maintenance temozolomide alone on survival in patients with 
glioblastoma: a Randomized Clinical Trial. JAMA 318:2306–
2316. https://doi.org/10.1001/jama.2017.18718

22.	 Ballo MT, Conlon P, Lavy-Shahaf G, Kinzel A, Vymazal J, Rulseh 
AM (2023) Association of Tumor Treating Fields (TTFields) 

if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1.	 Friedenstein AJ, Petrakova KV, Kurolesova AI, Frolova GP 
(1968) Heterotopic of bone marrow. Analysis of precursor 
cells for osteogenic and hematopoietic tissues. Transplantation 
6:230–247

2.	 Bieback K, Kern S, Kluter H, Eichler H (2004) Critical param-
eters for the isolation of mesenchymal stem cells from umbili-
cal cord blood. Stem Cells 22:625–634. https://doi.org/10.1634/
stemcells.22-4-625

3.	 Shahar T, Rozovski U, Hess KR, Hossain A, Gumin J, Gao F, 
Fuller GN, Goodman L, Sulman EP, Lang FF (2017) Percentage 
of mesenchymal stem cells in high-grade glioma tumor samples 
correlates with patient survival. Neuro Oncol 19:660–668. https://
doi.org/10.1093/neuonc/now239

4.	 Hossain A, Gumin J, Gao F, Figueroa J, Shinojima N, Takezaki 
T, Priebe W, Villarreal D, Kang SG, Joyce C, Sulman E, Wang 
Q, Marini FC, Andreeff M, Colman H, Lang FF (2015) Mesen-
chymal stem cells isolated from human gliomas increase prolif-
eration and maintain stemness of glioma stem cells through the 
IL-6/gp130/STAT3 pathway. Stem Cells 33:2400–2415. https://
doi.org/10.1002/stem.2053

5.	 Kong BH, Shin HD, Kim SH, Mok HS, Shim JK, Lee JH, Shin 
HJ, Huh YM, Kim EH, Park EK, Chang JH, Kim DS, Hong YK, 
Kim SH, Lee SJ, Kang SG (2013) Increased in vivo angiogenic 
effect of glioma stromal mesenchymal stem-like cells on glioma 
cancer stem cells from patients with glioblastoma. Int J Oncol 
42:1754–1762. https://doi.org/10.3892/ijo.2013.1856

6.	 Nakhle J, Khattar K, Özkan T, Boughlita A, Abba Moussa D, Dar-
lix A, Lorcy F, Rigau V, Bauchet L, Gerbal-Chaloin S, Daujat-
Chavanieu M, Bellvert F, Turchi L, Virolle T, Hugnot JP, Buisine 
N, Galloni M, Dardalhon V, Rodriguez AM, Vignais ML (2023) 
Mitochondria transfer from mesenchymal stem cells confers 
Chemoresistance to Glioblastoma Stem Cells through meta-
bolic rewiring. Cancer Res Commun 3:1041–1056. https://doi.
org/10.1158/2767-9764.Crc-23-0144

7.	 Clavreul A, Menei P (2020) Mesenchymal stromal-like cells in 
the Glioma Microenvironment: what are these cells? Cancers 
(Basel) 12:2628. https://doi.org/10.3390/cancers12092628

8.	 Rominiyi O, Vanderlinden A, Clenton SJ, Bridgewater C, Al-
Tamimi Y, Collis SJ (2021) Tumour treating fields therapy for 
glioblastoma: current advances and future directions. Br J Cancer 
124:697–709. https://doi.org/10.1038/s41416-020-01136-5

9.	 Moser JC, Salvador E, Deniz K, Swanson K, Tuszynski J, Carl-
son KW, Karanam NK, Patel CB, Story M, Lou E, Hagemann 
C (2022) The mechanisms of Action of Tumor Treating fields. 
Cancer Res 82:3650–3658. https://doi.org/10.1158/0008-5472.
Can-22-0887

10.	 Fishman H, Monin R, Dor-On E, Kinzel A, Haber A, Giladi M, 
Weinberg U, Palti Y (2023) Tumor Treating Fields (TTFields) 
increase the effectiveness of temozolomide and lomustine in 
glioblastoma cell lines. J Neurooncol 163:83–94. https://doi.
org/10.1007/s11060-023-04308-4

11.	 Vanderlinden A, Jones CG, Myers KN, Rominiyi O, Collis SJ 
(2023) DNA damage response inhibitors enhance tumour treating 

1 3

338

https://doi.org/10.1038/s41416-023-02454-0
https://doi.org/10.3390/cancers14122959
https://doi.org/10.3390/cancers14122959
https://doi.org/10.3390/cancers12103016
https://doi.org/10.3390/cancers12103016
https://doi.org/10.1080/09553002.2020.1837984
https://doi.org/10.1007/s00262-020-02534-7
https://doi.org/10.1172/jci149258
https://doi.org/10.3390/ijms232214073
https://doi.org/10.3390/ijms232214073
https://doi.org/10.1007/s10585-009-9262-y
https://doi.org/10.1177/1533033819868225
https://doi.org/10.1177/1533033819868225
https://doi.org/10.3390/biom12101348
https://doi.org/10.1001/jama.2017.18718
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1634/stemcells.22-4-625
https://doi.org/10.1634/stemcells.22-4-625
https://doi.org/10.1093/neuonc/now239
https://doi.org/10.1093/neuonc/now239
https://doi.org/10.1002/stem.2053
https://doi.org/10.1002/stem.2053
https://doi.org/10.3892/ijo.2013.1856
https://doi.org/10.1158/2767-9764.Crc-23-0144
https://doi.org/10.1158/2767-9764.Crc-23-0144
https://doi.org/10.3390/cancers12092628
https://doi.org/10.1038/s41416-020-01136-5
https://doi.org/10.1158/0008-5472.Can-22-0887
https://doi.org/10.1158/0008-5472.Can-22-0887
https://doi.org/10.1007/s11060-023-04308-4
https://doi.org/10.1007/s11060-023-04308-4


Journal of Neuro-Oncology (2024) 169:329–340

33.	 Stupp R, Taillibert S, Kanner A, Read W, Steinberg DM, Lher-
mitte B, Toms S, Idbaih A, Ahluwalia MS, Fink K, Di Meco F, 
Lieberman F, Zhu J-J, Stragliotto G, Tran DD, Brem S, Hottinger 
AF, Kirson ED, Lavy-Shahaf G, Weinberg U, Kim C-Y, Paek 
S-H, Nicholas G, Bruna J, Hirte H, Weller M, Palti Y, Hegi ME, 
Ram Z (2017) Effect of Tumor-Treating Fields Plus maintenance 
temozolomide vs maintenance temozolomide alone on survival in 
patients with glioblastoma: a Randomized Clinical Trial. JAMA 
318:2306–2316. https://doi.org/10.1001/jama.2017.18718

34.	 Peng Z, Wu Y, Wang J, Gu S, Wang Y, Xue B, Fu P, Xiang W 
(2023) Development and validation of a glioma-associated mes-
enchymal stem cell-related gene prognostic index for predicting 
prognosis and guiding individualized therapy in glioma. Stem Cell 
Res Ther 14:56. https://doi.org/10.1186/s13287-023-03285-9

35.	 Behnan J, Isakson P, Joel M, Cilio C, Langmoen IA, Vik-Mo 
EO, Badn W (2014) Recruited brain tumor-derived mesenchy-
mal stem cells contribute to brain tumor progression. Stem Cells 
32:1110–1123. https://doi.org/10.1002/stem.1614

36.	 Shi P, Tian J, Ulm BS, Mallinger JC, Khoshbouei H, Deleyrolle 
LP, Sarkisian MR (2022) Tumor Treating fields suppression of 
Ciliogenesis enhances Temozolomide Toxicity. Front Oncol 
12:837589. https://doi.org/10.3389/fonc.2022.837589

37.	 Bajetto A, Thellung S, Dellacasagrande I, Pagano A, Barbieri 
F, Florio T (2020) Cross talk between mesenchymal and glio-
blastoma stem cells: communication beyond controversies. 
Stem Cells Transl Med 9:1310–1330. https://doi.org/10.1002/
sctm.20-0161

38.	 Pavon LF, Sibov TT, de Souza AV, da Cruz EF, Malheiros SMF, 
Cabral FR, de Souza JG, Boufleur P, de Oliveira DM, de Toledo 
SRC, Marti LC, Malheiros JM, Paiva FF, Tannús A, de Oliveira 
SM, Chudzinski-Tavassi AM, de Neto P, Cavalheiro MA S 
(2018) Tropism of mesenchymal stem cell toward CD133(+) 
stem cell of glioblastoma in vitro and promote tumor prolifera-
tion in vivo. Stem Cell Res Ther 9:310. https://doi.org/10.1186/
s13287-018-1049-0

39.	 Chapel A, Bertho JM, Bensidhoum M, Fouillard L, Young RG, 
Frick J, Demarquay C, Cuvelier F, Mathieu E, Trompier F, Dudoi-
gnon N, Germain C, Mazurier C, Aigueperse J, Borneman J, 
Gorin NC, Gourmelon P, Thierry D (2003) Mesenchymal stem 
cells home to injured tissues when co-infused with hematopoietic 
cells to treat a radiation-induced multi-organ failure syndrome. J 
Gene Med 5:1028–1038. https://doi.org/10.1002/jgm.452

40.	 Oh JY, Lee Y-J, Kim EH (2020) Tumor-treating Fields 
inhibit the metastatic potential of Osteosarcoma cells. Tech-
nol Cancer Res Treat 19:1533033820947481. https://doi.
org/10.1177/1533033820947481

41.	 Lee WS, Jang Y, Cho A, Kim YB, Bu YH, Yang S, Kim EH 
(2023) Effectiveness of tumor–treating fields to reduce the pro-
liferation and migration of liposarcoma cell lines. Exp Ther Med 
26:363. https://doi.org/10.3892/etm.2023.12062

42.	 Kirson ED, Dbalý V, Tovarys F, Vymazal J, Soustiel JF, Itzhaki 
A, Mordechovich D, Steinberg-Shapira S, Gurvich Z, Schneider-
man R, Wasserman Y, Salzberg M, Ryffel B, Goldsher D, Dekel 
E, Palti Y (2007) Alternating electric fields arrest cell prolif-
eration in animal tumor models and human brain tumors. Proc 
Natl Acad Sci U S A 104:10152–10157. https://doi.org/10.1073/
pnas.0702916104

43.	 Giladi M, Weinberg U, Schneiderman RS, Porat Y, Munster M, 
Voloshin T, Blatt R, Cahal S, Itzhaki A, Onn A, Kirson ED, Palti 
Y (2014) Alternating electric fields (tumor-treating fields therapy) 
can improve chemotherapy treatment efficacy in non-small cell 
lung cancer both in vitro and in vivo. Semin Oncol 41(Suppl 
6):S35–41. https://doi.org/10.1053/j.seminoncol.2014.09.006

44.	 Regnery S, Franke H, Held T, Trinh T, Naveh A, Abraham Y, 
Hörner-Rieber J, Hess J, Huber PE, Debus J, Lopez Perez R, Ade-
berg S (2023) Tumor treating fields as novel combination partner 

therapy with survival in newly diagnosed glioblastoma: a system-
atic review and meta-analysis. J Neurooncol 164:1–9. https://doi.
org/10.1007/s11060-023-04348-w

23.	 Ceresoli GL, Aerts JG, Dziadziuszko R, Ramlau R, Cedres S, 
van Meerbeeck JP, Mencoboni M, Planchard D, Chella A, Crinò 
L, Krzakowski M, Rüssel J, Maconi A, Gianoncelli L, Grosso F 
(2019) Tumour Treating fields in combination with pemetrexed 
and cisplatin or carboplatin as first-line treatment for unresect-
able malignant pleural mesothelioma (STELLAR): a multicentre, 
single-arm phase 2 trial. Lancet Oncol 20:1702–1709. https://doi.
org/10.1016/s1470-2045(19)30532-7

24.	 Leal T, Kotecha R, Ramlau R, Zhang L, Milanowski J, Cobo M, 
Roubec J, Petruzelka L, Havel L, Kalmadi S, Ward J, Andric Z, 
Berghmans T, Gerber DE, Kloecker G, Panikkar R, Aerts J, Del-
monte A, Pless M, Greil R, Rolfo C, Akerley W, Eaton M, Iqbal 
M, Langer C (2023) Tumor Treating fields therapy with stan-
dard systemic therapy versus standard systemic therapy alone in 
metastatic non-small-cell lung cancer following progression on 
or after platinum-based therapy (LUNAR): a randomised, open-
label, pivotal phase 3 study. Lancet Oncol 24:1002–1017. https://
doi.org/10.1016/S1470-2045(23)00344-3

25.	 Ruiz-Moreno C, Salas SM, Samuelsson E, Brandner S, Kranen-
donk MEG, Nilsson M, Stunnenberg HG (2022) Harmonized 
single-cell landscape, intercellular crosstalk and tumor architec-
ture of glioblastoma. bioRxiv: 2022.2008.2027.505439. https://
doi.org/10.1101/2022.08.27.505439

26.	 Benotmane JK, Kueckelhaus J, Will P, Zhang J, Ravi VM, 
Joseph K, Sankowski R, Beck J, Lee-Chang C, Schnell O, Hei-
land DH (2023) High-sensitive spatially resolved T cell receptor 
sequencing with SPTCR-seq. Nat Commun 14:7432. https://doi.
org/10.1038/s41467-023-43201-6

27.	 Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, 
Marini F, Krause D, Deans R, Keating A, Prockop D, Horwitz 
E (2006) Minimal criteria for defining multipotent mesenchy-
mal stromal cells. The International Society for Cellular Ther-
apy position statement. Cytotherapy 8:315–317. https://doi.
org/10.1080/14653240600855905

28.	 Rühle A, Ping D, Lopez Perez R, Strack M, Brons S, Yijia Q, 
Debus J, Wuchter P, Grosu A-L, Huber PE, Nicolay NH (2022) 
Human mesenchymal stromal cells maintain their stem cell traits 
after high-LET particle irradiation– potential implications for 
particle radiotherapy and manned space missions. Cancer Lett 
524:172–181. https://doi.org/10.1016/j.canlet.2021.10.015

29.	 Rühle A, Xia O, Perez RL, Trinh T, Richter W, Sarnowska A, 
Wuchter P, Debus J, Saffrich R, Huber PE, Nicolay NH (2018) 
The Radiation Resistance of Human Multipotent Mesenchymal 
stromal cells is Independent of their tissue of Origin. Int J Radia-
tion Oncology*Biology*Physics 100:1259–1269. https://doi.
org/10.1016/j.ijrobp.2018.01.015

30.	 Porat Y, Giladi M, Schneiderman RS, Blat R, Shteingauz A, Zeevi 
E, Munster M, Voloshin T, Kaynan N, Tal O, Kirson ED, Weinberg 
U, Palti Y (2017) Determining the optimal inhibitory frequency 
for cancerous cells using Tumor Treating Fields (TTFields). J Vis 
Exp. https://doi.org/10.3791/55820

31.	 Nicolay NH, Lopez Perez R, Rühle A, Trinh T, Sisombath S, 
Weber KJ, Ho AD, Debus J, Saffrich R, Huber PE (2016) Mes-
enchymal stem cells maintain their defining stem cell character-
istics after treatment with cisplatin. Sci Rep 6:20035. https://doi.
org/10.1038/srep20035

32.	 Rühle A, Thomsen A, Saffrich R, Voglstätter M, Bieber B, Sprave 
T, Wuchter P, Vaupel P, Huber PE, Grosu AL, Nicolay NH (2020) 
Multipotent mesenchymal stromal cells are sensitive to thermic 
stress - potential implications for therapeutic hyperthermia. Int J 
Hyperth 37:430–441. https://doi.org/10.1080/02656736.2020.17
58350

1 3

339

https://doi.org/10.1001/jama.2017.18718
https://doi.org/10.1186/s13287-023-03285-9
https://doi.org/10.1002/stem.1614
https://doi.org/10.3389/fonc.2022.837589
https://doi.org/10.1002/sctm.20-0161
https://doi.org/10.1002/sctm.20-0161
https://doi.org/10.1186/s13287-018-1049-0
https://doi.org/10.1186/s13287-018-1049-0
https://doi.org/10.1002/jgm.452
https://doi.org/10.1177/1533033820947481
https://doi.org/10.1177/1533033820947481
https://doi.org/10.3892/etm.2023.12062
https://doi.org/10.1073/pnas.0702916104
https://doi.org/10.1073/pnas.0702916104
https://doi.org/10.1053/j.seminoncol.2014.09.006
https://doi.org/10.1007/s11060-023-04348-w
https://doi.org/10.1007/s11060-023-04348-w
https://doi.org/10.1016/s1470-2045(19)30532-7
https://doi.org/10.1016/s1470-2045(19)30532-7
https://doi.org/10.1016/S1470-2045(23)00344-3
https://doi.org/10.1016/S1470-2045(23)00344-3
https://doi.org/10.1101/2022.08.27.505439
https://doi.org/10.1101/2022.08.27.505439
https://doi.org/10.1038/s41467-023-43201-6
https://doi.org/10.1038/s41467-023-43201-6
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1016/j.canlet.2021.10.015
https://doi.org/10.1016/j.ijrobp.2018.01.015
https://doi.org/10.1016/j.ijrobp.2018.01.015
https://doi.org/10.3791/55820
https://doi.org/10.1038/srep20035
https://doi.org/10.1038/srep20035
https://doi.org/10.1080/02656736.2020.1758350
https://doi.org/10.1080/02656736.2020.1758350


Journal of Neuro-Oncology (2024) 169:329–340

(2005) Human bone marrow–derived mesenchymal stem cells in 
the treatment of Gliomas. Cancer Res 65:3307–3318. https://doi.
org/10.1158/0008-5472.Can-04-1874

48.	 Saito K, Sakaguchi M, Maruyama S, Iioka H, Putranto EW, 
Sumardika IW, Tomonobu N, Kawasaki T, Homma K, Kondo 
E (2018) Stromal mesenchymal stem cells facilitate pancreatic 
cancer progression by regulating specific secretory molecules 
through mutual cellular interaction. J Cancer 9:2916–2929. 
https://doi.org/10.7150/jca.24415

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

in the multimodal treatment of head and neck cancer. Head Neck 
45:838–848. https://doi.org/10.1002/hed.27298

45.	 Birnbaum T, Roider J, Schankin CJ, Padovan CS, Schichor C, 
Goldbrunner R, Straube A (2007) Malignant gliomas actively 
recruit bone marrow stromal cells by secreting angiogenic 
cytokines. J Neurooncol 83:241–247. https://doi.org/10.1007/
s11060-007-9332-4

46.	 Hira VVV, Breznik B, Vittori M, Loncq de Jong A, Mlakar J, 
Oostra R-J, Khurshed M, Molenaar RJ, Lah T, Van Noorden 
CJF (2020) Similarities between stem cell niches in Glioblas-
toma and Bone Marrow: rays of Hope for Novel Treatment 
Strategies. J Histochem Cytochemistry 68:33–57. https://doi.
org/10.1369/0022155419878416

47.	 Nakamizo A, Marini F, Amano T, Khan A, Studeny M, Gumin J, 
Chen J, Hentschel S, Vecil G, Dembinski J, Andreeff M, Lang FF 

1 3

340

https://doi.org/10.1158/0008-5472.Can-04-1874
https://doi.org/10.1158/0008-5472.Can-04-1874
https://doi.org/10.7150/jca.24415
https://doi.org/10.1002/hed.27298
https://doi.org/10.1007/s11060-007-9332-4
https://doi.org/10.1007/s11060-007-9332-4
https://doi.org/10.1369/0022155419878416
https://doi.org/10.1369/0022155419878416

	﻿Effects of tumor treating fields (TTFields) on human mesenchymal stromal cells
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Single-cell RNA sequencing
	﻿Immunofluorescence staining
	﻿Cell culture
	﻿TTFields
	﻿Proliferation, clonogenic survival, and viability
	﻿Cell cycle and apoptosis
	﻿Senescence
	﻿Cell cytoskeleton
	﻿Migration
	﻿Adhesion
	﻿Surface marker expression
	﻿MSC differentiation
	﻿Statistics

	﻿Results
	﻿Abundance of MSCs in glioblastoma
	﻿TTFields reduce MSCs’ proliferation and clonogenic survival
	﻿TTFields induce apoptosis and senescence in MSCs
	﻿TTFields impair MSCs’ migratory potential
	﻿MSCs’ stem cell characteristics remain unaltered after TTFields

	﻿Discussion
	﻿References


