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1. Introduction 

1.1. Prevalence of Cancer 

According to incidence and mortality data from the Global Cancer Observatory, 20 

million people are diagnosed with cancer, and 10 million die from various types of tumors 

each year (1). Sixty percent of patients diagnosed with cancer are treated with 

conventional or novel (targeted or immuno) chemotherapies, but the response is highly 

dependent on genetic and individual characteristics. Initially, malignancies respond well 

to treatment, but over time, drug resistance emerges, and cancer cells become less 

sensitive to drugs, even to compounds that have not been used before (2). After successive 

cycles of chemotherapy, tumor cells evade apoptosis and develop a more aggressive 

phenotype that is more difficult to cure.  

1.2. Possible mechanisms of drug resistance in cancer cells 

The modern era of cancer treatment started in the 1940s when cytotoxic and cytostatic 

agents were developed (3). Since then, drug resistance has remained one of the major 

challenges (4). After remission, the tumor often reappears with altered molecular and 

genetic characteristics, rendering it insensitive to compounds previously applied and also 

to other compounds that have never been used before to treat the patient (5). 

Combating cancer is one of the greatest challenges in modern medicine, as malignant 

cells are extremely persistent and can adapt to virtually any environment or insult. Drug-

resistant cancer cells can efflux drug molecules (6) or enzymatically inactivate different 

chemotherapeutics (7), mobilize different DNA repair proteins (8), avoid apoptosis by 

distorting apoptotic pathways (9), reduce the expression of target proteins (10) or 

temporarily suspend cell cycle to evade compounds that kill rapidly dividing cells (11) 

(Fig. 1.). In addition, recent discoveries have further expanded the known mechanisms of 

resistance: damage to the tumor microenvironment (TME) can promote resistance to 

cancer drugs (12) and treatment-induced epigenetic changes can result in drug-tolerant 

persister cells (13). Tumor heterogeneity, the presence of different cell populations with 

diverse molecular characteristics and drug sensitivity in the tumor also fuels resistance 

(14), as does the evasion of immunosurveillance (15). 
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Figure 1. Cellular mechanisms of drug resistance. Active efflux transporters (1) or 

inactivation of drug molecules (2), altered response to apoptotic signals (3), increased 

DNA repair activity (4), epigenetic gene regulation (5), reduction in target protein 

expression (6) and exit from cell cycle (7) (16). 

One way cancer cells become resistant by overexpressing transmembrane efflux pumps 

to expel cytotoxic and cytostatic agents. Elevated levels of ATP-binding cassette (ABC) 

transporters are responsible for multidrug resistance; they actively pump certain drugs 

out of the cell, reducing the effectiveness of chemotherapy (17) (Fig. 1. (1)). Increased 

PGP expression was detected in glioblastoma cells following doxorubicin treatment, 

resulting in continuous release of the molecule (18). 

The human CYP-family is mostly expressed in hepatocytes, but also kidney, lung and 

tumor cells express CYP-enzymes responsible for drug inactivation or biotransformation. 

This altered drug metabolism involves the detoxification of chemotherapeutic agents 

through metabolic pathways regulated by the high expression of cytochrome P450 

enzymes (19) (Fig. 1. (2)). Cytochrome P450 3A4, one of the major members of the CYP-

family, reduces the bioavailability of paclitaxel by converting it to 3′-p-hydroxypaclitaxel 

and 6a, 3′-p-dihydroxypaclitaxel (20). 

Alterations in apoptotic pathways, with the expression of certain mitochondrial proteins, 

allow tumor cells to escape apoptosis. For example, in chronic myeloid leukemia 
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following imatinib treatment, tumor cells were observed to increase Bcl-2 antiapoptotic 

protein levels, which inhibited apoptosis (21) (Fig. 1. (3)). 

Most anti-tumor agents induce programed cell death or necrosis in tumor cells by causing 

significant DNA damage. Tumor cells overexpress DNA-repair proteins (ATM, BRCA1, 

BRCA2, RAD51 and PARP1) for more efficient genetic repair, resulting in cancer cell 

survival despite extensive DNA-damage (22) (Fig. 1. (4)). 

Epigenetic alterations such as changes in DNA methylation, histone modifications, 

chromatin remodeling, and expression of non-coding RNAs can permanently affect drug 

sensitivity by switching on and off resistant genes and by regulating DNA accessibility 

of drugs via modifying chromatin structure. Drugs that erase these epigenetic patterns 

(DNA methyltransferase inhibitors (iDNMTs) and histone deacetylase inhibitors 

(iHDACs)) may restore sensitivity to chemotherapy in patients (5)  (Fig.1. (5)). 

Tumor cells downregulate the expression of proteins specifically targeted by 

chemotherapeutic agents. The expression of DNA-synthesis proteins, such as 

topoisomerase I and II, is reduced following doxorubicin treatment, eliminating target 

protein expression. This provides protection against topoisomerase-targeting drugs (23) 

(Fig. 1. (6)).  

Cell cycle inhibitors (paclitaxel, vinblastine) target only at a certain phase of the cell 

cycle, so their use against cancer cells at different stages of the cell cycle is limited. To 

combat this kind of drug resistance, they are often used as part of combination therapies. 

For example, paclitaxel inhibits the tubulin-assembly cell cycle specifically from 

metaphase to anaphase (24). 

1.3. Tumor microenvironment and drug resistance 

A new therapeutic approach has emerged with definition of the TME as a complex 

ecosystem that includes not only cancer cells but also immune cells, mesenchymal stem 

cells (MSC)/fibroblasts, blood vessel-forming endothelial cells and cancer stem cells 

(Fig. 2.). Non-cellular components include extracellular matrix components, such as 

laminin, fibronectin and collagen fibres, secreted cytokines and chemokines and 
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microvesicles or exosomes. This extends the focus beyond the targeted destruction of 

tumor cells.  

Figure 2. Tumor stroma is a complex heterogeneous network of cells including cancer 

cells, mesenchymal stem cells (MSCs)/fibroblasts, immune cells, cancer stem cells and 

vascular endothelial cells embedded into extracellular matrix. 

Treatments that directly kill tumor cells include alkylating agents, plant alkaloids, 

antimetabolites, anthracyclines, topoisomerase inhibitors and corticosteroids, whereas 

indirect treatment strategies such as anti-angiogenic therapies, immunotherapies, hypoxia 

or acidosis inhibition, aims to degrade the extracellular matrix and 

microvesicles/exosomes or exosomes (25, 26). 

Anti-vascular therapies (bevacizumab, sunitinib and pazopanib) stop the formation of 

new blood vessels (27), which disrupts nutrients and oxygen supply by reducing 

vascularization. This leads to tumor cell deprivation. This can lead to cellular stress, 

metabolic alterations and cancer cell death. Resistance to anti-VEGF therapies activates 

different angiogenic pathways in cancer, such as Angiopoetin-Tie or FGF-FGFR 

signaling (28). 

The immune response can probably be boosted by using targeted monoclonal antibodies 

that recognize specific proteins on cancer cell membranes. This tumor antigen and 

antibody barrier is recognized by the immune system, and this signal helps T-cells and 
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NK-cells to clear cancerous cells. In solid tumors, anti-EGFR (mAb335, cetuximab and 

panitumumab) or anti-PD1/PD-L1 antibodies (nivolumab, toripalimab) recognize 

specific tumor antigens and activate the immune response (29, 30). Another novel type 

of immunotherapy is chimera antigen receptor (CAR) T-cell therapy. In CAR T-cell 

therapy, T-cells are extracted from patient blood and reprogramed with CAR gene by 

lentiviral transfection. Engineered T-cells are expanded and infused back to the patient, 

which can attach to specific tumor antigens, killing tumor cells. CAR T-cell therapy is 

used after other types of treatment that have proved to be ineffective (31). The role of 

cytotoxic CD8+ T cells (CTLs) in therapy resistance is clearly demonstrated by the strong 

correlation between the CTL profile of tumors and their response to neoadjuvant therapy. 

Breast tumors with strong lymphocyte infiltration had a pathological complete response 

of more than 40% after taxane treatment, whereas only 7% of tumors without any 

detectable lymphocyte population showed a similar response, suggesting that the CTL 

profile is an independent prognostic factor (32). 

In solid tumors, the pH decreases to 6.8 compared to normal tissue, where the pH is 7.2. 

Increased anaerobic glycolysis and lactate production lead to an acidic, or rather, rapid 

proliferation of cancer cells, fenestrated blood vessels and poor oxygen supply create a 

hypoxic environment (33-35). Hypoxia and acidosis inhibition strongly affect 

vascularization and cancer cell metabolism through HIF-1α related signaling pathways. 

HIF-1α plays a role in the adaptation to low oxygen level and upregulation of 

erythropoietin, VEGF, and glucose transporters (36). Consequently, altered metabolic 

pathways, such as switching to anaerobic glycolysis promote cancer cell survival (37). 

MMPs enzymes degrade the fibrous structure of TME. MMP inhibitors prevent the 

rupture of connective tissues surrounding the tumor region, inhibit tumor cell invasion 

and metastasis as physical barriers. Although the therapy initially appeared to be 

promising, it did not live up to expectations, as these agents failed to selectively break 

down the extracellular matrix. As a result, they did not receive FDA approval (38).  

Communication between tumor cells and non-malignant stromal cells which constitute 

TME is crucial in the pathophysiology of cancer. MSCs are versatile stromal stem cells 

that are present in most cancers and play a pivotal role in TME development and function. 
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MSCs have been shown to promote tumor growth through various mechanisms, but 

conversely, MSCs have also been reported to exhibit anti-tumorigenic properties.  

MSCs are mostly located in adipose tissues and bone marrow, but the appearance of 

tumor cells can attract MSCs to create a supportive environment (39). This is a possible 

way for tumors to create their own microenvironment, incite MSCs to exit their naive 

state, and enter into a primed condition as CA-MSCs/CAFs, expressing specific markers 

(40). 

MSCs are known to play a dual role in tumor development: both tumor-promoting and 

tumor-inhibiting effects have been described in the literature. MSCs can mostly influence 

their environment through secreted factors such as VEGF, FGF-2, PDGF, HGH, BDNF, 

SDF-1α, IGF-1, IGF-2, TGF-β, TNF-α, IGFBP-2, LIF, M-CSF, MIP-2, IL-6, IL-8 and 

IFN-γ cytokines, which canincrease cancer cell proliferation and survival even after 

chemotherapeutictreatment. IL-6, bFGF and PGE2 are types of chemokines that 

accelerate tumor cell growth (41). VEGF strongly influences vascularization by 

promoting angiogenesis, thus supplying tumor cells with essential nutrients and oxygen 

(41). However, the effect of MSCs has also been described as pro-angiogenic and anti-

angiogenic (by secretion of TSP-1 and endostatin). In addition, the presence of MSCs 

increase c-myc, wnt expression and modify PI3K/AKT, and JAK2/STAT3 signaling 

pathways, which promote proliferation even after drug treatment (42, 43). S1PR1 

expression is also induced in tumors by human bone-marrow MSCs, which makes the 

tumors resistant to chemotherapy (44). The anti-inflammatory effect of MSCs is primarily 

mediated by the secretion of regulatory T-cell mediated cytokines PGE2 and IDO. In 

additione, the cytotoxic cytokine TRAIL induces axis-related apoptotic pathways TNF-

α-TRAIL in glioblastoma cells (45). Similarly, anti-proliferative factors released by 

MSCs, such as BMP and PTEN, also influence tumor progression. MSCs produce 

interferons, such as IFN-β, which have anti-proliferative and immunomodulatory effects 

on cancer cells. Secreted soluble factors, such as IL-10, TNF-α, and TGF-β, modulate the 

tumor microenvironment and suppress tumor growth and progression (41, 46). 

Disrupting the supportive niche that protects cancer cells and helps them survive could 

significantly increase the efficacy of currently used treatment strategies. First, however, 

the precise role of TME in tumor biology needs to be understood. 



13 
 

1.4. From naive to primed MSCs: MSCs vs CAFs 

MSCs/fibroblasts are cells that maintain the structural integrity of connective tissue and 

play a role in tissue repair and regeneration. Naive MSCs can be isolated from BM, 

adipose tissue and cord blood for research purposes. This naive state of MSCs is when 

they are involved in tissue homeostasis and regeneration and have not yet undergone 

differentiation. These MSCs remain in their multipotent and naive state and can be a 

potential avenue of exploring stem cell biology and regenerative medicine (47).  

Primed condition appears when MSCs exit the naive state due to specific signaling cues 

or differentiation factors. Adipose-derived MSCs are spindle-shaped, elongated 

morphologically and can be easily differentiated into fat cells (adipocytes), bone cells 

(osteoblasts), or cartilage cells (chondrocytes) in vitro (48). Due to their high migratory 

capacity, MSCs can migrate into the tumor environment in response to chemoattractant 

signals released by tumor cells to establish a supportive tumor nest. During early tumor 

development, naive MSCs repress tumor cells, but later differentiate/transform into 

cancer-associated MSCs or fibroblasts (CAF) in a primed or activated condition. MSCs 

secrete factors with various anti-tumor properties, including cytokines, chemokines, and 

growth factors, which can inhibit tumor cell proliferation, induce apoptosis and suppress 

angiogenesis. Naive MSCs secrete PGE2, lactate and TGF-β, which inhibit tumor growth. 

Cytokines CCL5, IFN-γ and TGF-β promote EMT, so epithelial cancer cells can increase 

invasion and metastasis by acquiring mesenchymal features (49, 50). Elevated expression 

of cyclin A, cyclin D2 and cyclin E in response to MSC cytokines freezes tumor cells in 

G1 phase (51). In addition to studies on the effects of conditioned media, co-cultural 

experiments have also confirmed similar phenomena (52). MSCs can remodel the 

extracellular matrix and alter the physical properties of the tumor stroma. This 

remodelling can create a less permissive microenvironment for tumor growth and 

invasion, making it more difficult for cancer cells to proliferate and metastasize.  

Tumor cells strongly influence the behaviour of the surrounding cells, while conditioned 

MSCs acquire a new phenotypic and genotypic appearance. This leads to CAF becoming 

an active stromal compartment in the TME. Inhibition of the Hedgehog pathway and 

immunotherapy against the FGFR and TGF-β attenuate the tumor-supporting effect of 

CAFs. However, the confirmation of the therapeutic effect of these compounds is still 



14 
 

only in clinical phases I and II (53, 54). Through HGF secretion, CAFs can induce drug 

resistance to EGFR inhibitors in colon cancer cells by activating the MET pathway (55). 

Similarly, WNT16B expression following chemotherapeutic treatment is also increased 

in CAF cells, which leads to NF-κB activation of surrounding prostate cancer cells, 

ultimately inducing resistance (12). In pancreatic cancer cells and tumors, IL-1β secretion 

and IRAK4 co-expression in CAFs also lead to gemcitabine resistance via the NF-κB 

pathway, to the extent that the inhibition of IRAK4 restores gemcitabine sensitivity (56). 

It has been observed in human hepatocarcinoma that isolated CAF cells stimulated EMT 

in liver carcinoma cells by producing IL-6 and HGF cytokines. Increased expression of 

TG-2 was mediated through the IL-6 cytokine and STAT3 pathway, which promoted 

tumor cell EMT (57). 

These activated CAF cells express specific markers that can be used to identify them: α-

SMA, PDGFr-α and (CD140a and b), FSP-1 and FAP (58). Therefore, new cellular 

characterization studies are essential to standardize the identification of CAF cells in 

order to understand different interactions between CAF cells and cancer cells. CAFs 

constitute the largest part of the tumor stroma (50-90%) and may be promising therapeutic 

targets for cancer treatment (59).  

Understanding the controversial role of MSCs in TME is a challenging but important 

task. It would certainly be beneficial to develop treatment strategies targeting CAF that 

may supplement conventional chemotherapy or even modern targeted/immunotherapies. 

However, the lack of basic understanding of the interactions between appropriate in vitro 

models and MSC-cancer cell is a major impediment to this effort. This research proposal 

intends to investigate the effects of chemotherapy on both MSCs and cancer cells, 

establish co-culture models for drug testing and study the interaction between the two cell 

types.   
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2. Objectives 

 

In my PhD research, I set the following objectives: 

 

➤ to investigate the response of human MSCs and tumor cells to different 

chemotherapeutic treatments, individually and separately, and in co-cultures  

➤ to compare the toxicity of nine different compounds (namely bendamustine, cisplatin, 

doxorubicin, irinotecan, methotrexate, mitoxantrone, nutlin-3, TPEN and vinblastine) 

with different structures and mechanisms of action in different types of MSCs (Ad-MSC-

GFP 1,2,3, BM-MSC and HFF) and cancer cells (MCF-7-GFP, MES-SA-mCherry and 

A431-mCh) 

➤ to investigate the response of MSCs and cancer cells to chemotherapy: DNA double-

stranded breaks, induction of reactive oxygen species (ROS), senescence and apoptosis 

➤ to establish and characterize 2D monolayer and 3D spheroid co-cultures using MSCs 

and cancer cells to model TME 

➤ to test and compare drug sensitivity of 2D vs. 3D MSCs and cancer cell co-cultures 
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3. Methods 

3.1. Establishment and characterization of a new BM-MSC cell line 

BM-cell line was established from a 4-year-old female pediatric patient. BM-MSC was 

obtained by BM-biopsy and characterized in vitro according to the International Society 

for Cellular Therapy guidelines (ISCT). The novel cell line was evaluated based on the 

fundamental criteria required for establishing a new MSC line, including adherence to 

plastic, expression of specific CD markers, and ability to undergo differentiation. The 

research was approved by the Ethical Committee of the Hungarian Medical Research 

Council (ETT; ID: 24083-3/2013/HER). 

3.2. Cell lines  

The Adipose-derived Mesenchymal Stem Cell 1 (Ad-MSC 1) cell line was established 

from adipose tissue obtained via lipoaspiration from the femoral region of a 30-year-old 

female. Ad-MSC 2 and 3 cell lines were obtained from a surgical sample from the haunch 

area of a 5-year-old female, and a 4-year-old male donor. Cell lines were established by 

Creative Cell Ltd. in 2005. HFF, MES-SA, MCF-7 and A431 cell lines were purchased 

from ATCC (Table 1). 

 

Table 1. Summary table on the background of cells. 

Human  
cell lines 

Cell type Age Sex Source 

Ad-MSC 1 
Adipose derived  

mesenchymal stem cell 
30 Female 

Creative Cell 

Ltd. 

Ad-MSC 2 
Adipose derived  

mesenchymal stem cell 
5 Female 

Creative Cell 

Ltd. 

Ad-MSC 3 
Adipose derived  

mesenchymal stem cell 
4 Male 

Creative Cell 

Ltd. 

BM-MSC 
Bone-marrow  

mesenchymal stem cell 
4 Female 

Creative Cell 

Ltd. 

HFF Human foreskin fibroblast 1 Male ATCC 

MCF-7 Breast epithelial adenocarcinoma 69 Female ATCC 

MES-SA Uterine sarcoma 56 Female ATCC 

A431 Skin squamous cell carcinoma 87 Female ATCC 
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3.3. Cell culturing 

In our comparative experiments, we used a panel of six MSC-like cells and three cancer 

cell lines. Three human primary adipose tissue-derived MSCs, namely Ad-MSC 1,2,3, 

one BM-MSC and one HFF (ATCC) cell line underwent drug screening. MCF-7, MES-

SA and A431 (ATCC) cell lines were used to represent cancer cells. All cell lines were 

cultured in supplemented DMEM-12 to avoid alterations in results due to different culture 

conditions. The basal culture medium was complemented with 10% FBS, 1% L-

glutamine, 0,1% gentamicin, and 0,16 ng/ml fibroblast growth factor 2. 

3.4. GFP and mCherry transduction  

After lipoaspiration from human donors, the tumescent tissue was digested with 0.1% 

w/v% collagenase (Sigma) and plastic adherent Ad-MSCs were plated in cell culture 

media. Lentiviral vectors expressing eGFP or mCherry genes under the regulation of 

human EF1 promoter flanked by LTR sequences were generated using a second-

generation packaging system for self-inactivating lentiviral vectors. The titer was 

determined by transduction of HEK293 cells followed by flow cytometry. When the 

percentage of infected cells is below 20%, the number of integrations is approximately 

equal to the number of transduced cells. Thus, the number of infectious virus particles 

per given volume can be determined as Transduction Units per ml (TU/ml). GFP-positive 

cells were sorted after transduction using a FACS Aria I flow cytometer. The same 

protocol was used to establish the A431-mCherry subline. 

3.5. Cytotoxicity assay  

Cells were plated in a 96-well tissue culture plate in 100µl DMEM-12 media.  

MSCs/fibroblast cells were seeded at a concentration of 5x103/100µl/well and cancer 

cells at a density of 4x103/100µl/well. For spheroid formation assay, 1x104 cells were 

plated in a U bottom plate with a cell-repellent surface. Cells were allowed to attach or 

aggregate overnight and then treated with serially diluted concentrations of 

bendamustine, cisplatin, doxorubicin, irinotecan, methotrexate, mitoxantrone, nutlin-3, 

TPEN and vinblastine in 100µl DMEM-F12 the following day. The mechanism of action 

and source of compounds are listed in Table 2. PrestoBlue™ Cell Viability Reagent 

(Thermo) was used to determine cell viability (0-100%). Due to metabolic differences, 
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cells were incubated with diluted 5-12.5% PrestoBlue solution in PBS (MSCs: 12.5%, 

Cancer cells: 5%). The fluorescence of PrestoBlue reagent was measured with an EnSpire 

fluorometer at 555nm (ex) / 585nm (em) wavelength. Data were normalized to the 

fluorescence of blank sample (media) and sigmoidal dose-response curves were fitted 

using logarithm and least square method.  

 

Table 2. List of compounds used in cytotoxicity assay. 

Compounds Mechanism of action Source 

Bendamustine DNA intrastrand crosslinker Servier 

Cisplatin DNA interstrand crosslinker Accord Healthcare 

Irinotecan Topoisomerase I inhibitor abcr 

Doxorubicin Topoisomerase II inhibitor Sigma Aldrich 

Mitoxantrone Topoisomerase II inhibitor Sigma Aldrich 

 Methotrexate Purine and pyrimidine biosynthesis inhibitor Sigma Aldrich 

Nutlin-3 p53 stabilisation, MDM2 inhibitor Tocris 

TPEN ROS generator and metal chelator Tocris 

Vinblastine Tubulin synthesis inhibitor MedChemExpress 

3.6. Cell Proliferation assay 

The fluorescent CytoTell™ Green dye (AAT Bioquest) was used to analyze differences 

in cell proliferation rate. Cells were centrifuged and 3x105 cells were stained with  

2µl CytoTell™ dye diluted in 1ml of serum-free media. Cells were incubated at 37°C for  

30 min. and samples were divided into two parts. Half of the stained cells were 

centrifuged, plated in DMEM-F12 and analyzed on day 5, while the other part was 

immediately measured using Attune Nxt™ flow cytometer for baseline (day 0). Zombie 

Violet Dye (biolegend) was used for gating dead cells. 

3.7. Immunohistochemistry and image analysis 

Immunofluorescence staining against γ-H2AX (MA1-2022, Invitrogen) was performed 

in Ad-MSC-GFP 3 and A431-mCh cells with three drugs (cisplatin, doxorubicin and 

nutlin-3). Ad-MSC-GFP 3 cells were seeded at a concentration of 1x104 and A431-mCh 

at 1.6x104. The next day, cells were treated with 2µM cisplatin, 0.1µM doxorubicin and 

30µM of nutlin-3 solution diluted in 200µl DMEM-F12. On day 5, cells were fixed with 

4% PFA for 15min and washed twice with PBS. We added 100µl blocking solution  
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(0.5% BSA-PBS, 0.1% Triton-X, 5% goat-serum, and 1% fish gelatine) for 1h. γ-H2AX 

primary antibody was used at a dilution of 1:500 in blocking solution, and stained 

overnight at 4°C. The following day, 100µl A633-secondary antibody was added and 

incubated for 1h. Hoechst-33342 as a nuclei dye was diluted in PBS in 1:1000 dilution 

range. After fixation and blocking of cell cultures, Phalloidin-633 was diluted in a ratio 

of 1:1000 and used for staining with F-actin filaments. Cells were recorded using a ZEISS 

LSM-710 confocal microscopy at 40-fold magnification.  

A semi-automated image analysis pipeline was implemented in CellProfiler™ to quantify 

DNA damage through γ-H2AX immunofluorescence. The process involved intensity 

normalization and Gaussian filtering, followed by threshold-based segmentation of 

DAPI-stained nucleus images to identify nuclei candidates. False candidates were 

manually removed, and pixel intensities were measured in the γ-H2AX channel using the 

remaining nuclei regions as masks to exclude non-nuclei signals. 

3.8. Induction of reactive oxygen species (ROS)  

Ad-MSC 3 and A431 cells were seeded in a 96-well tissue culture plate as described 

above. The cells were subsequently washed twice with HBSS and incubated in 100µL of 

DCFH-DA dye (R252-10, Dojindo) according to the instructions of the manufacturer. 

After a 30-minute incubation at 37°C, the cells were washed twice with HBSS. The cells 

were then treated with 200µL of cell culture medium containing appropriate 

concentrations of cisplatin, doxorubicin, nutlin-3 and H2O2 (as positive control) for  

1 hour. The supernatant was removed, and the cells were washed with HBSS prior to 

imaging, using the JuLI™ Stage Cell History Recorder (NanoEntek). 

3.9. Apoptosis assay 

Apoptosis detection was based on Annexin-V molecule binding to phosphatidylserine 

membrane molecules. Ad-MSC 3 and A431 cells were seeded in a 12-well tissue culture 

plate in 5x104 and 4x104 cell concentration. The day after the supernatant was 

removed,and the cells were treated with cisplatin, doxorubicin and nutlin-3 were diluted 

in cell culture media at defined concentrations. After five days of treatment, we collected 

the supernatant, including the cells that were already dead and then the remaining 

attached cells were trypsinized. The cells were washed twice with 1% BSA-PBS solution 



20 
 

and centrifuged at 400 x g for 4 min. Next, 100µl 1x Annexin Binding Buffer was mixed 

with 3 µl Annexin V-Pacific Blue and 1µl TO-PRO-3 and added to each sample. The 

cells were incubated for 15min and diluted 5-fold with Annexin Binding Buffer and 

evaluated using an Attune Nxt™ flow cytometer. 

3.10. Senescence staining 

Ad-MSC 3 and A431 cells were cultured in a 96-well tissue culture plate and treated with 

cisplatin, doxorubicin, or nutlin-3. After 5 days, the media was removed and replaced 

with 200 µL of ready DMEM-F12 for a period of 7 days. Senescent cells were detected 

using the Senescence β-Galactosidase Staining Kit (9860S, Cell Signaling Technology). 

The cells were fixed with fixative solution, washed with PBS, and stained with X-gal 

solution overnight at 37°C without CO2. Finally, the cells were coated with 70% glycerol 

for brightfield microscopic imaging. 

3.11. Microscopes used for imaging 

Cell growth was recorded by a JuLI™ Stage Real Time cell history recorder (NanoEntek), 

and an Olympus IX 51 microscope with an attached RT3 SPOT camera was used for 

fluorescent and brightfield imaging. Juli EDIT and Juli STAT softwares were used to 

analyze growth kinetics. A ZEISS LSM 710 series microscope was applied for confocal 

imaging.  

3.12. Human cytokine detection 

The Human Cytokine Array Kit (R&D systems, ARY005B) detects 36 different 

cytokines secreted by human cell lines. A total of 2x105 Ad-MSC-GFP 3 cells and A431-

mCh cells were seeded in a T25 tissue culture flask. For co-culture, 2x105 Ad-MSC-GFP 

3 cells and 2x105 A431-mCh cells were seeded together. The cells were allowed to attach 

overnight, and the culture media was changed for a period of 3 days. This media was then 

replaced with 2ml serum-free DMEM-F12 to avoid detection of cytokines in FBS. On 

day 5, the supernatant was collected and centrifuged at 1500rpm for 5 minutes. All the 

reagents were prepared in advance and 2ml of Array Buffer 4 was pipetted into three 

chambers containing membranes. The membranes were then incubated at room 

temperature for 1 hour. Meanwhile, 500μl of Array Buffer 4, 200μl of Array Buffer 5, 
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800μl of supernatant, and 15μl of Human Cytokine Array Detection Antibody Cocktail 

were gently mixed and added onto the membranes for 1-hour incubation. The Array 

Buffer 4 mixture was aspirated from under the membranes and the sample-antibody 

mixture was added to the membranes. The membranes were incubated overnight at 4°C. 

The membranes were placed into a 50ml falcon tube and rinsed with 1X Wash Buffer on 

a rocking platform shaker. This washing step was repeated two more times. Streptavidin-

HRP used as a positive control was diluted at a ratio of 1:2000 in Array Buffer 5. The 

membrane and the diluted Streptavidin-HRP solution were placed on the membrane 

surface, then washed and incubated for 2 minutes. The membranes were then placed in a 

plastic sheet container, ensuring the removal of air bubbles. The ChemiDoc™ MP (Bio-

Rad) Imaging System was used to expose the membrane to X-ray for 10 minutes. 

3.13. Establishing a 3D spheroid model and quantitative analysis of spheroid 

growth 

1x104 Ad-MSC-GFP 3 and A431-mCh cells were seeded in 96-well ‘U’ bottom 

microplates (Corning) and allowed to self-aggregate in 100μl in DMEM-F12 with 20% 

FBS for 24 hours. The following day, cisplatin and nutlin-3 were diluted in cell culture 

media and added to the spheroids in twofold concentration. The spheroids were then 

examined in different compositions of Ad-MSC-GFP 3 and A431-mCh cells:  

20%-80%, 50%-50%, and 80%-20%, representing different stromal ratios of tumors.  

From all images containing signals from two fluorescent channels, four adjacent sites 

were selected for batch quantification in CellProfiler. The channel-by-channel images 

from the same well were combined into a single, but larger image while retaining their 

original intensities, and grayscale images were quantified using the intensity 

measurement module to obtain mean signal intensities for each combined image. The 

calculated mean signal intensity correlates with the observed cell confluence in the image 

between 0.0 and 1.0. 

3.14. Flow cytometry analysis of 2D and 3D co-cultures 

Co-culture ratios of 80% Ad-MSC-GFP 3 and 20% A431-mCh were analyzed and sorted 

using FACS Aria III. This ratio was chosen because otherwise tumor cells would 

overproliferate. Co-cultures were separated into single cell solutions with 0.2% trypsin 
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for 15min and 30min in 2D and 3D, respectively. Mixtures were analyzed by flow 

cytometry using Attune Nxt™ and TO-PRO-3 was used as a necrotic marker.  
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4. Results 

4.1. Establishment and characterization of a novel BM-MSC 

A bone-marrow mesenchymal stem cell line (BM-MSC) was established and 

characterized according to international standards. The cells were proved to be plastic-

adherent, positive for CD44, CD73, CD90 and CD105 mesenchymal markers and 

negative for CD14, CD34, CD45, CD117, CD133 and HLA-DR cell surface markers 

(Fig. 3 A). Differentiation into osteogenic, adipogenic, and chondrogenic lineages was 

induced in specific cell culture media and was confirmed with Alizarin Red S, Oil Red O 

and 1,9-dimethyl-methylene blue (Fig. 3 B). BM-MSCs were obtained from a healthy  

4-year-old female patient (Table 1). 

 

Figure 3. Characterization of a newly established BM-MSC line. Specific MSC cell 

surface markers were detected by flow cytometry: Positivity for CD44, CD73, CD90, 

CD105, negativity for CD14, CD34, CD45, CD117, CD133 and HLA-DR (A). 

Morphological image of BM-MSC after osteogenic, adipogenic and chondrogenic 

differentiation (B). 

4.2. Comparison of drug sensitivity of transduced and non-transduced cells  

Fluorescent proteins (GFP and mCherry) were transduced with lentiviral vectors. IC50 

values and cytotoxicity curves were compared between parental cell lines (grey) and GFP 

(green) or mCherry (red) expressing sublines (Fig. 4 A). Viability was measured using 

PrestoBlue assay after cisplatin, doxorubicin and nutlin-3 treatment in three biological 
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parallel samples each. Dose-response curves and IC50 values were calculated and 

geometric means of IC50 values are shown in the table. (Fig. 4 B, C and D). The slopes 

of the curves show similarities and the IC50 values are comparable; therefore, transduction 

did not affect viability and can be used for further experiments, this way fluorescence of 

the cells can provide additional information on the interactions between the two cells in 

a co-culture system. 

 

Figure 4. Comparison of dose-response curves of GFP/mCherry expressing and parental 

cell lines. Brightfield and fluorescent image of morphology of Ad-MSC-GFP 3 and A431-

mCh cells (A). Transduction and non-transduced cells cytotoxicity dose-response curves 

(B, C) and IC50 values (D). 

4.3. Investigation of drug sensitivity with nine different compounds 

Nine different clinically relevant compounds were tested on stem cell-like cell lines from 

healthy donors (Ad-MSC-GFP 1, 2, 3, BM-MSC and HFF) and on three different human 
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cancer cell lines (MCF-7: breast adenocarcinoma, MES-SA: uterine sarcoma and A431-

mCh: skin epidermoid carcinoma,). Different chemotherapeutic agents were tested on 

different MSC-like cells from healthy human donors, a widely used breast cancer cell line 

(MCF-7), a mesenchymal gynecological (MES-SA) and an epidermal (A431) tumor type 

to investigate drug response. Nine chemotherapeutic agents with different mechanisms 

of action and structures were selected for analysis, including conventional and novel types 

of compounds that are also clinically used in cancer treatment: bendamustine (intrastrand 

crosslinker), cisplatin (interstrand crosslinker), doxorubicin (topoisomerase II inhibitor), 

irinotecan (topoisomerase I inhibitor), methotrexate (antimetabolite), mitoxantrone 

(topoisomerase II inhibitor), nutlin-3 (MDM2 inhibitor), TPEN (ion chelator) and 

vinblastine (anti-microtubule drug) were added in a defined dilution series (nine 

concentrations and one untreated condition) for 5 days (Table 2). On the basis of IC50 

values, three groups could be distinguished according to which compounds were more 

toxic to certain cell types.  
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Figure 5. IC50 values in -μM- concentration in all cell types. MSCs have higher drug 

tolerance to cisplatin, irinotecan, mitoxantrone and vinblastine (A). The F-test did not 

show significant differences in IC50 values for bendamustine, doxorubicin, methotrexate 

and TPEN (B). Nutlin-3, which targets p53 wild type cells, whether is healthy or tumor 

cells. Only the A431-mCh cell line had higher sensitivity to nutlin-3 (C). 

The first group included compounds with higher IC50 values in MSC cells than in tumor 

cells (MSCs > Cancer Cells) (Fig. 5 A). Generally speaking, chemotherapeutic agents 

work by killing cancer cells, with less effect on   healthy cells in the body that are slowly 

circulating. In the middle group, no significant difference was found between IC50 values, 

so the cells showed similar tolerability (MSCs = Cancer Cells) (Fig. 5 B). Nutlin-3 was 

placed in group 3 based on the mechanism of action, as only the p53-/- mutant A431-mCh 

cell was found to be resistant (MSCs < Cancer Cells (A431)) (Fig. 5 C). This compound 
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was developed for tumor types with wild-type p53 and it kills MCF-7-GFP and MES-

SA-mCh as well as MSC-like cells.  

Chemotherapeutics target tumor cells proliferate more rapidly than other types of cells in 

the body. On the basis of our drug sensitivity results, we investigated whether there was 

any difference between the proliferation rates of MSCs and tumor cells. 

Figure 6. Comparison of cell division rate of two MSC-like cells (Ad-MSC 3 and HFF) 

and two cancer cells (MCF-7 and A431). The CytoTellTM cell tracking assay can show 

how a fluorescent non-toxic dye is diluted from the cells with each mitosis (A). Dark blue 

indicates the starting point (day 0), and light blue shows the fifth day (day 5). The gap 

between the two curves is larger for MCF-7 and A431 cells, indicating that tumor cells 

proliferate more rapidly than MSC-like cells (B). The table shows the increased cell 

number and the rate of the growth (C). 

 

As the CytoTell fluorescent dye is diluted out of the cells with each mitosis, the green 

fluorescent signal is lower in tumor cells (MCF-7 and A431) than in MSCs (Ad-MSC 3 

and HFF), indicating that tumor cells proliferate faster than the MSCs (Fig. 6 B). Changes 

in cell number over five days also indicate that tumor cells have a higher proliferation 

rate (Fig. 6 C). Therefore, for some drugs, virtually identical tolerance (MSCs = Cancer 

Cells) cannot be explained by similar proliferation. 

4.4. Live cell imaging 

On the basis of our results for the tested nine compounds, we selected one representative 

compound from each of the three groups. We used live cell microscopy to see what 

morphological changes occurred during treatment with cisplatin, doxorubicin and  
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nutlin-3. Cells expressing GFP and mCherry and their response to drug treatment were 

monitored for 120 h. Concentrations were selected based on the effect on MSCs and 

tumor cells, so we generally treated cells with low, medium and high concentrations of 

cisplatin, doxorubicin, and nutlin-3 in 10-fold dilution series (Fig. 7 A). 

The response of A431-mCh cells to drugs was as expected; both IC50 and higher 

concentrations of doxorubicin and cisplatin significantly reduced the number of viable 

colonies, whereas lower concentrations of the drugs (0.2µM cisplatin and 0.01µM 

doxorubicin) did not change cell growth kinetics in comparison to untreated controls. 

Nutlin-3 had no effect on p53-/- A431-mCh cultures in either concentration because it was 

designed to specifically target p53 wild-type cells. Interestingly, no discernible reduction 

was seen in Ad-MSC-GFP 3 cultures following a 120-hour treatment, despite cytotoxicity 

data indicating that MSCs and cancer cells had a strikingly similar sensitivity to 

doxorubicin. The confluence of Ad-MSC-GFP 3 was significantly reduced only at high 

cisplatin (20µM) and nutlin-3 (3µM) concentrations (Fig. 7 A and B). This result suggests 

that MSCs follow a different route, such as cell cycle arrest, senescence or differentiation 

rather than disappearing after treatment and can only be eliminated at much higher 

concentrations than the IC50 found in the cytotoxicity test. 
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Figure 7. Image sequence of Ad-MSC-GFP 3 and A431-mCh cells at 0 h, 60 h and 120 

h. Photographs were taken every 105 minutes for 120 h. To demonstrate the growth or 

the inhibition of the cultures, cells were treated with three different concentrations of 

cisplatin (0.2μM, 2μM, 20μM), doxorubicin (0.01μM, 0.1μM, 1μM) and nutlin-3 (0.3μM, 

3μM, 30μM) (A). Please note that doxorubicin autofluorescence caused intense 

background fluorescence at 1µM. Image analysis was used to calculate changes in 

confluence (%) from three separate parallels. Confluence of MSCs starts higher (60%) 

because MSCs are larger than the A431-mCh cells. Top row: A431-mCherry cells 
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exposed to varying amounts of cisplatin, doxorubicin and nutlin-3; bottom row: Ad-MSC-

3 GFP cells (B). 

 

4.5. DNA-damage and ROS induced in cells 

As cisplatin, doxorubicin, and nutlin-3 can all cause DNA-damage and ROS in cells, we 

investigated the levels of double-strand breaks (DSB) and ROS in  

Ad-MSC-3/Ad-MSC-GFP 3 and A431/A431-mCh cell lines (Fig. 8.). Treatment 

concentrations were based on IC50 values of the A431-mCh cells. 

The number of DSB foci in MSCs was significantly lower with 2µM cisplatin (at the IC50 

value of A431-mCh cells), whereas A431 cells were nearly entirely eliminated by using 

the same concentration of cisplatin. 

In A431-mCh cells, 0.1µM doxorubicin caused less DNA-damage than 2µM cisplatin, 

whereas MSCs DNA suffered less genetic mutation. 

Nutlin-3, which did not reduce the number of A431-mCh cells after 120 hours of 

treatment based on live-cell imaging experiments, severely damaged the DNA. On the 

other hand, despite the fact that both cytotoxicity and video microscopy experiments 

showed significantly reduced viability in Ad-MSC-GFP 3 cells with 8µM nutlin-3, no 

DNA-break was found even after 30µM nutlin-3 treatment (Fig. 8. pink highlights). 

As the evaluation of DNA damage did not explain the similarities in drug sensitivity, we 

wondered whether 1 hour of treatment with cisplatin, doxorubicin and nutlin-3 would 

induce ROS in the cells. Interestingly, only 30µM nutlin-3 generated considerable 

amounts of ROS in Ad-MSC 3 and A431 cells. On the basis of live-cell imaging, 30µM 

of nutlin-3 was more toxic to Ad-MSC-GFP 3 than A431, indicating that cancer cells may 

have a higher tolerance for ROS-induced damage (Fig. 8. green highlights). As a positive 

control, 130µM hydrogen-peroxide (H2O2) was used to validate DCFH-DA oxidation to 

green fluorescent DCF (data not shown). 

However, as there was a significant difference in DNA damage in the two cell types, the 

drug sensitivity pattern could not be explained by the levels of the DNA double-stranded 

breaks or the ROS levels. 
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Figure 8. Immunostaining of gamma-H2AX, quantification of DSB and ROS-detection in  

Ad-MSC 3/Ad-MSC-GFP 3 and A431/A431-mCh cells. After 120 hours of treatment with 

cisplatin and doxorubicin, most of the tumor cells detached due to the high DNA-damage, 

but in contrast, MSCs suffered fewer DNA double-stranded breaks. Nutlin-3 treatment 

caused DNA-damage only in A431-mCh cells, but increased ROS in both cell types. 

Please note that DNA damage and ROS staining were two separate experiments. 

 

4.6. Apoptosis 

Chemotherapy is aimed at inducing apoptosis of cancer cells, so we investigated how  

120 hours of treatment with cisplatin, doxorubicin, or nutlin-3 affected the apoptotic 

pathways in cells. A431 cells showed apoptosis after all treatments and only a modest 

response to 30µM nutlin-3. No apoptosis was observed in MSCs during the experiments, 

even when drug concentrations were increased, sometimes 10-fold. Doxorubicin caused 

apoptosis in almost all A431 cells, but not in Ad-MSC 3 cultures. Treatment with 30µM 

nutlin-3 only slightly increased the number of apoptotic MSCs, whereas cisplatin caused 

virtually no apoptosis compared to untreated controls (Fig. 9.). 
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Figure 9. Apoptosis detection with double staining using Annexin-V Pacific Blue and  

TO-PRO-3. Tumor cells respond to most treatments by apoptosis, whereas 30µM nutlin-

3 was the only treatment that did not kill a significant proportion of cancer cells. Ad-

MSC- cells did not activate apoptotic pathways in higher doses of treatment with 

doxorubicin (1µM) and nutlin-3 (50µM). Scale bars represent 200µm. 

 

4.7. Senescence 

Senescence, a type of permanent exit from the cell cycle, can also be induced by 

chemotherapeutic treatment. This occurs when cells are arrested in the G0 phase. 

Senescence-associated β-galactosidase (SA-β-Gal) staining identifies increased  

β-galactosidase enzyme activity in cells that are usually elevated in senescent cells. Only 

4µM cisplatin-treated MSCs show mild senescence positivity (blue color), the other 

treatments did not induce senescence in either Ad-MSC 3 or A431 cells (Fig. 10 A). 

However, doxorubicin exposure reduced the number of cells in the MSC population, 

destroyed most cancer cells, and slowed down proliferation in both cell lines (dark blue 

to light blue curves, dark blue to red curves) (Fig. 10 B and C). 
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Figure 10. Senescence-associated ß-galactosidase (SA-ß-Gal) staining in Ad-MSC 3 and 

A431 cells. Senescent Ad-MSC 3 cells at high passage number were used as positive 

controls, only 4µM cisplatin showed a slight positivity for senescence staining (A). 

CytoTell assay shows how the green fluorescent signal is diluted from the cells with every 

cell division after five days of 0.1µM doxorubicin treatment (B). Morphological changes 

after doxorubicin treatment (C). 

4.8. Cytokines secreted by cells and their changes in co-culture 

We investigated the secretion of 36 cytokines and chemokines in 2D mono- and  

co-cultures of Ad-MSC-GFP 3 and A431-mCh cells (Fig. 11 A). It was found that the 

initial number of Ad-MSC-GFP 3 cells increased more than 3-fold in monocultures after 

5 days, while the number of A431-mCh cells increased nearly 20-fold under the same 

conditions. Co-cultures showed similar increases of 2.5- and 16-fold, allowing the 

comparison of cytokine profiles between mono- and co-cultures (Fig. 11 B). 

We found that only 9 of the 36 cytokines-chemokines could be detected in the model, and 

the two cell lines showed slightly similar secretion profiles. Both MSCs and A431 cells 

secreted SERPINE1/PAI-1, IL-8, and CXCL1/GRO⍺, while CCL2/MCP1, IL-6 was only 

found in MSC cultures and CCL5/RANTES, MIF, GM-CSF and ICAM-1/CD54 were 

only detected in supernatants of cancer cells. MSCs are known to produce a complete 

arsenal of cytokines, chemokines, which was highly evident when pixel intensity was 

normalized to cell number on day 5. The similarity of the secreted cytokines in the two 
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cell lines is surprising, but the results from co-cultures suggest a remarkable interaction 

between MSCs and cancer cells. SERPINE1/PAI-1, was strongly secreted by MSCs but 

could be hardly detected in A431-mCh cells and in co-cultures. Surprisingly, the 

expression level of CCL2/MCP-1 was drastically increased, its expression was virtually 

stimulated in co-cultures. CCL5/RANTES, a chemokine receptor overexpressed in 

hematological and solid tumors, was found at low levels in A431 cells but decreased in 

co-cultures. IL-6 was detected in small amounts in MSCs and virtually absent from A431 

cultures but increased in co-cultures. CXCL1/GRO⍺ levels were reduced in co-cultures 

without further effects on secretion. Changes in MIF, GM-CSF and ICAM-1/CD54 levels 

were not significant (Fig. 11 C). The role of cytokines is summarized in Table 3. 

Table 3: Function of secreted cytokines and chemokines 

Name Function Ref. 

SERPINE1/ 

PAI-1 

Serine Proteinase Inhibitor 1/ Plasminogen Activator Inhibitor-1 

regulation of ECM degradation,  

inhibition of plasminogen to plasmin cleavage, 

tumor cells growth and invasiveness induction 

(60) 

(61) 

CCL2/ 

MCP1 

C-C Motif Chemokine Ligand 2/ 

Monocyte Chemoattractant Protein-1 

pro-inflammatory cytokine, recruitment of immune cells, 

repolarization of macrophages, cell migration and chemoattraction 

(62) 

(63) 

CCL5/ 

RANTES 

C-C Motif Chemokine Ligand 5/  

Regulated on Activation, Normal T-cell Expressed and Secreted 

pro-inflammatory cytokine, tumor cell invasion, 

activation of MMPs 

(64) 

IL-6 

Interleukin-6 

pro-and anti-inflammatory cytokine,  

immunosuppression, tissue regeneration 

(65) 

(66) 

IL-8 

Interleukin-8 

pro-angiogenic, cell attractant, 

cell division and migration promoter 

(67) 

CXCL-1/ 

GROα 

C-X-C motif ligand-1/Growth Regulated Oncogene alpha 

pro-angiogenic and tumor formation cytokine 
(68) 

MIF 
Macrophage migration Inhibitory Factor 

pro-angiogenic, inhibition of apoptosis, cell survivor 
(69) 

GM-CSF 
Granulocyte-Macrophage Colony-Stimulating Factor 

 increases self-migration, promotes aggressiveness of cancer cell  

(70) 

(71) 

ICAM/ 

CD54 

Intercellular Adhesion Molecule 1/ Cluster of Differentiation 54 

recruition of immune cells, tissue regeneration, 

increase self-migration 

(72) 

(73) 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2755091/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2755091/
https://en.wikipedia.org/wiki/Macrophage_migration_inhibitory_factor
https://en.wikipedia.org/wiki/Granulocyte-macrophage_colony-stimulating_factor
https://en.wikipedia.org/wiki/Granulocyte-macrophage_colony-stimulating_factor
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Figure 11. Secretion profile of cytokines in 2D MSC, cancer cells and co-cultures. 

Fluorescence images of Ad-MSC-GFP 3 and A431-mCh tumor cells and co-culture at 

10- and 20-fold magnification. Co-cultured cell count was determined using a Burker-

chamber under fluorescent microscope (A). Detection of levels of multiple cytokines Ad-

MSC-GFP 3, A431-mCh cells and co-culture samples (B). Evaluation of cytokine 

secretion levels by analyzing the intensity of positive dots and values was normalized to 

cell number on day 5 (C). Scale bar is 200µm in the left panel and 100µm in the right 

panel. 

4.9. Effect of chemotherapeutics on 2D mono- and co-cultures 

It raises the question whether or not the presence of MSCs alters A431-mCh cell 

sensitivity. As the PrestoBlue assay cannot separate two cell lines in co-culture, we used 

mCherry fluorescence of tumor cells to measure viability. We examined changes in drug 

sensitivity by mixing the cells in a ratio of 50% each, but found no differences,  

dose-response curves overlapped according to the endpoint analysis on day 5 (Fig. 12.).  

 

Figure 12. No shift in drug sensitivity of A431-mCh cells was observed in co-culture after 

120 h. A431-mCh (red) and co-cultured A431-mCh (orange) dose-response curves 

overlapped. 

 

As a consequence, our investigations were extended to different proportions of MSCs and 

tumor cells on a wider scale. To investigate the effects of co-culture in more detail, we 
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combined different proportions of tumor cells and MSCs, modeling a low, a moderate or 

a highly stromal tumor TME:  

➤ 20% Ad-MSC-GFP 3 - 80% A431-mCh, 

➤ 50% Ad-MSC-GFP 3 - 50% A431-mCh, 

➤ 80% Ad-MSC-GFP 3 - 20% A431-mCh. 

 

We investigated the growth kinetics of different cell mixtures, answering how fast cells 

grow or die in monoculture, co-culture and in response to chemotherapeutic treatment. 

On the basis of previous experiments, cisplatin and nutlin-3 were selected from the 

compound panel for further experiments; thus, there was one compound that targeted 

MSCs (nutlin-3) and one compound that targeted tumor cells (cisplatin). Tumor cells 

were significantly destroyed by 10µM cisplatin, which is equivalent to the IC50 of MSCs. 

Cisplatin killed tumor cells in a dose-dependent manner, but in co-culture, the presence 

of MSCs did not change the growth kinetics of tumor cells, so they did not grow faster 

and did not develop cisplatin resistance (Fig. 13 A and B). Nutlin-3 was more effective 

in killing MSCs, but tumor cells did not grow more rapidly, and no resistance developed. 

The heat map fitted to the endpoint values of the growth curves shows a relative 

comparison of the confluence values of MSCs and tumor cells. Thus, taking the 

confluence values of untreated MSCs and A431-mCh cells on day 5 as 100%, shows how 

confluence changes with cisplatin and nutlin-3 treatment compared to this in %  

(Fig. 13 C). Therefore, it was found that co-culturing did not alter cisplatin or nutlin-3 

sensitivity of A431-mCh cells in different MSC and cancer cell ratios. No significant 

differences in toxicity were observed between mono- and co-cultures in 2D. 
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Figure 13. Effects of cisplatin and nutlin-3 on 2D MSC, A431 and co-cultures. Endpoint 

images of 2µM, 10µM and 20µM cisplatin and 8µM and 30µM nutlin-3 treatment in 2D 

mono-and  

co-cultures. Scale bar represents 250µm (A). Cells were imaged every 5 h for 120 h. 

Growth kinetics were plotted on the graphs for MSC (green) and A431-mCh (red) (B). 

The heat map fitted to the endpoint analysis of growth kinetics shows that tumor cells did 

not grow faster and did not develop resistance (C). 

4.10. MSCs provide an inner scaffold for cancer cells in 3D co-culture spheroids 

For TME modeling, 2D studies did not yield any results; therefore, we considered 

developing a more relevant 3D TME model system. In order to gain a more precise insight 

into key aspects of TME and architecture/stratification, we established 3D spheroids 

using different ratios of MSCs and cancer cells as described above (20%-80%, 50%-50%, 
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80%-20%). We observed that the spheroid co-cultures were organized into the same 

structure, with MSCs and cancer cells separated into an MSC-core and a cancer cell outer 

layer. We took confocal images of the spheroids and reconstructed the 3D structure, 

suggesting MSCs provide an inner feeder-core to cancer cells. However, after 5 days, the 

size of the spheroids cultured in mono-culture slightly shrank, probably due to cell death 

or spheroid compaction. Co-cultured spheroids did not change significantly in size  

(Fig. 14.).  

 

 

Figure 14. Internal organization of 3D spheroids from Ad-MSC-GFP 3 and A431-mCh 

cells in different compositions. The 3D co-cultures of Ad-MSC-GFP 3 cells and A431-

mCh cells show a consistent pattern, with A431-mCh spheroids surviving on the surface 

of MSCs despite varying initial MSC-cancer cell ratios. 

4.11. MSCs in 3D co-cultures enhance the drug tolerance of cancer cells 

In 2D cultures, MSCs had no impact on the drug sensitivity of cancer cells as described 

above (Chap. 4.9. and Fig. 13.), thus establishing a 3D spheroid co-culture system where 

further analysis and toxicity experiments could be performed. In 3D mono-cultures, both 

MSC and A431 spheroids were slightly reduced in size over time and their growth curves 
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declined (Fig. 15 A and B). Surprisingly, co-cultured cancer cells not only avoided size 

reduction, but also increased growth kinetics and proliferation (Fig. 15 A and B). 

Interestingly, the fluorescence intensity curves of tumor cells only increase when  

co-cultured with MSCs, otherwise they show a decreasing trend. A heat map was fitted 

to the endpoints of the growth kinetics, similarly to the 2D studies. Surprisingly, while 

2μM cisplatin killed A431 cells in 2D cultures and spheroid mono-cultures, cancer cells 

proliferated at 10μM in 3D co-cultures. In contrast, 10μM cisplatin was toxic to Ad-MSC 

spheroids, unlike in 2D cultures. Treatment with 20μM cisplatin had a similar effect on 

Ad-MSC and co-culture spheroids, but A431-mCh cells persisted in 20% to 80% of co-

cultures, indicating altered drug sensitivity induced by MSCs despite being affected. This 

observation is in agreement with the results of 30μM nutlin-3 treatment, where Ad-MSCs 

were killed in all conditions, yet the dying cells provided substantial support for A431 

cell growth compared to mono-culture conditions. Notably, cancer cells survived higher 

cisplatin concentrations, suggesting that the protective effect of MSCs was not based on 

the physical arrest of A431 cells. TO-PRO-3 staining revealed the presence of dead cells 

in spheroids as a function of GFP and mCherry expression (Fig. 15 C). Flow cytometric 

analysis of six spheroids further supported these findings (Fig. 15 C and D). 
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Figure 15. Endpoint images of 3D co-cultured A431-mch and Ad-MSC-GFP 3 cells in 

different ratios, treated with 2μM, 10μM, 20μM cisplatin and 8μM, 30μM nutlin-3. Cells 
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were imaged every 5 hours, creating a record of 120 hours (A), and growth curves were 

plotted by intensity analysis of GFP and mCherry fluorescence at each point (B). The 

same heat map setup was used as in Fig. 11 C. The scale bar represents 250µm. FACS 

analysis of mono-cultured and co-cultured spheroids, dead cells were stained with TO-

PRO-3. The percentage of dead cells is shown by the correlation between GFP-TO-PRO-

3 and mCh-TO-PRO-3 (C). Quadrants measured in percentage by flow cytometry (D).  

4.12. Rare double fluorescence (GFP+ and mCh+) cells in co-cultures 

The study conducted flow cytometry studies on co-cultures and found a unique  

mCherry - GFP double fluorescent cell population. These cells were multi-nucleated and 

larger than A341 cells, suggesting that they were likely to be derived from the MSC 

compartment (Fig. 16 A). The same was confirmed by the FSC- SSC flow cytometry 

analysis, which can be described as MSCs in terms of size scatter and granularity  

(Fig. 16 A and B). Phalloidin staining revealed changes in morphology, size, and stress 

fibers in the cells, indicating the altered cell shape (Fig. 16 C). This finding supports the 

previous research by Liu et al, who observed that flow cytometric analysis revealed 

yellowish fluorescent hybrid cells with binucleated morphology. The double fluorescent 

cells showed a higher morphology than naive MSCs after reseeding and were formed by 

spontaneous cell fusion (74). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/hybrid-cell
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Figure 16. Examination of GFP+ and mCh+ cells by flow cytometry and microscopy. 

Flow cytometric analysis of control Ad-MSC-GFP 3 and A431-mCh cells (A). A double 

fluorescent, positive to GFP and mCh cell population appeared under co-culture 

conditions. Dual culture validation under fluorescent microscope (B). F-actin 

cytoskeletal component was stained with Phalloidin-633 in co-culture. White arrows 

show double fluorescent (GFP and mCherry) cells. These cells were found to be bi-or 

multinucleated and positive for actin staining (C). The scale bar represents 200µm. 
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5. Discussion 

 

Our main goal was to investigate the role of mesenchymal stem cells (MSCs) in cancer 

drug resistance, first by comparing how MSCs and cancer cells react to several clinically 

used compounds separately, and then how they influence each other’s survival and drug 

tolerance when cultured together in 2D and 3D. 

Despite being one of the most prevalent cell types in the tumor microenvironment (TME), 

the response of MSCs to chemotherapy remains largely unexplored. Prior to our work, 

MSCs had not been subjected to comprehensive drug sensitivity assessment (75). Our 

research aimed to compare the drug sensitivity of six MSC lines derived from individuals 

without cancer with three commonly studied cancer cell lines. We evaluated the response 

of these cells to nine distinct compounds that varied in structure and mechanism, and 

focused on three of them for a more detailed analysis. 

MSCs showed remarkable resilience, often up to 10 000-fold, to DNA intercalation 

(cisplatin), inhibition of topoisomerases I and II (irinotecan and mitoxantrone), and 

disruption of microtubules (vinblastine) during screening. These findings are consistent 

with previous studies by other researchers who also tested these compounds on MSCs. 

Nicolay et al. demonstrated that MSCs derived from bone marrow (BM) and 

differentiated fibroblasts showed resistance to irinotecan and etoposide, most likely to be 

due to their efficient DNA repair mechanisms (76). Both Mueller and Liang et al. 

discovered that MSCs from bone marrow and adipose tissue show resistance to cisplatin, 

vincristine, and camptothecin, and also recover rapidly after exposure to these drugs (77, 

78). It is commonly understood that chemotherapy specifically targets rapidly dividing 

cancer cells, which has a lesser effect on healthy tissues. This is due to the fact that 

quiescent and slowly cycling normal cells have lower levels of active DNA synthesis and 

other proliferation-related activities that are typically targeted by chemotherapeutic 

agents (79, 80). Given that MSCs proliferate at a significantly slower rate, this observed 

resistance can be explained. 

Contrary to the prevailing belief in the scientific literature that mesenchymal stem cells 

(MSCs) are resistant to chemotherapy, our experiments have yielded remarkable findings 

that challenge this notion.  
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Surprisingly, four different chemotherapeutic compounds showed significant 

effectiveness against all cell lines, with no discernible benefit for MSCs over cancer cells. 

The compounds, including bendamustine for intrastrand crosslinking, doxorubicin for 

topoisomerase II inhibition, TPEN for inducing ROS damage, and the antimetabolite 

methotrexate affected MSCs in a manner similar to cancer cells.  

While previous studies did not directly test bendamustine on MSCs, conflicting results 

have been reported, suggesting potential negative effects on stem cell mobilization in 

patients. However, low toxicity has been observed in vitro in hematopoietic stem cell 

cultures (81).  

Some studies have found that doxorubicin and mitoxantrone are mildly toxic to 

mesenchymal stem cells, but no phenotypic changes or cell death have been reported. 

MSCs isolated from doxorubicin-treated rats showed activated DNA damage response 

pathways, S-phase arrest, and increased subG1 subpopulation, whereas mitoxantrone 

caused premature senescence in MSCs from dental pulp and dermal fibroblasts, 

suggesting that topoisomerase II inhibition also severely damages MSCs (82, 83). 

Importantly, this work did not compare the sensitivity of MSCs to cancer cells.  

TPEN is a cell permeable Zn2+ chelator that is used to induce oxidative stress through 

dysregulation of ROS detoxification (84, 85). The sensitivity of MSCs to ROS remains 

unclear: some reports indicate that MSCs have lower basal levels of ROS and higher 

levels of the antioxidant glutathione, which protects cells from oxidative attacks (86), 

while other reports indicate that MSCs are more sensitive to ROS than differentiated cells, 

ROS accumulation leading to DNA damage and senescence, and that exogenous 

antioxidants are required to restore resistance to oxidative stress (87, 88). In our 

experiments, TPEN treatment was equally toxic to MSCs and cancer cells, suggesting 

that MSCs do not benefit from ROS-mediated damage. 

The antimetabolite drug methotrexate, used to treat cancer and rheumatoid arthritis, 

interferes with thymidine synthesis by DHFR. The effects of methotrexate depend largely 

on the expression and structure of DHFR. Mutations in the active site of the enzyme or 

lower expression levels can render cells resistant to drugs (89). Consistent with our 

findings, Perez et al. reported that MSCs showed resistance to antimetabolites such as  

5-fluorouracil and gemcitabine, and retained their stemness after treatment, probably due 
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to increased DNA metabolism and increased expression of multidrug resistance 

transporters (90). In our case, the only significant outlier was the A431 cell line, which 

was found to be highly sensitive to this compound, probably due to cell-specific DHFR 

status or the fact that A431 is the only p53 mutant in the cell line group (91).  

Nutlin-3 is a potent inhibitor of the MDM2-p53 interaction and is designed to selectively 

kill wild-type p53-expressing cells (92). In our tests, only A431 was found to be resistant 

to nutlin-3, the only cell line with mutant p53 expression (Fig. 5.). 

Analyzing DNA damage in MSCs and cancer cells after various treatments showed how 

differently the two cell types responded to toxic insults. In cytotoxicity assays, 

doxorubicin was equally toxic to MSCs and cancer cells; however, there were fewer DNA 

double-strand breaks (DSBs) in MSCs, indicating increased DNA repair. Although it is 

also known that MSCs can successfully repair DSBs after treatment with drugs, such as 

bleomycin, it was still not sufficient to protect cells from the cytotoxic effects of 

doxorubicin. In addition, nutlin-3 did not cause DNA damage only in cancer cells but 

killed only MSCs expressing p53-wt, suggesting that the amount of DNA DSBs does not 

correctly predict survival after drug treatment (Fig. 8.). 

Treatment-induced ROS generation was also examined, but surprisingly, only nutlin-3 

significantly increased ROS levels in cancer cells and MSCs. Although others have 

hypothesized that nutlin-3 induces ROS by increasing p53 and mitochondrial 

translocation levels, leading to increased ROS, in our assay, both p53+/+ cells (MSCs) and 

p53-/- (A431) showed strong increase, but again only MSCs were killed after treatment 

(Fig. 8.). 

The most notable outcome was that MSCs are unable to die via apoptosis. Other research 

studies suggest that MSCs have a higher threshold for apoptosis (77), but the exact 

magnitude of this phenomenon has never been demonstrated before. Some annexin-

positive, late apoptotic cells were observed in the cultures of MSCs after treatment with 

high concentrations of doxorubicin and nutlin-3 (1μM and 50μM, respectively); however, 

no distinct, apoptotic populations were observed and when the gating strategy was 

different, these cells were lost at the late stage of apoptosis, indicating  that treatment 

caused an extremely high level of apoptosis in cancer cells that did not activate the same 

cell death pathways in MSCs. However, the same concentration of doxorubicin and 
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nutlin-3, but not cisplatin, led to necrotic cell death in MSCs, suggesting that 

mesenchymal stem cells are susceptible to death by chemotherapy, but the mechanism is 

different. We failed to induce apoptosis in MSCs using multiple concentrations of 

mitoxantrone, staurosporine (a multiple kinase inhibitor), H2O2 (oxidative stress inducer) 

and CoCl2 (hypoxia inducer). Others have reported that chemotherapy can induce 

apoptosis in MSCs; however, these investigations have shown only a minor increase in 

cleaved caspase-3 or annexin-V binding (76, 83, 90, 93). This observation suggests that 

MSCs are inherently unable to die by apoptosis or prefer other modes of cell death (Fig. 

9.). 

To assess the extent to which MSCs transition into senescence instead of death, the 

function of the SA-ß-GAL was studied after 12 days of treatment with the drugs, but no 

significant differences were found. The only change observed was a decrease in the 

proliferation rate in both cell types. As cancer cells have been shown to die following 

drug treatment, one possible explanation is that MSCs reduce the rate of their cell cycle 

progression and take time to avoid apoptosis, and follow a different path instead. 

Overall, our results demonstrate significant differences in the response of MSCs and 

cancer cells to drugs, suggesting that the complex nature of the TME is likely to have a 

significant impact on cancer treatment. These findings will facilitate the design of rational 

combinations of drugs that target both mesenchymal stem cells and cancer cells in the 

tumor microenvironment. 

To establish our co-culture system of MSCs and cancer cells, we first analyzed the effects 

of 2D co-culturing on cytokine secretion. Although growing the two cell types together 

did not induce the secretion of different cytokines compared to mono-cultures, the 

secretion profile of the already detected molecules was changed (Fig. 11.). For example, 

the concentration of CCL5 was reduced in co-cultures despite being secreted by A431 

cells. As CCL5 is an inflammatory cytokine, which increases tumor growth, induces 

extracellular matrix remodeling and enhances tumor cell migration (94), its decrease can 

be explained by the remarkable anti-inflammatory effect of MSCs (95), suggesting that 

tumor-naive MSCs can slow down cancer progression by altering the inflammatory TME. 

Interestingly, the IL6-IL8 axis shifted in co-cultures: while IL-8 was secreted by both 

cells in mono-cultures, its level decreased in co-cultures, but, simultaneously, the 
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concentration of IL-6 increased despite the fact that MSCs secreted only low amount of 

it and A431 secrete none. These changes suggest that only a short-term co-culturing could 

alter the behaviour of both cell types. 

This effect could also explain how MSCs promote cancer cell growth and survival at 

certain Ad-MSC:A431 ratios (Fig. 13.). There are serious discrepancies around the initial 

role of MSCs in early tumor development, with some studies claiming that MSCs actively 

suppress cancer cells, while other works show the opposite. For example, the viability of 

MDA-MB-231 breast cancer cells was reduced after co-cultured with MSCs due to the 

inhibition of notch signaling, an essential pathway for tumorigenesis (96) or, similarly, 

MSCs have been reported to inhibit the growth of breast cancer cells through disrupting 

the Wnt-pathway (97). In addition, MSCs could regulate AKT activity in Kaposi's 

sarcoma to limit tumor growth in vivo (98), increase mRNA expression of caspase 3 and 

p21, a negative regulator of  cell cycle in tumor cells and can stop cancer from spreading 

both in vitro and in vivo by causing cancer cells to undergo apoptosis and G0/G1 phase 

arrest (52). Conversely, MSCs (99) induce angiogenesis (100), suppress immune 

response and immune cell infiltration at the tumor site (101), increase motility and 

migration (102) and promote drug resistance (103). Our results suggest that the anti- or 

pro-tumorigenic role of MSCs may depend on the MSC - cancer cell ratio in the TME, as 

we observed MSCs support cancer cell proliferation and survive only at certain 

proportions. Moreover, despite some growth benefit in 2D co-cultures, drug resistance 

did not emerge in cancer cells, which could mean that physical proximity and altered 

cytokine secretion profile are not sufficient to protect the cells from cytotoxic drugs  

(Fig. 13.). 

Surprisingly, the established 3D co-cultures were organized around the same pattern: 

MSCs provide a dense interior feeder core, while the A431 cells form a mantle-like outer 

layer (Fig. 15.). It is not fully understood whether this structure is specific to these two 

cell lines  or not; however we have found reports with quite similar 3D composition of 

human lung cancer cells and adipose-tissue derived from mouse MSCs, using a thin 

chitosan-hyaluronan matrix-based substratum, called the “core-shell structure” (104). On 

the other hand, in a thought-provoking work on how cancer cells cannibalize MSCs and 

enter dormancy, the results suggest that this happens the other way around: MSCs 
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virtually encapsulate cancer cells in 3D spheroids (105). This discrepancy may arise from 

the cancer cell lines selected. Similarly to Han et al., we used cell lines with epithelial 

phenotype (A431 and A549), while the study by Bartosh et al., on MDA-MB-231 

contained a well-known post-EMT cell line with mesenchymal morphology. This may 

explain the differences in the inner structures of the established spheroids. 

Our study identified a novel but rare subpopulation of cells that had fluorescent properties 

of both Ad-MSC-GFP-3 and A431-mCh (Fig. 16.). Fluorescent microscopy revealed that 

these cells showed a larger size compared to cancer cells and different morphology 

compared to MSCs, but most importantly, these cells had multiple nuclei. This 

phenomenon was previously described by Liu et al. when squamous cell carcinoma 

(SCC) cells were co-cultured with bone marrow MSCs (74). Similar to our findings, these 

double fluorescent cells were rare (~1.6%), had altered morphology and synthesized 

stress fibers, although only mesenchymal morphology was observed in this 

subpopulation, Liu et al. found mainly epithelial morphology in the double fluorescent 

population, which they termed MSC/SCC fused cells. In addition, they claim that these 

cells are cancer cells that have somehow fused with MSC and have even shown 

tumorigenic potential. In our hands, the double fluorescent cells are more likely to be 

MSCs with incorporated cancer cells, but their true origin and role in progression and 

drug resistance have not been studied. 

The most intriguing observations were made during the study of 3D spheroids. A431 

spheroids could not grow under any conditions when cultured alone; however, even the 

smallest number of additional MSCs was sufficient, not only to stabilize cell number and 

avoid shrinking, but also to support some growth (Fig. 15.). In addition, co-culture with 

MSCs increased drug tolerability of A431 cells, and although even 2μM cisplatin 

inhibited proliferation and killed cells in 2D, treatment with 10μM cisplatin was tolerated 

in 3D co-cultures. This result is even more significant if we consider that cancer cells are 

located in the outer layer (in the “shell”) of the spheroid and are not physically protected 

by the MSCs. Surprisingly, when we targeted the MSCs with nutlin-3, despite the 

diminishing inner core and the dying cells, the effect of the MSCs was still sufficient to 

support A431 cells. There are a number of known ways in which MSCs promote drug 

resistance in cancer cells, mainly through the secretion of cytokines such as IL-6, IL-7 
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and IL-8, for example in head and neck carcinomas where these molecules induce 

paclitaxel resistance (106). In our system, the overexpression of IL-6 and IL-8 was not 

sufficient to increase drug resistance in cancer cells, suggesting that either another factor 

or a physical interaction between cell types is missing.  

In a recently published work, the relationship between the quantity of the stromal 

compartment and prognosis was thoroughly analyzed across 16 solid tumor types (107). 

The results challenged the common view that a more reactive stroma in tumors correlates 

with a poorer prognosis. Our findings support this argument and show that different levels 

of ratio, physical proximity, and secreted cytokines are required for MSCs to help cancer 

cells survive. In summary, our work suggests that MSCs may play a role in cancer drug 

resistance, but this effect may depend on other circumstances that have to be accounted 

for. 
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6. Conclusions 

 

➤  As expected, MSCs show increased tolerance to certain compounds, but surprisingly, 

these cells were found to be more sensitive or similarly sensitive to other compounds than 

tumor cells. This effect cannot be explained by differences in proliferation rate. 

 

➤  Despite the fact that the treatments applied were designed to induce apoptosis, MSCs 

showed no signs of programmed cell death, suggesting that these cells prefer other 

pathways or mechanisms. 

 

➤ Treatment-induced DNA damage and ROS induction are likely to play a role in 

determining cell fate, but their presence is not sufficient to predict the outcome, as neither 

correlated with drug response. They do not explain treatment-induced senescence (TIS) 

of MSCs, as no signs of TIS were observed. 

 

➤  MSCs and cancer cells co-cultured in 3D spheroids are organized in a surprising outer 

shell (cancer cells) - inner core (MSCs) structure. 

 

➤  Co-culturing MSCs and cancer cells for 5 days slightly changes cytokine secretion. 

Although it is not sufficient to trigger the secretion of novel chemokines and cytokines, 

it may change the levels of the originally secreted ones. 2D co-culturing of MSCs and 

cancer cells has no effect on cancer cell survival and drug sensitivity, but 3D spheroids 

in the presence of internal MSCs rescued cancer cells and significantly increased drug 

tolerability. 

 

➤ Analyzing the co-cultures with flow cytometry revealed a new GFP+/mCh+ cell 

population showing positivity to both fluorescent tags. These double positive ‘hybrid’ 

cells show MSC-like morphology, which may suggest that MSCs may ‘cannibalize’ 

cancer cells.  
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7. Summary 

 

Targeting the TME has shown promising results in both preclinical and clinical studies 

as a therapeutic strategy for various types of cancer. Disrupting the stromal-cancer cell 

interactions can inhibit tumor growth, reduce metastatic spread, and improve patient 

outcomes. 

As tumor microenvironment plays a pivotal role in tumor development, our work sheds 

light on how MSCs and cancer cells respond to various types of chemotherapeutics in 2D 

and 3D, as well as in co-cultures. Combating drug resistance is one of the greatest 

challenges in cancer treatment and despite the fact that tumor microenvironment may be 

an integral part of therapy failure, we still do not fully understand the role of MSCs in it. 

We have selected nine chemotherapeutic agents with different mechanisms of action, 

tested them on MSCs and cancer cells, and showed for the first time that MSCs are also 

susceptible to certain drugs, no matter whether their proliferation rate is significantly 

lower compared to cancer cells. Strikingly, no signs of apoptosis were observed in MSCs, 

suggesting alternative mechanisms of cell death.  

We also created a novel and reproducible 3D spheroid model to study the interactions of 

MSCs and cancer cells in a 3D environment. Using this model, we demonstrated that 

close physical proximity of MSCs is required to support cancer cell survival during 

chemotherapeutic treatment, as no increased cancer cell drug tolerance was found in 2D 

co-cultures.  

The TME is a complex system that plays a major role in tumor development and treatment 

response. Understanding its true role could change the game, opening new avenues for 

designing smart drugs to target MSCs alone or in combination with cancer cells to 

enhance therapeutic efficacy. From a practical point of view, our results can be used as a 

template for in vitro ascertainment of patient-derived tumors, using not only the cancer 

cells but also CA-MSCs to construct spheroids that more accurately model drug response. 

It is impossible to predict what TME research holds for the future, but it will certainly be 

exciting and important. We hope that the observations we have made and the models we 

have developed can contribute to new discoveries in the field.  
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