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Abstract: Among the newer choices of targeted therapies against cancer, stem cell therapy is gaining
importance because of their antitumor properties. Stem cells suppress growth, metastasis, and
angiogenesis, and induce apoptosis in cancer cells. In this study, we have examined the impact of the
cellular component and the secretome of preconditioned and naïve placenta-derived Chorionic Villus
Mesenchymal Stem Cells (CVMSCs) on the functional characteristics of the Human Breast Cancer
cell line MDA231. MDA231 cells were treated with preconditioned CVMSCs and their conditioned
media (CM), followed by an evaluation of their functional activities and modulation in gene and
protein expression. Human Mammary Epithelial Cells (HMECs) were used as a control. CM obtained
from the preconditioned CVMSCs significantly altered the proliferation of MDA231 cells, yet no
change in other phenotypes, such as adhesion, migration, and invasion, were observed at various
concentrations and time points tested. However, the cellular component of preconditioned CVMSCs
significantly inhibited several phenotypes of MDA231 cells, including proliferation, migration, and
invasion. CVMSCs-treated MDA231 cells exhibited modulation in the expression of various genes
involved in apoptosis, oncogenesis, and Epithelial to Mesenchymal Transition (EMT), explaining the
changes in the invasive behavior of MDA231 cells. These studies reveal that preconditioned CVMSCs
may make useful candidate in a stem cell-based therapy against cancer.

Keywords: chorionic villus MSCs; MDA231; HMECs; conditioned media; adhesion; proliferation;
migration; invasion; flow cytometry; epithelial to mesenchymal transition (EMT)

1. Introduction

Although tremendous advances have been made in the early detection, prevention, di-
agnosis, and treatment of cancer, it remains the major cause of overall deaths worldwide [1].
Among all the cancers, breast cancer has replaced lung cancer as the most diagnosed cancer
globally [2,3]. It accounts for one out of eight new cancer diagnoses. In 2020 alone, it was
the most diagnosed cancers in women, and an estimated 685,000 patients, corresponding
to 16% of women, died from breast cancer [1]. Although great improvements have been
made in cancer therapies, including targeted therapies, biomarker driven treatment ap-
proaches, and combinatorial therapies, that have resulted in extending the overall survival
of cancer patients, yet the success in the fight against cancer remains disappointing to a
large extent [4]. The specificity and heterogeneity of tumors remain the main obstacle for
the successful outcome of traditional therapies including chemotherapy, radiotherapy, and
resection by surgery [2,3]. To overcome the drawbacks of the conventional therapies, new
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technologies have been proposed, developed, and tested in cancer patients. They include
cancer vaccines, monoclonal antibodies, and cell-based therapies such as chimeric antigen
receptor (CAR)-T-cell therapy and stem cell-based therapies [4]. In spite of their diversity
and heterogeneity, and still being in the early phases of development [5], stem cells are
gaining traction as a popular choice of treatment against cancer because of their antitumor
effects, specific target effects through homing, and minimal off-target effects [6,7].

Stem cells isolated from adult tissues, Mesenchymal Stem/Stromal Cells (MSCs),
exhibit enormous potential to be used in stem cell-based therapies. They are isolated
from different tissues such as bone marrow, umbilical cord, dental pulp, adipose tissue,
and from human term placenta [8]. MSCs have the capacity to grow on plastic, exhibit
self-renewal capabilities, and differentiation potential. Upon stimulation, they differenti-
ate into adipocytes, chondrocytes, and astrocytes [9]. Due to their varied features, such
as differentiation capacity, homing to the injured and inflamed sites, the modulation of
immune responses, and pro-proliferative and migratory potential, MSCs are considered as
attractive candidates in immunomodulatory disorders, regenerative therapy approaches,
and as therapeutic agents against cancer [10]. Furthermore, like wound and tumor mi-
croenvironment share similarities, MSCs have shown to respond in a similar way to cancer
associated inflammatory signals and home to the tumor microenvironment [11,12].

Various in vitro studies have reported the antitumor and pro-apoptotic properties
of MSCs through the inhibition of tumor growth and metastasis, modulating immune
responses, impeding angiogenesis, regulating the cell cycle, and the induction of apopto-
sis [13]. In co-culture experiments, umbilical cord-derived stem cells have shown apoptosis
of GBM cell lines mediated through the tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) [14]. Multiple animal studies have also confirmed the antitumor
effects of naive MSCs and demonstrated that MSC therapy decreases the growth of glioma,
melanoma, and lung and breast cancers [15]. In a melanoma mouse model, the subcuta-
neous injection of MSCs-initiated apoptosis resulted in tumor regression [16]. In addition,
preconditioned MSCs have been shown to secrete various bioactive molecules in their
conditioned media, with pro-apoptotic and anti-proliferative properties, making them a
promising choice for targeted therapies against cancer [17,18].

We have previously reported the isolation and characterization of Decidua Basalis
Mesenchymal Stem Cells (DBMSCs), Decidua Parietalis Mesenchymal Stem Cells (DPM-
SCs), and Chorionic Villus Mesenchymal Stem Cells (CVMSCs) from human term placenta
and have studied their immunomodulatory properties [19–22]. We have recently reported
that, after preconditioning, CVMSCs retain the ability to survive, adhere, and migrate
in a medium that mimics the cancer microenvironment [23]. Preconditioned CVMSCs
exhibited an increased expression of genes with anti-cancer properties, demonstrating that,
in addition to retaining their normal function, they also express anti-tumor molecules in
the tumor setting [23].

For clinical applications of CVMSCs in cell-based therapies against tumors, it is per-
tinent to evaluate the physiological effect of the CVMSCs as cells, and their secretome in
the form of conditioned media on the tumor cell lines. In this study, we have investigated
the effects of the cellular component and the secretome of CVMSCs on the functional
consequences of the human breast cancer cell line MDA-MB-231 (MDA231). After per-
forming a spatial and temporal treatment of MDA231 cells with the CVMSCs and their
conditioned media (CM), we evaluated their functional and phenotypic properties such
as adhesion, proliferation, migration, and invasion. The genomic analysis of various
prominent genes that play important roles in breast cancer development, progression and
Epithelial to Mesenchymal Transition (EMT) was evaluated by mRNA analysis and verified
by flow cytometry.
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2. Results
2.1. The Standardization of CM Concentration, Cellular Ratios, and Preconditioning Time

We evaluated the optimum concentration of CM from preconditioned CVMSCs, as well
as the appropriate number of CVMSCs which had a quantifiable impact on the functional
outcome of the MDA231 cells. We selected the CM concentration dose at 5%, 10%, and 25%,
and subsequently four cellular ratios of 2:1, 1:1; 1:2, and 1:5 for MDA231 to CVMSCs and
HMECs to CVMSCs cells were used in all experiments. For cellular contact, the MDA231
or HMECs were treated in intracellular (IC) settings. The MDA231 cells were incubated for
24 H, 48 H, and 72 H, after the CM or cellular component treatment of CVMSCs. The MTS
assay was performed on treated MDA231 cells to assess their temporal effects.

To determine the appropriate dose of CM-CVMSCs, which has a measurable effect
on the functional characteristics of MDA231 cells, three doses of CM-CVMSCs at 5%, 10%,
and 25% (CM obtained from preconditioned CVMSCs diluted in complete medium to
obtain the working concentration doses) were selected to treat the HMEC and MDA231
cells. After treatment, the cells were incubated at 24 H, 48 H, and 72 H, which was followed
by the MTS assay. Figure 1A(i–iii) shows that the CM of preconditioned CVMSCs did not
modulate the proliferation of HMEC cells at any of the doses tested at any of the time
points selected, although in the MDA231 cells as shown in Figure 1B(i,ii), after 24 H and
48 H of treatment, no concentration tested modulated the proliferation of MDA231 cells
in the MTS assay. However, after 72 H (Figure 1B(iii)) of sustained treatment with CM of
CVMSC, the MDA231 cells showed a dose-dependent reduction in overall proliferation,
which reached to the significant level (p < 0.05) at 10% and 25% CM of CVMSCs against
5% and CM of naïve CVMSCs used as control. Since this response was more robust and
significant (p < 0.05) at 25% of treatment after incubation for 72 H, the exposure time of
72 H was chosen for the treatment of MDA231 cells with 25% of CM and was selected to
study their effect on the functional outcome of MDA231 cells.

HMEC cells co-cultured with preconditioned CVMSCs in the IC setting did not show
any modulation in proliferation at 2:1, 1:1; 1:2, or 1:5 cellular ratio (HMECs: CVMSCs) at
any of the time points tested, as shown in Figure 2A(i–iii). Although MDA231 cells also did
not exhibit any change in proliferation after treatment with CVMSCs at 24 and 48 H at 2:1,
1:1; 1:2, or at 1:5 (Figure 2B(i,ii)) cellular ratio (MDA231: CVMSCs), at a cellular ratio of
1:5 and after 72 H of incubation, MDA231 cells showed significantly reduced proliferation
(p < 0.05), as shown in Figure 2B(iii), as compared to the untreated control. Thus, an
exposure time of 72 H was chosen for the treatment of MDA231 cells with CVMSCs at
1:5 cellular ratio to study their functional consequences.

2.2. CM-CVMSCs Enhance Proliferation but No Other Phenotype of MDA231 Cells

MDA231 cells were incubated with CM of preconditioned CVMSCs for 72 H at a
ratio of 1:5. The cells were washed with PBS, before harvesting and being subjected to cell
analysis by xCELLigence Real-Time Cell Analyzer (RTCA) to measure the effect of CM on
MDA231 cells. Untreated MDA231 cells in complete medium and the cells treated with
CM of naïve CVMSCs served as control. The cell viability of MDA231 cells after treatment
was evaluated by Trypan Blue and was found at >95%.

As shown in Figure 3A(i,ii), the adhesion of MDA231 to the extracellular matrix
did not change when treated with CM of preconditioned CVMSCs at 5%, 20%, or 25%
as compared to the 25% CM from naïve CVMSCs and untreated control MDA231 cells.
Figure 3A(i) shows the normalized cell index during the first two hours of the experiment,
whereas Figure 3A(ii) depicts the bar diagram of the average cell index, recorded in the
first two hours of the experiment.
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Figure 1. Standardization of incubation time and CM dose for treatment of MDA231 and HMEC 
cells: the effect on HMEC and MDA231 cells in response to different concentrations of CM-CVMSCs 
at 24 H, 48 H, and 72 H post treatment, using MTS assay. The CM of preconditioned CVMSCs did 
not change the proliferation of HMEC cell proliferation at any of the CM concentrations tested at 
any time point tested (A(i–iii)). Although, after treatment with CM of preconditioned CVMSCs for 
24 and 48 H (B(i,ii)), the proliferation of MDA231 cells did not change in response to the CM con-
centration of 5% and 10%, at 25% ratio their proliferation reduced significantly at 72 H treatment 
(B(iii)) as compared to untreated controls. Each experiment was repeated three times with CM col-
lected from preconditioned and naïve CVMSCs isolated from five different placentas. Bars represent 
standard errors. * p < 0.05. 

Figure 1. Standardization of incubation time and CM dose for treatment of MDA231 and HMEC
cells: the effect on HMEC and MDA231 cells in response to different concentrations of CM-CVMSCs
at 24 H, 48 H, and 72 H post treatment, using MTS assay. The CM of preconditioned CVMSCs did
not change the proliferation of HMEC cell proliferation at any of the CM concentrations tested at any
time point tested (A(i–iii)). Although, after treatment with CM of preconditioned CVMSCs for 24 and
48 H (B(i,ii)), the proliferation of MDA231 cells did not change in response to the CM concentration
of 5% and 10%, at 25% ratio their proliferation reduced significantly at 72 H treatment (B(iii)) as
compared to untreated controls. Each experiment was repeated three times with CM collected from
preconditioned and naïve CVMSCs isolated from five different placentas. Bars represent standard
errors. * p < 0.05.

Treatment with 10% and 25% of CM from preconditioned CVMSC and incubated
for 72 H reduced the proliferation of MDA231 significantly (p < 0.05) as compared to the
treatment with 25% CM from naïve CVMSCs and untreated control MDA231 control cells.
Figure 3B(i) shows the normalized cell index recorded during 72 H of the experiment,
whereas Figure 3B(ii) depicts the mean cell index in the bar diagram, comparing different
treated groups with the 25% CM from naïve CVMSCs-treated MDA231 cells and the
untreated control cells.
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ation reduced significantly as compared to the untreated control cells (B(iii)). Each experiment was 
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Figure 2. Standardization of co-culture time and cellular ratio for treatment of MDA231 and HMEC
cells: the cellular component of preconditioned CVMSCs did not have any measurable effect on
HMEC cell proliferation at various time points (24 H, 48 H and 72 H) and at various cellular ratios
tested (A(i–iii)). However, after treatment with preconditioned CVMSCs for 24 H and 48 H (B(i,ii)),
the proliferation of MDA231 cells did not change in response to the cellular ratios of 2:1, 1:1, 1:2, or
1:5 pertaining to MDA231 to CVMSCs cells, and as compared to untreated controls. In comparison, at
72 H post treatment, MDA231 cell proliferation decreased in a dose-dependent manner at the cellular
ratios of 1:1 and 1:2, but at the 1:5 ratio (between the MDA231 and CVMSCs) their proliferation
reduced significantly as compared to the untreated control cells (B(iii)). Each experiment was
repeated three times with preconditioned and naïve CVMSCs isolated from five different placentas.
Bars represent standard errors. * p < 0.05.

Contrary to increased proliferation, and as compared to the untreated control and after
treatment with CM from the untreated CVMSCs, the MDA231 cells treated with CM from
preconditioned CVMSCs at 5%, 10% and 25% concentration did not depict any change
in cellular migration as evaluated in the xCELLigence RTCA system (Figure 3C(i)). The
average cell index calculated from the xCELLigence RTCA data reflected a similar trend,
with no significant change in the cellular migration of MDA231 cells against the control
groups (Figure 3C(ii)).

Like migration, the cellular invasion of MDA231 cells incubated with CM of precondi-
tioned CVMSCs at 5%, 10%, or 25% did not show any significant reduction as compared to
CM from naïve CVMSCs, either treated or the untreated control (Figure 3D(i)). The average
cell index of the invading cells reflected the trend, calculated from the data obtained in the
xCELLigence RTCA analysis (Figure 3D(ii)).
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Figure 3. Effect of CM from preconditioned CVMSCs on MDA231 functions: MDA231 functions
including cellular adhesion, proliferation, migration, and invasion, were evaluated with the xCELLi-
gence RTCA system. In response to different concentrations of CM from preconditioned or naïve
CVMSCs, MDA231 cell adhesion decreased as compared to untreated control, yet the effect was
not statistically significant (A(i,ii)). However, proliferation of MDA231 cells decreased significantly
after treatment with 10% and 25% CM as compared to the 5% CM treatment and to the untreated
control (B(i,ii)). MDA231 cellular migration and invasion did not change significantly when treated
with the CM of preconditioned CVMSCs at 5%, 10%, or at 25% concentrations, as compared to the
untreated control (C(i,ii),D(i,ii)). Each experiment was repeated three times with CM collected from
preconditioned CVMSCs isolated from five different placentas. Bars represent standard errors. * p < 0.05.
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2.3. Preconditioned CVMSCs Suppress the Invasive Phenotype of MDA231 Cells

MDA231 cells co-cultured with preconditioned CVMSCs at the cellular ratios of 1:1,
1:2, and 1:5, pertaining to MDA231 cells to CVMSCs, did not show any significant change
in their adhesion potential as compared to MDA231 cells co-cultured with naïve cells or the
untreated control (Figure 4A(i)). The average cell index of the adhesion data as recorded in
the xCELLigence RTCA analysis shows the similar trend, and is recorded as a bar diagram,
as shown in (Figure 4A(ii)).

MDA231 cells exhibited a significant decrease in proliferation (p < 0.05) after treatment
with preconditioned CVMSCs at 1:2 and 1:5 cellular ratios (MDA231: CVMSCs), as com-
pared to treatment with naïve CVMSCs at 1:5 cellular ratios and in untreated controls in
xCELLigence RTCA system (Figure 4B(i)). As shown in Figure 4B(ii), the growth curves
obtained in the xCELLigence RTCA analysis corresponded to the average cell indices
calculated for each experimental group, whereas MDA231 cells showed a significant reduc-
tion in proliferation in co-culture settings pertaining to 1:2 and 1:5 (MDA231: CVMSCs)
cellular ratios.

In comparison to the results obtained for MDA231 cells after treatment with the CM
of preconditioned CVMSCs for migration potential, the co-culture of MDA231 cells with
preconditioned CVMSCs depicted decreased at both 1:2 and 1:5 (MDA231: CVMSCs)
cellular ratios compared to the cells treated with naïve CVMSCs and the untreated control,
as shown in Figure 4C(i). Although a reduction in MDA231 cellular migration was observed
at both 1:2 and 1:5 (MDA231: CVMSCs) co-culture settings, the decrease at 1:5 (MDA231:
CVMSCs) was found to be statistically significant (Figure 4C(ii)). Similar results were
obtained for MDA231 cellular invasion when they were co-cultured with preconditioned
CVMSCs at 1:2 and 1:5 cellular ratios as compared to treatment with untreated CVMSCs
and to the untreated control MDA231 cells (Figure 4D(i)). As observed for the migratory
potential after co-culture, the MDA231 cells showed a significant decrease (p < 0.05) in
cellular invasion at the cellular ratio of 1:5 (MDA231: CVMSCs) against the control groups,
as shown in Figure 4D(ii).

To confirm the modulation in migratory and invasive phenotypes of MDA231 cells
after co-culture with preconditioned CVMSCs, a transwell assay was performed to cor-
roborate the data obtained by the xCELLigence RTCA system. After co-culture for 72 H
in IC settings at 1:1; 1:2, and 1:5 ratios (MDA231: CVMSCs), the cells were made to pass
through an insert with a pore size of 8 µM for migration assays. As shown in Figure 5A(i,ii),
and as compared to the untreated control and the cells treated with naïve CVMSCs, the
co-culture of MDA231 cells with preconditioned CVMSCs at 1:1; 1:2, and 1:5 cellular ratios
exhibited a decrease in number of cells that migrated through the membrane (Figure 5A(i)).
The number of cells migrated though the membrane (shown as percent migrated cells) was
significantly reduced (p < 0.05) for 1:2 and 1:5 co-cultured MDA231 cells as compared to
the untreated control (Figure 5A(ii)).

The invasion of MDA231 cells treated with the cellular component of preconditioned
CVMSCs and the naïve CVMSCs was further examined by transwell assay using inserts
coated with Matrigel. The infiltration of MDA231 cells through the Matrigel-coated mem-
brane defines their invasion potential. MDA231 cells which had invaded through the
membrane were stained with crystal violet and counted. The invasion of MDA231 cells co-
cultured with preconditioned CVMSCs at ratios of 1:2 and 1:5 (MDA231: CVMSCs) in the
IC setting decreased as compared to co-culturing with untreated CVMSCs and untreated
controls (Figure 5B(i)). The number of invaded cells though the Matrigel-coated membrane
(shown as percent migrated cells) was significantly reduced (p < 0.05) in MDA231 cells
co-cultured with preconditioned CVMSCs at a 1:5 ratio, and as compared to the untreated
control cells (Figure 5B(ii)), indicating that preconditioned CVMSCs, but not the naïve
CVMSC, alter the invasive potential of MDA231 cells.
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Figure 4. Effect of the cellular component of preconditioned CVMSCs on MDA231 functions: after
treatment with preconditioned or with naïve CVMSCs in the IC setting, MDA231 functions such
as cellular adhesion, proliferation, migration, and invasion, were evaluated by the xCELLigence
RTCA system. In response to different cellular ratios (1:1; 1:2, and 1:5) of preconditioned or naïve
CVMSCs, MDA231 cell adhesion did not change, as compared to the untreated control MDA231
cells (A(i,ii)). However, proliferation of MDA231 cells decreased significantly after treatment with
preconditioned CVMSCs at 1:2 and 1:5 cellular ratios (MDA231: CVMSCs) and as compared to the
1:1 cellular ratio and to the untreated control (B(i,ii)). MDA231 cell migration decreased significantly
when treated with the cellular component of preconditioned CVMSCs at both 1:2 and 1:5 cellular
ratios in IC setting, as compared to the untreated control (C(i,ii)). Invasion of MDA231 changed
significantly when treated with preconditioned CVMSCs at 1:2 and 1:5 cellular ratios in IC setting.
However, at 1:1 ratio, the invasiveness of MDA231 cells did not change significantly as compared to
the untreated control cells (D(i,ii)). Each experiment was repeated in triplicate with CVMSCs isolated
from five different placentas. Bars represent standard errors. * p < 0.05.
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Figure 5. Effect of cellular component of preconditioned CVMSCs on MDA231 functions: migration of
MDA231 cells after treatment with preconditioned CVMSCs in IC settings for 72 H was evaluated by
transwell cell migration assay. Treated MDA231 cells with preconditioned CVMSCs in IC (at 1:2 and
1:5 cellular ratios) migrated at a significantly slower rate through the 8 µM pore of a transwell filter as
compared to 1:1 cellular ratios and untreated control cells. Panel (A(i)) shows the photomicrographs
of the migrated cells under various treatment conditions. After staining, the migrated cells in five
fields were counted and their percentage is presented in a bar graph (A(ii)). Invasion of MDA231
cells treated with preconditioned CVMSCs in IC setting was examined by a Matrigel coated transwell
filter with a pore size of 8 µM, as described in the Material and Methods section. MDA231 showed a
significant reduction in cellular invasion at 1:5 cellular ratio (MDA231: CVMSCs) in the IC setting
as compared to the 1:1 and 1:2 cellular ratios and untreated control experiment groups. Panel (B(i))
shows the photomicrographs of MDA231 cells that invaded through the Matrigel coated membrane
cells under different treatment conditions. The invaded cells were stained and counted in five
different fields. The percentage of invaded cells is presented as a bar graph (B(ii)). Each experiment
was repeated in triplicate with CVMSCs isolated from five different placentas. Scale bars, 100 µM.
Values are represented as means ± SE, * p < 0.05.
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These results are in agreement with the results obtained in the xCELLigence RTCA
assays for both the migration and invasion of MDA231 cells after treatment with precondi-
tioned CVMSCs.

2.4. CVMSCs Modulate the Expression of Genes Responsible for Breast Cancer Oncogenesis and
Metastasis in MDA231 Cells

The modulation of functionally relevant effectors responsible for phenotypic changes
and EMT in MDA231 cells after treatment with preconditioned CVMSCs or their secretome
was evaluated by employing RT-PCR analysis. We used an RT2 Profiler™ PCR Array
Human Breast Cancer kit (Qiagen Cat# PAHS-131ZR) to analyze modulation in the expres-
sion of molecules involved in breast oncogenesis and cancer progression at the RNA level.
Simultaneously, we used RT2 Profiler™ PCR Array Human Epithelial to Mesenchymal
Transition (Qiagen Cat# PAHS-090ZA) to analyze the modulation in expression of genes
responsible for EMT at the RNA level. Table 1 shows the expression of several molecules
with tumor suppressor or oncogenic properties in MDA231 cells after treatment with the
cellular component or secretome of preconditioned CVMSCs.

Table 1. Modulation in gene expression of MDA231 cells after treatment with CVMSCs: differential
gene expression was observed in MDA231 cells after treatment with CM at 25% and with precondi-
tioned CVMSCs at 1:5 ratio. The results were normalized with untreated controls and with GAPDH
as an internal control. RT-PCR was performed using RT2 Profiler Kit™, as described in the Materials
and Methods section. Three independent experiments were performed using CM and cells isolated
from five placentas. Data are expressed as fold change calculated from the ∆∆−2 values.

Oncogenes

Fold Change Expression as Compared to Control

Gene Symbol Gene Name CVMSCs CM 25% Treatment MDA231:CVMSCs (1:5) Treatment

1 AKT1 AKT Serine/Threonine Kinase 1 0.618622154 0.150137447

2 ATM Ataxia Telangiectasia Mutated 1.778029701 0.000298889

3 BIRC5 Baculoviral IAP Repeat Containing 5 1.233057039 0.619744644

4 CCND1 Cyclin D1 0.290049141 0.231581661

5 CCND2 Cyclin D2 1.287981276 0.040808033

6 CCNE1 Cyclin E1 1.864428555 0.004532964

7 CSF1 Colony Stimulating Factor 1 0.348220492 0.086619766

8 EGFR Epidermal Growth Factor Receptor 0.569847063 0.001123859

9 ERBB2 erb-b2 Receptor Tyrosine Kinase 2 0.598625231 0.00608788

10 ESR1 Estrogen Receptor Alpha 1.379391323 0.070357461

11 GRB7 Growth Factor Receptor-Bound Protein-7 1.307511163 0.737863692

12 GSTP1 Glutathione-S-transferase Pi 1 0.187847314 0.41971974

13 IDO Indoleamine-2,3-Dioxygenase Enzyme 0.285609401 0.269798431

14 IGF1R Insulin like Growth Factor 1 Receptor 0.588756921 0.174552115

15 IGFBP3 Insulin-like Growth Factor Binding Protein 3 1.26035563 0.80957975

16 IL6 Interleukin-6 0.759431623 0.001836595

17 JUN Jun Proto-oncogene. 0.479301652 0.003486001

18 KRT18 Keratin 18 0.578317336 0.535014722

19 KRT8 Keratin8 1.239435925 0.279858319

20 MKI67 Marker of Proliferation Ki-67 0.538599614 0.000380797

21 MMP2 Matrix Metalloproteinase 2 1.801857196 0.007483997

22 MMP7 Matrix Metalloproteinase 7 1.562817349 0.870375475

23 MUC1 Mucin 1 0.659100118 0.431684903

24 NOTCH1 Neurogenic Locus Notch Homolog Protein 1 1.081148284 0.350957369
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Table 1. Cont.

Oncogenes

Fold Change Expression as Compared to Control

Gene Symbol Gene Name CVMSCs CM 25% Treatment MDA231:CVMSCs (1:5) Treatment

25 PLAU Urokinase-Plasminogen Activator 0.428671888 0.69880195

26 PTGS2 Cyclooxygenase 2 1.156198717 0.003074883

27 SLC39A6 Solute Carrier Family 39 Member 6 1.348045319 0.819709278

28 TFF3 Trefoil Factor 3 1.163580106 0.003049453

29 TGFB1 Transforming Growth Factor 0.364712528 0.000123789

Tumor Suppressor Genes

1 CDKN1A Cyclin-dependent Kinase Inhibitor A 1.467611692 2.072603835

2 CDKN1C Cyclin Dependent Kinase Inhibitor 1C 2.097303084 3.08391553

3 IFN-γ Interferon Gamma 3.946022877 6.013921647

4 CDH1 E-Cadherin 1.80114776 2.529275488

5 RB1 Retinoblastoma Protein 1.210082072 2.477135473

6 SFRP1 Secreted Frizzled Related Protein 1 29.89537164 87.56450986

RNA expression levels of various functionally important oncogenes such as Cyclin D1,
SCF1, EGFR, ERBB2, GSTP1, IDO, IL6, NOTCH1, and TGFB1 were downregulated in
MDA231 cells treated either with 25% CM or directly with the cellular component of
preconditioned CVMSCs at a 1:5 cell ratio between MDA231 and CVMSCs. However, a
reduction in expression of other oncogenes including ATM, BIRC5, Cyclin D2, Cyclin E1,
ESR1, IGFBP3, MMP2, and MMP7 was found only in MDA231 cells treated with the cellular
component of preconditioned CVMSCs, but not with their CM. In addition, several tumor
suppressor genes including CDKN1A, CDKN1C, IFN-γ, CDH1, and RB1 were upregulated
in MDA231 cells after treatment with preconditioned CVMSCs in the IC setting, as well as
after their treatment with the CM from preconditioned CVMSCs.

The RNA expression levels of various effector molecules often upregulated during
EMT (Supplementary Table S1), such as BMP1, COL3A1, COL5A2, FOXC2, TIMP1, VCAN,
WNT5B, CALD1, CAMK2N1, CDH2, FN1, MMP9, SNAI1, SPARC, and TMEM132A, were
downregulated in MDA231 cells treated either with 25% CM or directly with the cellular
component of preconditioned CVMSCs at a 1:5 cell ratio between MDA231 and CVMSCs.
In addition, several genes including CAV2, FGFBP1, KRT19, MST1R, OCLN, and RGS2 were
upregulated in MDA231 cells after treatment with preconditioned CVMSCs as well as after
their CM. A significant modulation in the expression of genes involved in metastasis and
EMT, as observed in MDA231 cells after treatment with CM and with the cellular component
of preconditioned CVMSCs, was directly involved in various essential functions such as
cell growth and proliferation, cellular migration, motility and invasion, differentiation and
development, and cellular adhesion (Supplementary Table S2).

RNA expression was further validated at the proteomic level by performing a flow
cytometry analysis of a few important effector molecules involved in breast oncogenesis.
As shown in Figure 6A(i), the protein expression levels of tumor suppressor proteins CDH1
and IFN-γ increased significantly (p < 0.05) after treatment either with CM or the cellular
component of the preconditioned CVMSCs. Figure 6A(ii) shows the Mean Fluorescence
Index (MFI) of the expression levels observed in the flow cytometry analysis. Similarly,
protein expression levels for oncogenes such as IDO, IL6, MMP7, and TGF-β1 showed a
decreased trend in MDA231 cells treated either with CM or the preconditioned CVMSCs in
flow cytometry analysis (Figure 6B(i)). The analysis of the data, as shown in Figure 6B(ii),
depicted the decrease in expression of these oncogenes as statistically significant (p < 0.05)
as compared to the untreated controls, as well as their expression in MDA231 cells treated
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with the secretome or cellular component of the naïve CVMSCs. The results of all these
molecules were recorded in MFI units.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 13 of 27 
 

 

 
Figure 6. Modulation in expression of tumor suppressor proteins and oncogenes in MDA231 cells
treated with preconditioned CVMSCs: flow cytometry analysis for the expression of tumor suppressor
proteins modulated in MDA231 cells after treatment with preconditioned CVMSCs showed significant
increase in the expression levels for CDH1 and IFN-gamma in both IC and CM settings as compared to
untreated control (A(i)). Expression levels of oncogenes such as IDO, IL6, MMP7, and TGF-β1 reduced
significantly in MDA231 cells in both IC and SF setting as compared to untreated control (B(i)). Data
obtained by FACS analysis from three independent experiments were quantified and are shown in
bar graphs as Mean Florescence Index (MFI) pertaining to CDH1 and IFN-gamma (A(ii)), and IDO,
IL6, MMP7, and TGF-β1 (B(ii)), respectively. Bars represent standard errors. * p < 0.05.
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3. Discussion

Despite their contradictory properties, the therapeutic potentials of MSCs in various
diseases, such as immune mediated, cardiovascular, diabetes, and against cancer, are still
explored in various diseases [24,25]. Because of their secretion of a variety of bioactive
molecules, their paracrine activity against the surrounding cells, and their migration
(homing) to the sites of inflammation and injury, they are studied for clinical applications
including inflammation and injury, immune modulation, angiogenic, tissue regeneration,
and pro-apoptotic effects in cancer treatments [25–29].

We have earlier reported the isolation and characterization of CVMSCs from the chori-
onic villus region of human placentas. They secrete and express novel effector molecules
with an ability to modify the functional activities of their target cells, along with the
immunosuppressive properties by shifting pro inflammatory macrophages M1 to anti-
inflammatory M2 macrophages [20,30,31]. CVMSCs not only function normally in the
harsh oxidative stress environment induced by high levels of H2O2 and glucose, but also
protect the endothelial cells from their damaging effects [32,33]. In addition, CVMSCs
also enhance the anti-tumor properties of NK cells in vitro [34]. Furthermore, we have
recently reported that CVMSCs not only survived and functioned normally in the cancer
microenvironment, but their expression of pro-apoptotic and anti-cancer molecules was
also enhanced in the harsh and toxic environment, mimicking that of a tumor [23]. Such dis-
tinguishing properties make CVMSCs an attractive source of therapy to treat inflammatory
diseases such as cancer.

To explore the possibility of using CVMSCs as a possible therapy against tumor, we
investigated the impact of the secretome and the cellular content of CVMSCs on the breast
cancer cell line MDA231. We tested the secretome and cellular content of naïve CVMSCs,
as well as those from the cells incubated with the conditioned medium of MDA231 cells
(preconditioning) prior to the collection of secretome (CM-CVMSCs) and the cellular
content (preconditioned CVMSCs) (Figure 7 and Supplementary Figure S1).

Preconditioning, or “in vitro priming”, is a common and widely used approach to
modulate the behavior of MSCs by exposing them to certain selected factors such as
cytokines, interleukins, growth factors, etc., in the culture medium [35]. In vitro priming
has been used to investigate the anti-inflammatory phenotype of MSCs, which could be
used to enhance their migratory and homing potential [36]. The exposure of MSCs to TNF-
α not only improves their adhesion to endothelial cells, but also improved their migration
towards chemokines [37,38]. In addition, the exposure of MSCs to TGF-β1 resulted in
enhanced migration towards glioblastoma cells [39].

To enhance the anti-tumor properties of the CVMSCs, we first preconditioned the
CVMSCs using the secretome obtained from the culture of MDA231 cells. The cells were
treated with different doses of the secretome at various time points, as described previ-
ously [23]. Secretome and cells preconditioned for 72 H with 25%CM of MDA231 cells were
used in this study. It was necessary to determine the appropriate number of preconditioned
CVMSCs and the specific dose of their secretory component which had a measurable effect
on the performance of cancer cells. These spatiotemporal effects were measured while
treating the cancer cells directly, either with the naïve CVMSCs and their CM or with the
cellular component and the secretome of the preconditioned CVMSCs, at various doses of
CM or at different cellular ratios, before measuring their functional outcome.

First, we evaluated the viability of CVMSCs, which was not affected by high con-
centrations (up to 100%) of CM-MDA231. Although CM-MDA231 contains various
pro-inflammatory as well as pro-apoptotic molecules, including interleukins and ma-
trix metalloproteinases [40–44], the resistance of CVMSCs to harmful effects has already
been demonstrated with their resistance and survival against detrimental effects of H2O2
and glucose [32,33].
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molecules, along with other factors such as chemokines, cytokines, growth factors, and adhesion 
molecules, etc. Treatment of MDA231 cells with the cellular component of preconditioned CVMSCs 
(paracrine effect; IC) or their secretory products (conditioned media; CM) leads to modulation of 
their cellular functions, including decreases in proliferation, migration, invasion, and oncogenesis. 
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Figure 7. In the cancer microenvironment, tumor cells secrete a plethora of essential factors such as
chemokines, cytokines, growth factors, adhesion molecules, micro-RNAs, and exosomes, etc., that
exert influence on the naïve CVMSCs, educating them to survive in the tumor setting. This process,
known as preconditioning, modulates the functional properties of the CVMSCs, preparing them to
enhance their anti-tumor properties, in addition to other cellular functions. Preconditioned CVMSCs
express and secrete a different set of molecules that contain, specifically, the tumor suppressor
molecules, along with other factors such as chemokines, cytokines, growth factors, and adhesion
molecules, etc. Treatment of MDA231 cells with the cellular component of preconditioned CVMSCs
(paracrine effect; IC) or their secretory products (conditioned media; CM) leads to modulation of
their cellular functions, including decreases in proliferation, migration, invasion, and oncogenesis.
This whole process involves the decrease in expression of oncogenes and increase in the expression
levels of tumor suppressor proteins.

To specify the differential effect of preconditioned CVMSCs and their secretomes on
the cancer and on normal cells, our studies showed that naïve or preconditioned CVMSCs
and their CM did not modify the survival of the HMECs at any of the cellular ratios tested,
or with the different concentration of CM. Although treatment of MDA231 cells with the
CM of CVMSCs at various concentrations for 24 H and 48 H did not change the viability
of the MDA231 cells, sustained treatment for 72 H resulted in a significant decrease in
cellular viability at both 10% and 25% CM concentration, as observed in Figure 1. We have
earlier reported that under the influence of cancer conditioned media mimicking the cancer
microenvironment, CVMSCs express a variety of anti-proliferative proteins such as IL-27,
MSTN, and TGF-β2, and pro-apoptotic proteins including IFN-α2 and FASLG [23]. The
expression of these molecules and their activity may be responsible for suppressing the
proliferative potential of the MDA231 cells. Among them, evidence obtained in preclinical
tumor models has indicated that IL-27 has a potent antitumor activity, not only through in-
duction of tumor-specific Th1 and cytotoxic T lymphocyte (CTL) responses, but also having
direct inhibitory effects on tumor cell proliferation, survival, invasiveness, and angiogenic
potential [45]. Since HMECs did not create a conducive environment for CVMSCs to exert
any such effect that may in turn have been detrimental for their physiological activities,
no change in cellular phenotype was observed. Therefore, it is understandable that the
treatment of MDA231 cells with the CM showed a significant decrease (Figure 1B(iii)) in
their overall viability as compared to the HMEC cells (Figure 1A(iii)) treated with the
same doses under similar conditions. It has been reported that MSCs secrete and express
several essential effector molecules, including cytokines, chemokines and growth factors,
etc., and thus exert their influence on the target cells, resulting in immunomodulation,
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tissue regeneration, and pro- and anti-apoptosis [46]. However, the selective impact of
CM-CVMSCs on the cancer cells and not on the HMECs may be because of the interaction
of the unidentified components present in the CM with the secretory factors of the cancer
cells, that are absent in the HMEC secretome. That may eventually bring about a change in
their deferred survival compared to the HMECs. However, further investigation is needed
to identify those expressed, as well as the target molecules.

Similar results were observed in MDA231 cells, which showed a significant decrease
in cellular viability after sustained treatment for 72 H with the cellular component of the
preconditioned CVMSCs at the ratio of 1:5 (MDA231: CVMSCs) (Figure 2B(iii)). However,
no such modulation was observed in HMEC cells treated with preconditioned cells at
any of the time points or the cellular ratios tested (Figure 2B(i–iii)). In addition to the
CM, the cellular component of MSCs use an alternative mechanism called paracrine effect,
where MSCs secrete biologically active factors that exert their modulatory effects, including
angiogenesis, tissue regeneration, apoptosis, inflammation, migration, and gene expression,
on the target cells [47–52]. However, in vitro and in vivo studies have shown that different
cell types respond differently to the paracrine signaling from MSCs, causing the modulation
of many cellular responses [50]. That may explain the differential outcome of the cellular
component of preconditioned CVMSCs on the MDA231 cells and the HMECs.

A decrease in the MDA231 cellular viability after treatment with secretory (Figure 1B(i,ii))
or cellular products (Figure 2B(i,ii)) of the preconditioned CVMSCs supports the concept
that their sustained treatment may modulate other functional characteristics of the MDA231
cells. Suppression in cellular adhesion increases the chances of the detachment of cancer
cells from their primary sites into the lymphatic or blood stream, taking them to distant sites
where they settle, proliferate, and result in a new tumor, the process known as metastasis.
Intercellular adhesion, or their adhesion with the extracellular matrix, plays a pivotal role
in tissue architecture and integrity. It regulates cellular proliferation, cellular migration,
and invasion, thereby regulating the metastasis in various cancers [53,54]. Treatment with
the CM or the co-culture of preconditioned CVMSCs with MDA231 cells did not alter the
adhesion potential of the MDA231 cells significantly as compared to the untreated controls
(Figures 2A and 3A). As reported earlier [23], in a cancer microenvironment, CVMSCs se-
crete pro-adhesive molecules that may be responsible for regulating the adhesive properties
of MDA231 cells through their secretome or via the paracrine effect.

MDA231 cellular proliferation reduced significantly after co-culturing with precon-
ditioned CVMSCs, as well as after treatment with their CM, as observed in Figures 2B
and 3B. It has been reported that umbilical cord MSCs reduce proliferation and induce
apoptosis in the U251 human glioma cell line [55]. Furthermore, the co-culture of MSCs
isolated from different sources suppress tumor growth and proliferation in brain [18,55–58],
breast [59,60], lung [55] colorectal [61], ovarian [62], and esophageal [63] cancers. Modula-
tion in the expression of various oncogenes and tumor suppressor genes was observed in
MDA231 cells after their co-culture with preconditioned CVMSCs, as well as after treatment
with their secretory products (Table 1). Important tumor suppressor genes which depicted
increased expression included CDKN1A [64], CDKN1C [65], IFN-γ [66], CDH1 [67], and
RB1 [68], etc., whereas the prominent downregulated oncogenes in MDA231 cells after
their treatment with CVMSCs included AKT [69], Cyclin D1 [70], CSF1 [71], EGFR [72],
IL6 [73], JUN [74], and TGF-β1 [75], etc. Modulation in the expression of these genes may
play an important role in regulating the proliferation of MDA231 cells co-cultured with
CVMSCs or treated with their secretome. However, the exact mechanism underlying their
anti-proliferative effects on MDA231 cells will be examined in future studies.

At an advanced stage of development, cancer cells detach from the primary site and
migrate to neighboring or distant tissues or organs and develop into secondary tumors [76].
Cancer cells take advantage of their migration and invasion potential to traverse the blood
and lymphatic system and develop into a secondary tumor [77,78]. The process of metasta-
sis is facilitated by a systematic process, the EMT, which is being considered a promoter
of metastasis [79]. During EMT, the cells undergo various transformational changes in-
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cluding disruption in cell–cell adhesion, a change in cellular polarity, remodeling of the
cytoskeleton, and changes in cell–matrix adhesion. It is followed by improved migratory
and invasive properties [80]. The metastasis process associated with mesenchymal features
is displayed in a variety of cancers, including the most aggressive breast cancer [81]. Ac-
quiring EMT features followed by metastasis is linked to disease progression [82,83]. EMT
is executed by multiple transcription factors, adhesion molecules, cytokines, and other
factors. The dysregulation of these effector molecules is regarded as a driver for EMT and
metastasis, followed by disease progression [84]. An analysis of transfection factors and
other molecules responsible for metastasis and EMT revealed that the expression levels of
a subset of genes upregulated during these transitions were decreased in MDA231 cells
treated with preconditioned CVMSCs (both IC and CM) (Supplementary Table S1). These
include BMP1, COL3A1, COL5A2, FOXC2, TIMP1, VCAN, WNT5B, CALD1, CAMK2N1,
CDH2, FN1, MMP9, SNAI1, SPARC, and TMEM132A. Upregulation was observed in many
genes, including CAV2, FGFBP1, KRT19, MST1R, OCLN, and RGS2, which play important
roles in the negative regulation of EMT and metastasis phenotypes in many cancers. These
genes are involved in various functions such as cell growth and proliferation, cellular
migration, motility and invasion, differentiation and development, and cellular adhesion
(Supplementary Table S2). However, the exact mechanisms with which the expression of
these genes are modulated in CVMSCs-treated MDA231 cells is not yet known and will be
examined in a future studies.

Although MDA231 treatment with the secretome of naïve or preconditioned CVMSCs
did not alter their migration and invasion potential (Figure 3C,D), yet co-culture of MDA231
cells with the cellular component of preconditioned CVMSCs resulted in a significant de-
crease in their migration as well as invasive phenotypes (Figures 4C,D and 5A,B). The
difference in outcome of the co-culture setting may specifically be due to the paracrine
signaling initiated by the CVMSCs in the tumor setting, where they express specific anti-
migratory and anti-invasive factors, which are absent in the secretome, collected in the
lab setting in the absence of the MDA231 cells. However, these factors need to be dis-
covered and investigated. It has been previously reported that human cord blood MSCs
downregulate PI3K/AKT, c-Myc/ERK and EGFR/c-Met activities, leading to a decrease in
the invasion and migration potential of the glioblastoma cell line [56]. Furthermore, the
involvement of Wnt signaling has also been reported to inhibit the cellular migration of
breast cancer by adipose and human umbilical cord derived MSCs [85,86].

MDA231 cell proliferation decreased significantly after co-culture with preconditioned
CVMSCs, as well as with their secretome. To understand the mechanism behind this
outcome, we evaluated the expression status of a few cell effector molecules involved in cell
proliferation and apoptosis pathways. mRNA profiling of the MDA231 cells after treatment
with cellular component of CVMSCs or their secretome demonstrated modulation in the
expression of multiple effector molecules that are involved in oncogenesis and tumor
suppression phenotypes (Table 1).

To validate the RNA analysis data, the proteomic analysis of specific tumor suppressors
and oncogenes confirmed the modulation of genes in MDA231 cells treated with the
cellular component or the secretome of preconditioned CVMSCs. Flow cytometry results
demonstrated a significant increase in the expression of tumor suppressor proteins CDH1
and IFN-γ, and repression in oncogenes such as IDO, IL6, MMP7, and TGF-β1, as shown in
Figure 6A,B. However, which specific pathway or effector molecule precisely mediates the
pro-apoptotic and anti-proliferative signals in preconditioned CVMSCs treated MDA231
cells needs to be ascertained.

The E-cadherin adhesion (CDH1) protein is important for maintaining normal tissue
morphology and cellular differentiation. It acts as an invasion and metastasis suppressor
protein, as its loss leads to a rapid progression into invasive and metastatic carcinomas [87].
Frequent E-Cadherin gene mutations have been found in diffuse gastric and infiltrative
lobular breast carcinomas [88,89]. IFN-γ initiates both pro-tumorigenic and antitumor
immunity. It acts as a cytotoxic cytokine and, with granzyme B and perforin, initiates
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apoptosis in tumor cells [90]. Indoleamine 2,3-dioxygenase (IDO) catalyzes the breakdown
of the essential amino acid tryptophan into kynurenine, and is over-expressed in breast
tumor cells and in tumor-associated cells. It has been reported that IDO expression in tumor
tissues correlates with a significantly worse prognosis in patients [91]. IL-6 overexpression
is associated with poor clinical prognosis and metastasis. It is frequently activated in
breast cancer, and promotes metastasis while simultaneously suppressing the anti-tumor
immune response [92]. MMP7 gene expression is correlated with tumor size, triple-negative
(TN) status, and the recurrence of breast cancer. It is also associated with breast cancer
metastasis and, importantly, metastasis to the brain and lungs [93]. TGF-β1 signaling plays
a significant role in metastasis and epithelial–mesenchymal transition in breast cancer. It has
also been shown to confer malignant properties, including cell motility and invasiveness,
and plays critical roles in breast cancer metastasis [75].

The findings of these studies indicate that CVMSCs and their secretomes (preferentially
after preconditioning) induce a significant loss of functional capabilities in the MDA231
cell line. The results suggest that CVMSCs may be considered as one of the options in the
field of cellular therapy, in parallel to CAR-T cell and other similar therapies. However,
these studies must be validated in animal models for efficiency, mechanism of action, safety,
pharmacokinetics, and pharmacodynamics, before their application as cancer therapies in
human patients.

4. Materials and Methods
4.1. Ethical Approval and Placenta Collection

The Institutional Review Board (IRB) of King Abdullah International Medical Research
Centre (KAIMRC) approved this study under proposal number RC20/346/R. Informed
consent was taken from expecting mothers at 38–40 weeks of gestation with uncomplicated
and healthy pregnancies. All donors were admitted in the delivery rooms of King Abdulaziz
Medical City for the delivery of their babies. Placenta and associated umbilical cord tissues
were collected within 2–3 H of delivery of the baby. The expecting mothers were regularly
monitored for the fetal age, and viability was performed during the gestational period
by ultrasound examinations. Sample collection and research guidelines set by IRB were
strictly followed during the clinical, laboratory and experimental procedures.

4.2. Reagents and Cell Lines

MDA-MB-231 (MDA231) Human Breast Cancer Cell Line (cat#HTB-26) was pur-
chased from American Type Culture Collection (ATCC, Manassas, VA, USA). Human
Mammary Epithelial Cells (HMEC; cat #A10565) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Fluorescent-labeled antibodies for flow cytometry ex-
periments, including IFN-γ (Human IFN-gamma PE-conjugated Antibody) cat# IC285P;
CDH1 (Human E-Cadherin PE-conjugated Antibody) cat# FAB18381P; IDO (Human In-
doleamine 2,3-dioxygenase/IDO PE-conjugated Antibody) cat# IC6030P; IL6 (Human IL-6
PE-conjugated Antibody)cat# IC206P; MMP7 (Human MMP-7 PE-conjugated Antibody)
cat# IC9071P; and TGF-β1 (Human TGF-beta 1 Alexa Fluor® 488-conjugated Antibody)
cat# IC10502G were purchased from R&D Systems (Minneapolis, MN, USA).

4.3. Isolation, Culture, and Maintenance of CVMSCs and Human Umbilical Vein Endothelial
Cells (HUVECs)

CVMSCs were isolated from human term placenta using the previously described
explant method [20]. Briefly, about 40 g of the chorionic villus tissue was extracted from
the placenta, cleaned from other placental tissues, washed with sterile PBS, and incu-
bated overnight at 4 ◦C in 2.5% trypsin (Life Technologies, NY, USA) supplemented with
270 units/mL DNase (Life Technologies, NY, USA) and antibiotics (100 U/L penicillin and
100 mg/mL streptomycin). Incubated tissue was washed with PBS and diced to smaller
1 mm explants and placed in a culture flask and left to dry for 1 H at 37 ◦C. Complete
DMEM-F12 culture medium (Life Technologies, NY, USA) containing 10% MSC Certified



Int. J. Mol. Sci. 2023, 24, 9569 18 of 25

Fetal Bovine Serum (Life Technologies, NY, USA), 100 mg/mL of L-glutamate, and supple-
mented with antibiotics, was added to the culture flask. Explants were incubated at 37 ◦C
in a cell culture incubator containing 5% CO2. The culture medium was replaced every
three days and the cells migrated from the explants were harvested with TrypLETM Express
detachment solution (Life Technologies, NY, USA) and characterized before being used
for experimental purposes. The cells were harvested at 75% confluency using TrypLETM

Express detachment solution and simultaneously characterized by flow cytometry. CVM-
SCs at passages 3–4, prepared independently from five different placentae, were used in
these studies.

HUVECs were isolated from umbilical cord vein tissues using the standard operating
protocols, as described earlier [94]. The umbilical veins were washed thoroughly with
PBS before digesting it with collagenase type II (cat# 17101-015, Thermo Fischer Scientific,
Saudi Arabia) in PBS solution. Digested tissue was incubated for 25 min at 37 ◦C in a
humidified incubator with 5% CO2 and 95% air. The liberated HUVECs were collected and
resuspended in complete Endothelial Cell Growth Medium (cat# PCS-100-041™, ATCC,
Manassas, VA, USA), and cultured at 37 ◦C in a cell culture incubator. The cells were
characterized by flow cytometry before using them in the subsequent experiments.

4.4. Conditioned Media (CM) Collection and CVMSCs Preconditioning

CM was generated from breast cancer cell line (MDA231) cultures, using our previ-
ously reported method [20]. Briefly, 1 × 105 MDA231 cells were cultured in DMEM-F12
culture medium with 10% FBS, 100 mg/mL L-glutamate and antibiotics (100 U/mL peni-
cillin and 100 mg/mL streptomycin) until cells attained 75% confluency. Dead cells and
debris were removed by washing the cell monolayer with PBS. The cells were fed with
fresh complete medium and incubated further for 72 H, when conditioned medium (CM-
MDA231) was collected and stored at −80 ◦C for future use.

CVMSC preconditioning with CM-MDA231 was performed using our previous pub-
lished method [23]. Briefly, 1 × 105 CVMSCs were cultured in DMEM-F12 culture medium
supplemented with 10% FBS, 100 mg/mL L-glutamate, and antibiotics (100 U/mL peni-
cillin and 100 mg/mL streptomycin) until 75% confluency. After washing the monolayer
with PBS, the cells were incubated with different concentrations ranging from 5 to 25% of
CM-MDA231 for 24 H and 72 H. After preconditioning, the cells were washed again and
fed with complete medium and incubated for 24 H and 72 H. The conditioned medium
(CM-CVMSC) was collected as described earlier [95], centrifuged to remove the dead cells
and debris, and stored at −80 ◦C for future use. The preconditioned cells were subsequently
harvested and stored for the treatment of MDA231 cells.

4.5. MDA231 and HMEC Treatment with CM and Preconditioned CVMSCs

For treatment with CM-CVMSCs, the CM collected from preconditioned CVMSCs
was initially diluted in complete medium to a working solution of 5%, 10%, and 25% before
adding to MDA231/HMECs monolayers in a six-well plate. The cells were incubated for
24 H, 48 H, and 72 H at 37 ◦C before performing the functional and other cell-based assays.
In direct cell–cell contact (IC) experiments, the culture system consisted of CVMSCs seeded
in the reverse side of a 0.4 µm pore size transwell membrane (cat# 9300402, cellQART,
Northeim, Germany) and incubated for 24 H. The MDA231/HMECs were seeded in the
upper chamber at a ratio of 2:1, 1:1, 1:2, and 1:5 between MDA231/HMECs and CVMSCs
of the membrane in complete medium. Cells were incubated for 24, 48, and 72 H at 37 ◦C
in a cell culture incubator before performing the functional analyses [95].

4.6. MTS Cell Proliferation Assay

The proliferation of MDA231 cells, untreated or treated with CM collected from
preconditioned and naïve CVMSCs, and preconditioned CVMSCs (cellular component)
was measured by MTS colorimetric assay kit (CellTiter 96 R Aqueous Non-Radioactive
Cell Proliferation Assay, cat#G5421, Promega, Germany). MDA231 cells were treated with
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preconditioned CVMSCs at various cellular ratios (1:1 to 2:1 MDA231: CVMSCs) and CM at
different concentrations ranging from 5% to 25%. The cells were incubated for 72 H followed
by the addition of MTS by following the manufacturer’s instructions. Cells were incubated
in MTS substrate for a further 4 H at 37 ◦C, and the color absorbance was recorded at 490 nm
using a spectrophotometer plate reader (Spectra MR, Dynex Technologies, Denkendorf,
Germany). Results were presented from three independent samples as mean ± standard
deviation. To stop the proliferation of CVMSCs, the cells were treated with 25 µg/mL
mitomycin C at 37 ◦C for 1 H before starting the co-culture, as previously described [95].

4.7. Real Time Cell Analysis (RTCA) for Cellular Functions

MDA231 cellular functions such as proliferation, migration and invasion were as-
sessed using a xCELLigence Real-Time Cell Analyzer (RTCA-DP version; Roche Diag-
nostics, Mannheim, Germany) system. Cellular events were continually monitored by
recording label-free changes in electrical impedance (reported as cell index), as already
described [96–98]. For adhesion and proliferation, we used “E-Plate 16” (cat#05469813001,
Roche Diagnostics, IN, USA). The wells of the plate were equilibrated with 100 µL of
complete medium to set the background impedance, as previously described [99]. Each
group of MDA231 cells (treated and untreated control) was seeded in four wells, followed
by incubation at room temperature for 30 min to allow the cells to adhere before loading
into the xCELLigence system, housed in a cell culture incubator at 37 ◦C. The cell index was
monitored for 72 H. Cellular adhesion was measured after 2 H, and the rate of cell prolifer-
ation was calculated after 72 H. Data were analyzed using RTCA xCELLigence software
(version 1.2.1), and final data for proliferation were demonstrated after normalizing them
with the adhesion data. Data for adhesion and proliferation were expressed as normalized
cell index with mean and standard errors.

CIM-16, a specially designed 16 well plate (cat#05665825001, Roche Diagnostics, IN,
USA) was used in the xCELLigence system to record the cellular migration of untreated
or CVMSCs treated MDA231 cells across the chambers of the two chambered plate. The
two chambers of the CIM-16 plate, the upper and lower chambers, were separated by a
porous (pore size 8 µm) polyethylene terephthalate (PET) membrane in conjunction with
microelectrodes [95]. A total of 160 µL of pre-warmed complete media was added to
the wells of the lower chamber and 50 µL pre-warmed serum-free media was added to
wells of the upper chamber. The plates were locked in the RTCA device and incubated
at 37 ◦C in a cell culture incubator for 1 H for equilibration, and background impedance
was set as previously described [23]. Untreated or treated MDA231 cells were seeded at a
density of 20 × 103 in the upper chamber in 100 µL serum-free medium and the plates were
incubated at room temperature for 30 min to allow the cells to adhere to the membrane.
The impedance value of each well was captured by the xCELLigence system after every
15 min for 24 H, as described above. Experiments were performed with four independent
samples, and the migration of cells observed in the presence or absence of 20% FBS served
as positive and negative controls, respectively.

To monitor MDA231 cellular invasion after treatment with CVMSCs and its CM,
HUVECs were seeded at the density of 2 × 104 cells in a 16-well E-Plate to create a
monolayer of cells. CVMSCs treated or untreated control MDA231 cells at a density
of 1 × 104 cells, were added to the HUVEC monolayer, as described earlier [95]. After
48 H, the cell invasion index (mean ± standard errors) was measured by calculating the
normalized cell index at pausing time (15–20 h) of HUVEC growth. All experiments were
performed with four sets of MDA231 cells treated independently with CVMSCs isolated
from four different placentae.

4.8. In Vitro Cellular Migration and Invasion Assays

The migratory potential and invasiveness of MDA231 cells before and after treatment
was assessed by performing an in vitro migration and invasion assay, as described ear-
lier [23]. The cells were made to pass through 8-µm pore polycarbonate transwell inserts (for
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migration), and through a similar insert coated with Matrigel (cat#356235, BD Biosciences,
San Jose, CA, USA), for determining cellular invasion. Treated and untreated MDA231
cells at a concentration of 2.5 × 103 cells/mL were seeded with serum-free medium in the
upper chamber of the insert. Complete medium supplemented with 20% FBS was used as a
chemo-attractant and added to the lower chamber of the plate. The cells were incubated for
48 H in a humidified cell incubator in 5% CO2 at 37 ◦C. In both invasion and migration as-
says, the cells that had passed through the membrane to the bottom chamber were washed
with PBS and fixed with paraformaldehyde for 15 min at room temperature. Staining was
carried out with 0.1% crystal violet stain and the cells were visualized and photographed
under a light microscope (250× magnification). In order to minimize the experimental bias,
the migrated and invaded cells were counted manually under a microscope independently
by three scientists (one senior and two junior scientists). The cell numbers obtained were
compiled independently by each investigator, and the data files were then combined in an
Excel sheet to determine the rate of migration and invasion.

4.9. Flow Cytometry

CVMSCs treated or untreated MDA231 cells were harvested, and 1 × 105 cells were
stained using fluorescent antibodies against the specific antigens, as described above in the
“Reagents and Cell Lines” section and as described earlier [100]. For cell surface staining,
the cells were incubated with respective antibodies for 30 min and washed with cold PBS
at 4 ◦C. For the analysis of intracellular expression of the proteins, the cells were washed
with PBS, fixed with paraformaldehyde in sterile PBS for 10 min at room temperature, and
permeabilized for 5 min at room temperature in 0.1% Saponin containing PBS. Intracellular
and cell-surface protein expression was assayed by BD FACS CANTO II (Becton Dickinson,
NJ, USA) flow cytometer. Unstained cells and IgG or IgM isotype antibodies were used as
a negative control.

4.10. RNA Isolation and Real-Time PCR (RT-PCR)

We used an RNEasy mini kit (cat#74104, Qiagen, MD, USA) to isolate total RNA from
MDA231 cells of all experimental groups. A QuantiTect Reverse Transcription Kit (cat#
205313, Qiagen, MD, USA) was used to transcribe RNA into the single stranded cDNA. Real-
time PCR reaction was performed to detect the expression of 84 genes related to Human
Breast Cancer using an RT2 Profiler Kit (cat# PAHS-131ZA, Qiagen, Hilden, Germany)
and the RT2 Profiler PCR Array Human Epithelial to Mesenchymal Transition (Qiagen
Cat# PAHS-090ZA) to analyze modulation in the expression of genes responsible for EMT
on the CFX96 real-time PCR detection system (Bio-Rad, CA, USA). Data analysis was
performed using the CFX manager software (Bio-Rad, CA, USA). The data were analyzed
by calculating ∆∆−2 values and expressed as fold change expression, as compared to the
relative expression of GAPDH used as a loading control and the untreated MDA231 cells
as an experimental control. Experiments were repeated three times using CVMSCs isolated
from five different placentas.

4.11. Statistical Analysis

Bar graphs show the data with means ± standard error (SE) from three independently
executed experiments. To avoid bias, the experiments were repeated independently. An
unpaired t-test was used for data comparison between two groups. For the single data
factor, two groups were compared using one-way analysis of variance (ANOVA), while
data of double factors in multiple groups were compared by two-way ANOVA. The results
were further analyzed using the Mann–Whitney tests for two group comparisons, and the
Kruskal–Wallis test for more than three groups. A p value of ≤0.05 was considered to be
statistically significant.
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5. Conclusions

We investigated the feasibility and usability of CVMSCs and their secretory products
(preferentially after preconditioning) in cellular therapy against cancer. The conditioned
media collected from the preconditioned CVMSCs inhibited proliferation, but did not alter
the adhesion, migration, and invasion potential of MDA231 cells. Contrarily, the cellular
component of preconditioned CVMSCs restricted all the functional activities of MDA231
cells, including proliferation, migration, and invasion, although no change in adhesion was
observed after treatment. Under the influence of CVMSCs and its secretome, the MDA231
cells depicted the upregulation of multiple pro-apoptotic genes and the downregulation of
many oncogenes, explaining the mechanism behind their anti-tumor properties. Further-
more, the modulation of genes responsible for EMT suggests that CVMSCs minimize the
invasive and metastatic phenotypes of MDA231 cells. These data demonstrate that CVM-
SCs and their secretory products may possibly be utilized as therapeutic agents against
cancer. However, more comprehensive investigation, including the preclinical studies,
pharmacokinetics, and pharmacodynamics, will further establish them as the choice of
therapy for cancer patients.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms24119569/s1.

Author Contributions: T.K. conceptualized the project, designed the experiments, and supervised
the execution of the study. A.A.S., H.B.K., M.A. and L.A.A.A. performed the experiments. T.K., Y.S.B.
and T.N.A. analyzed and interpreted the data. T.K. and Y.S.B. wrote the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by King Adullah International Medical Research Center, vide
Grant No: RC20/346/R.

Institutional Review Board Statement: This study was approved by the Institutional Review Board
(IRB) of KAIMRC under their reference number: IRB/1638/22.

Informed Consent Statement: Placentas were obtained from human pregnant volunteers after the
delivery of the baby. All pregnant volunteers individually signed an informed consent before
collection of the placenta.

Data Availability Statement: All the data generated in this study are included in this manuscript
and will be available upon request.

Acknowledgments: We are grateful to the patient volunteers and nurses at the Department of
Ob/Gyn of King Abdul Aziz Medical City (KAMC) Riyadh, for providing us with placentas.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. Goffin, J.; Lacchetti, C.; Ellis, P.M.; Ung, Y.C.; Evans, W.K. First-Line Systemic Chemotherapy in the Treatment of Advanced

Non-Small Cell Lung Cancer: A Systematic Review. J. Thorac. Oncol. 2010, 5, 260–274. [CrossRef]
3. Chen, Z.; Fillmore, C.M.; Hammerman, P.S.; Kim, C.F.; Wong, K.-K. Non-Small-Cell Lung Cancers: A Heterogeneous Set of

Diseases. Nat. Rev. Cancer 2014, 14, 535–546. [CrossRef] [PubMed]
4. Sermer, D.; Brentjens, R. CAR T-Cell Therapy: Full Speed Ahead. Hematol. Oncol. 2019, 37, 95–100. [CrossRef]
5. Sipp, D.; Robey, P.G.; Turner, L. Clear up This Stem-Cell Mess. Nature 2018, 561, 455–457. [CrossRef]
6. Gomes, J.P.A.; Assoni, A.F.; Pelatti, M.; Coatti, G.; Okamoto, O.K.; Zatz, M. Deepening a Simple Question: Can MSCs Be Used to

Treat Cancer? Anticancer Res. 2017, 37, 4747–4758. [CrossRef]
7. Javan, M.R.; Khosrojerdi, A.; Moazzeni, S.M. New Insights Into Implementation of Mesenchymal Stem Cells in Cancer Therapy:

Prospects for Anti-Angiogenesis Treatment. Front. Oncol. 2019, 9, 840. [CrossRef]
8. Orbay, H.; Tobita, M.; Mizuno, H. Mesenchymal Stem Cells Isolated from Adipose and Other Tissues: Basic Biological Properties

and Clinical Applications. Stem Cells Int. 2012, 2012, 461718. [CrossRef] [PubMed]
9. Phinney, D.G.; Sensebé, L. Mesenchymal Stromal Cells: Misconceptions and Evolving Concepts. Cytotherapy 2013, 15, 140–145.

[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms24119569/s1
http://doi.org/10.3322/caac.21660
http://doi.org/10.1097/JTO.0b013e3181c6f035
http://doi.org/10.1038/nrc3775
http://www.ncbi.nlm.nih.gov/pubmed/25056707
http://doi.org/10.1002/hon.2591
http://doi.org/10.1038/d41586-018-06756-9
http://doi.org/10.21873/anticanres.11881
http://doi.org/10.3389/fonc.2019.00840
http://doi.org/10.1155/2012/461718
http://www.ncbi.nlm.nih.gov/pubmed/22666271
http://doi.org/10.1016/j.jcyt.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23321325


Int. J. Mol. Sci. 2023, 24, 9569 22 of 25

10. Oswald, J.; Boxberger, S.; Jørgensen, B.; Feldmann, S.; Ehninger, G.; Bornhäuser, M.; Werner, C. Mesenchymal Stem Cells Can Be
Differentiated into Endothelial Cells in Vitro. Stem Cells 2004, 22, 377–384. [CrossRef]

11. Atiya, H.; Frisbie, L.; Pressimone, C.; Coffman, L. Mesenchymal Stem Cells in the Tumor Microenvironment. Adv. Exp. Med. Biol.
2020, 1234, 31–42. [CrossRef] [PubMed]

12. Qiao, L.; Xu, Z.; Zhao, T.; Zhao, Z.; Shi, M.; Zhao, R.C.; Ye, L.; Zhang, X. Suppression of Tumorigenesis by Human Mesenchymal
Stem Cells in a Hepatoma Model. Cell Res. 2008, 18, 500–507. [CrossRef]

13. Maestroni, G.J.; Hertens, E.; Galli, P. Factor(s) from Nonmacrophage Bone Marrow Stromal Cells Inhibit Lewis Lung Carcinoma
and B16 Melanoma Growth in Mice. Cell. Mol. Life Sci. 1999, 55, 663–667. [CrossRef] [PubMed]

14. Nakamura, K.; Ito, Y.; Kawano, Y.; Kurozumi, K.; Kobune, M.; Tsuda, H.; Bizen, A.; Honmou, O.; Niitsu, Y.; Hamada, H.
Antitumor Effect of Genetically Engineered Mesenchymal Stem Cells in a Rat Glioma Model. Gene Ther. 2004, 11, 1155–1164.
[CrossRef]

15. Qiao, C.; Xu, W.; Zhu, W.; Hu, J.; Qian, H.; Yin, Q.; Jiang, R.; Yan, Y.; Mao, F.; Yang, H.; et al. Human Mesenchymal Stem Cells
Isolated from the Umbilical Cord. Cell Biol. Int. 2008, 32, 8–15. [CrossRef]

16. Otsu, K.; Das, S.; Houser, S.D.; Quadri, S.K.; Bhattacharya, S.; Bhattacharya, J. Concentration-Dependent Inhibition of Angiogene-
sis by Mesenchymal Stem Cells. Blood 2009, 113, 4197–4205. [CrossRef]

17. Gondi, C.S.; Veeravalli, K.K.; Gorantla, B.; Dinh, D.H.; Fassett, D.; Klopfenstein, J.D.; Gujrati, M.; Rao, J.S. Human Umbilical Cord
Blood Stem Cells Show PDGF-D-Dependent Glioma Cell Tropism in Vitro and in Vivo. Neuro. Oncol. 2010, 12, 453–465. [CrossRef]

18. Akimoto, K.; Kimura, K.; Nagano, M.; Takano, S.; To’a Salazar, G.; Yamashita, T.; Ohneda, O. Umbilical Cord Blood-Derived
Mesenchymal Stem Cells Inhibit, but Adipose Tissue-Derived Mesenchymal Stem Cells Promote, Glioblastoma Multiforme
Proliferation. Stem Cells Dev. 2013, 22, 1370–1386. [CrossRef]

19. Abomaray, F.M.; Al Jumah, M.A.; Alsaad, K.O.; Jawdat, D.; Al Khaldi, A.; Alaskar, A.S.; Al Harthy, S.; Al Subayyil, A.M.; Khatlani,
T.; Alawad, A.O.; et al. Phenotypic and Functional Characterization of Mesenchymal Stem/Multipotent Stromal Cells from
Decidua Basalis of Human Term Placenta. Stem Cells Int. 2016, 2016, 5184601. [CrossRef] [PubMed]

20. Abumaree, M.H.; Al Jumah, M.A.; Kalionis, B.; Jawdat, D.; Al Khaldi, A.; AlTalabani, A.A.; Knawy, B.A. Phenotypic and
Functional Characterization of Mesenchymal Stem Cells from Chorionic Villi of Human Term Placenta. Stem Cell Rev. Rep. 2013,
9, 16–31. [CrossRef]

21. Abumaree, M.H.; Abomaray, F.M.; Alshehri, N.A.; Almutairi, A.; AlAskar, A.S.; Kalionis, B.; Al Jumah, M.A. Phenotypic and
Functional Characterization of Mesenchymal Stem/Multipotent Stromal Cells From Decidua Parietalis of Human Term Placenta.
Reprod. Sci. 2016, 23, 1193–1207. [CrossRef] [PubMed]

22. Abumaree, M.H.; Abomaray, F.M.; Alshabibi, M.A.; AlAskar, A.S.; Kalionis, B. Immunomodulatory Properties of Human Placental
Mesenchymal Stem/Stromal Cells. Placenta 2017, 59, 87–95. [CrossRef]

23. Basmaeil, Y.; Al Subayyil, A.; Abumaree, M.; Khatlani, T. Conditions Mimicking the Cancer Microenvironment Modulate the
Functional Outcome of Human Chorionic Villus Mesenchymal Stem/Stromal Cells in Vitro. Front. Cell Dev. Biol. 2021, 9, 650125.
[CrossRef]

24. Chapel, A.; Bertho, J.M.; Bensidhoum, M.; Fouillard, L.; Young, R.G.; Frick, J.; Demarquay, C.; Cuvelier, F.; Mathieu, E.; Trompier, F.;
et al. 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. 2003, 5, 1028–1038. [CrossRef] [PubMed]

25. Caplan, A.I. Why Are MSCs Therapeutic? New Data: New Insight. J. Pathol. 2009, 217, 318–324. [CrossRef]
26. Le Blanc, K.; Mougiakakos, D. Multipotent Mesenchymal Stromal Cells and the Innate Immune System. Nat. Rev. Immunol. 2012,

12, 383–396. [CrossRef] [PubMed]
27. Singer, N.G.; Caplan, A.I. Mesenchymal Stem Cells: Mechanisms of Inflammation. Annu. Rev. Pathol. 2011, 6, 457–478. [CrossRef]
28. Bronckaers, A.; Hilkens, P.; Martens, W.; Gervois, P.; Ratajczak, J.; Struys, T.; Lambrichts, I. Mesenchymal Stem/Stromal Cells as a

Pharmacological and Therapeutic Approach to Accelerate Angiogenesis. Pharmacol. Ther. 2014, 143, 181–196. [CrossRef]
29. Frenette, P.S.; Pinho, S.; Lucas, D.; Scheiermann, C. Mesenchymal Stem Cell: Keystone of the Hematopoietic Stem Cell Niche and

a Stepping-Stone for Regenerative Medicine. Annu. Rev. Immunol. 2013, 31, 285–316. [CrossRef]
30. Al Jumah, M.A.; Abumaree, M.H. The Immunomodulatory and Neuroprotective Effects of Mesenchymal Stem Cells (MSCs) in

Experimental Autoimmune Encephalomyelitis (EAE): A Model of Multiple Sclerosis (MS). Int. J. Mol. Sci. 2012, 13, 9298–9331.
[CrossRef]

31. Abumaree, M.H.; Al Jumah, M.A.; Kalionis, B.; Jawdat, D.; Al Khaldi, A.; Abomaray, F.M.; Fatani, A.S.; Chamley, L.W.; Knawy,
B.A. Human Placental Mesenchymal Stem Cells (PMSCs) Play a Role as Immune Suppressive Cells by Shifting Macrophage
Differentiation from Inflammatory M1 to Anti-Inflammatory M2 Macrophages. Stem Cell Rev. Rep. 2013, 9, 620–641. [CrossRef]

32. Abumaree, M.H.; Hakami, M.; Abomaray, F.M.; Alshabibi, M.A.; Kalionis, B.; Al Jumah, M.A.; AlAskar, A.S. Human Chorionic
Villous Mesenchymal Stem/Stromal Cells Modify the Effects of Oxidative Stress on Endothelial Cell Functions. Placenta 2017,
59, 74–86. [CrossRef]

33. Basmaeil, Y.S.; Al Subayyil, A.M.; Khatlani, T.; Bahattab, E.; Al-Alwan, M.; Abomaray, F.M.; Kalionis, B.; Alshabibi, M.A.; Alaskar,
A.S.; Abumaree, M.H. Human Chorionic Villous Mesenchymal Stem/Stromal Cells Protect Endothelial Cells from Injury Induced
by High Level of Glucose. Stem Cell Res. Ther. 2018, 9, 238. [CrossRef] [PubMed]

http://doi.org/10.1634/stemcells.22-3-377
http://doi.org/10.1007/978-3-030-37184-5_3
http://www.ncbi.nlm.nih.gov/pubmed/32040853
http://doi.org/10.1038/cr.2008.40
http://doi.org/10.1007/s000180050322
http://www.ncbi.nlm.nih.gov/pubmed/10357234
http://doi.org/10.1038/sj.gt.3302276
http://doi.org/10.1016/j.cellbi.2007.08.002
http://doi.org/10.1182/blood-2008-09-176198
http://doi.org/10.1093/neuonc/nop049
http://doi.org/10.1089/scd.2012.0486
http://doi.org/10.1155/2016/5184601
http://www.ncbi.nlm.nih.gov/pubmed/27087815
http://doi.org/10.1007/s12015-012-9385-4
http://doi.org/10.1177/1933719116632924
http://www.ncbi.nlm.nih.gov/pubmed/26902429
http://doi.org/10.1016/j.placenta.2017.04.003
http://doi.org/10.3389/fcell.2021.650125
http://doi.org/10.1002/jgm.452
http://www.ncbi.nlm.nih.gov/pubmed/14661178
http://doi.org/10.1002/path.2469
http://doi.org/10.1038/nri3209
http://www.ncbi.nlm.nih.gov/pubmed/22531326
http://doi.org/10.1146/annurev-pathol-011110-130230
http://doi.org/10.1016/j.pharmthera.2014.02.013
http://doi.org/10.1146/annurev-immunol-032712-095919
http://doi.org/10.3390/ijms13079298
http://doi.org/10.1007/s12015-013-9455-2
http://doi.org/10.1016/j.placenta.2017.05.001
http://doi.org/10.1186/s13287-018-0984-0
http://www.ncbi.nlm.nih.gov/pubmed/30241570


Int. J. Mol. Sci. 2023, 24, 9569 23 of 25

34. Abumaree, M.H.; Alshehri, N.A.; Almotery, A.; Al Subayyil, A.M.; Bahattab, E.; Abomaray, F.M.; Khatlani, T.; Kalionis, B.;
Jawdat, D.; El-Muzaini, M.F.; et al. Preconditioning Human Natural Killer Cells with Chorionic Villous Mesenchymal Stem Cells
Stimulates Their Expression of Inflammatory and Anti-Tumor Molecules. Stem Cell Res. Ther. 2019, 10, 50. [CrossRef] [PubMed]

35. Vicinanza, C.; Lombardi, E.; Da Ros, F.; Marangon, M.; Durante, C.; Mazzucato, M.; Agostini, F. Modified Mesenchymal Stem
Cells in Cancer Therapy: A Smart Weapon Requiring Upgrades for Wider Clinical Applications. World J. Stem Cells 2022, 14, 54–75.
[CrossRef] [PubMed]

36. Krampera, M. Mesenchymal Stromal Cell “Licensing”: A Multistep Process. Leukemia 2011, 25, 1408–1414. [CrossRef]
37. Xiao, Q.; Wang, S.; Tian, H.; Xin, L.; Zou, Z.; Hu, Y.; Chang, C.; Wang, X.; Yin, Q.; Zhang, X.; et al. TNF-α Increases Bone Marrow

Mesenchymal Stem Cell Migration to Ischemic Tissues. Cell Biochem. Biophys. 2012, 62, 409–414. [CrossRef]
38. Ponte, A.L.; Marais, E.; Gallay, N.; Langonné, A.; Delorme, B.; Hérault, O.; Charbord, P.; Domenech, J. The in Vitro Migration

Capacity of Human Bone Marrow Mesenchymal Stem Cells: Comparison of Chemokine and Growth Factor Chemotactic
Activities. Stem Cells 2007, 25, 1737–1745. [CrossRef]

39. Li, M.; Zeng, L.; Liu, S.; Dangelmajer, S.; Kahlert, U.D.; Huang, H.; Han, Y.; Chi, X.; Zhu, M.; Lei, T. Transforming Growth Factor-β
Promotes Homing and Therapeutic Efficacy of Human Mesenchymal Stem Cells to Glioblastoma. J. Neuropathol. Exp. Neurol.
2019, 78, 315–325. [CrossRef]

40. Escobar, P.; Bouclier, C.; Serret, J.; Bièche, I.; Brigitte, M.; Caicedo, A.; Sanchez, E.; Vacher, S.; Vignais, M.-L.; Bourin, P.; et al. IL-1β
Produced by Aggressive Breast Cancer Cells Is One of the Factors That Dictate Their Interactions with Mesenchymal Stem Cells
through Chemokine Production. Oncotarget 2015, 6, 29034–29047. [CrossRef] [PubMed]

41. Lieblein, J.C.; Ball, S.; Hutzen, B.; Sasser, A.K.; Lin, H.-J.; Huang, T.H.; Hall, B.M.; Lin, J. STAT3 Can Be Activated through
Paracrine Signaling in Breast Epithelial Cells. BMC Cancer 2008, 8, 302. [CrossRef]

42. Freund, A.; Chauveau, C.; Brouillet, J.-P.; Lucas, A.; Lacroix, M.; Licznar, A.; Vignon, F.; Lazennec, G. IL-8 Expression and Its
Possible Relationship with Estrogen-Receptor-Negative Status of Breast Cancer Cells. Oncogene 2003, 22, 256–265. [CrossRef]
[PubMed]

43. Bachmeier, B.E.; Nerlich, A.G.; Lichtinghagen, R.; Sommerhoff, C.P. Matrix Metalloproteinases (MMPs) in Breast Cancer Cell
Lines of Different Tumorigenicity. Anticancer Res. 2001, 21, 3821–3828. [PubMed]

44. Shen, J.; Xu, S.; Zhou, H.; Liu, H.; Jiang, W.; Hao, J.; Hu, Z. IL-1β Induces Apoptosis and Autophagy via Mitochondria Pathway
in Human Degenerative Nucleus Pulposus Cells. Sci. Rep. 2017, 7, 41067. [CrossRef]

45. Fabbi, M.; Carbotti, G.; Ferrini, S. Dual Roles of IL-27 in Cancer Biology and Immunotherapy. Mediat. Inflamm. 2017, 2017, 3958069.
[CrossRef]

46. Zhuang, W.Z.; Lin, Y.H.; Su, L.J.; Wu, M.S.; Jeng, H.Y.; Chang, H.C.; Huang, Y.H.; Ling, T.Y. Mesenchymal Stem/Stromal
Cell-Based Therapy: Mechanism, Systemic Safety and Biodistribution for Precision Clinical Applications. J. Biomed. Sci. 2021,
28, 28. [CrossRef] [PubMed]

47. Chen, Y.; Shao, J.-Z.; Xiang, L.-X.; Dong, X.-J.; Zhang, G.-R. Mesenchymal Stem Cells: A Promising Candidate in Regenerative
Medicine. Int. J. Biochem. Cell Biol. 2008, 40, 815–820. [CrossRef]

48. da Silva Meirelles, L.; Fontes, A.M.; Covas, D.T.; Caplan, A.I. Mechanisms Involved in the Therapeutic Properties of Mesenchymal
Stem Cells. Cytokine Growth Factor Rev. 2009, 20, 419–427. [CrossRef]

49. Linero, I.; Chaparro, O. Paracrine Effect of Mesenchymal Stem Cells Derived from Human Adipose Tissue in Bone Regeneration.
PLoS ONE 2014, 9, e107001. [CrossRef]

50. Hocking, A.M.; Gibran, N.S. Mesenchymal Stem Cells: Paracrine Signaling and Differentiation during Cutaneous Wound Repair.
Exp. Cell Res. 2010, 316, 2213–2219. [CrossRef]

51. Ankrum, J.; Karp, J.M. Mesenchymal Stem Cell Therapy: Two Steps Forward, One Step Back. Trends Mol. Med. 2010, 16, 203–209.
[CrossRef]

52. Horie, M.; Choi, H.; Lee, R.H.; Reger, R.L.; Ylostalo, J.; Muneta, T.; Sekiya, I.; Prockop, D.J. Intra-Articular Injection of Human
Mesenchymal Stem Cells (MSCs) Promote Rat Meniscal Regeneration by Being Activated to Express Indian Hedgehog That
Enhances Expression of Type II Collagen. Osteoarthr. Cartil. 2012, 20, 1197–1207. [CrossRef] [PubMed]

53. Moh, M.C.; Shen, S. The Roles of Cell Adhesion Molecules in Tumor Suppression and Cell Migration: A New Paradox. Cell Adh.
Migr. 2009, 3, 334–336. [CrossRef] [PubMed]

54. Gumbiner, B.M. Cell Adhesion: The Molecular Basis of Tissue Architecture and Morphogenesis. Cell 1996, 84, 345–357. [CrossRef]
55. Yang, C.; Lei, D.; Ouyang, W.; Ren, J.; Li, H.; Hu, J.; Huang, S. Conditioned Media from Human Adipose Tissue-Derived Mes-

enchymal Stem Cells and Umbilical Cord-Derived Mesenchymal Stem Cells Efficiently Induced the Apoptosis and Differentiation
in Human Glioma Cell Lines in Vitro. Biomed Res. Int. 2014, 2014, 109389. [CrossRef] [PubMed]

56. Velpula, K.K.; Dasari, V.R.; Tsung, A.J.; Gondi, C.S.; Klopfenstein, J.D.; Mohanam, S.; Rao, J.S. Regulation of Glioblastoma
Progression by Cord Blood Stem Cells Is Mediated by Downregulation of Cyclin D1. PLoS ONE 2011, 6, e18017. [CrossRef]
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