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A B S T R A C T

Background: The role of mesenchymal stromal/stem cells (MSCs) in tumour development and progression re
mains a subject of debate. Previous studies have reported contradictory outcomes, possibly due to variations in 
experimental design and the use of xenograft models. Xenograft models limit interpretation and translation due 
to cross-species variability. To address these limitations, we employed an isogenic mouse model of spontaneous 
breast cancer (BC) to investigate the impact of murine MSCs on BC development and progression. Methods: MSCs 
isolated from FVB/N mouse adipose tissue (mASCs) were administered to female mice with palpable mammary 
tumours. Tumour volume and mass were assessed, and analysis of histopathological necrosis and gene expression 
was conducted on mammary (MT) and lung metastatic tumours (LT). Results: No change in MT mass and volume 
was observed between mASC-treated and control mice. However, mASC treatment led to increased necrosis in LT 
but not in MT. Immunohistochemistry revealed that mASC-treated mice had fewer CD163+ anti-inflammatory 
macrophages in the LT but not in the MT. Tgf-β3, vegfr1, and cd105 were observed and downregulated in 
both MT and LT in mASC-treated mice. The downregulation of cd36 and tgf-β3 contributes to pro-tumourigenic 
activities, whereas the downregulation of vegfr1 and cd105 is associated with an anti-tumour effect. In the mASC 
treatment group, all cytokines tested for, except IL-27, were elevated. Conclusion: This study suggests that 
mASCs are anti-tumourigenic in pulmonary metastatic BC. Our findings emphasize the importance of considering 
the tumour microenvironment and employing relevant animal models when investigating the impact of MSCs on 
tumour progression.

1. Introduction

Breast cancer (BC) is the most prevalent cancer in females and the 
leading cause of cancer death [1,2]. In 2020, 2.3 million new female BC 
cases were diagnosed worldwide with over six hundred thousand deaths 
recorded. BC accounts for 1 in 6 cancer mortalities and 1 in every 4 
cancer cases in women [2]. Current BC treatments, including mastec
tomy, tumourectomy, chemotherapy, hormone therapy, and radio
therapy have improved the 5-year survival rate. However, these 
treatments lack specificity as they indiscriminately target both 
cancerous and healthy cells and are often ineffective against advanced 
and metastatic BC [3,4]. To address these challenges, there is a need for 

treatments that selectively target cancer cells. One potential approach is 
the use of mesenchymal stromal/stem cells (MSCs), a heterogeneous 
population of cells that morphologically resemble fibroblastic cells 
[5–7]. MSCs can be isolated from most adult tissues, with adipose tissue 
(ASCs), bone marrow (BM-MSCs), and umbilical cord (UC-MSCs) being 
the most frequently used [5]. Multipotent MSCs have the capacity to 
self-renew and are able to differentiate into adipocytes, osteoblasts, 
chondrocytes, and other cell types [5,6]. MSCs possess regenerative and 
immunomodulatory properties, making them an attractive candidate for 
cellular and immuno-therapy [8]. MSCs are reported to “home” to the 
tumour microenvironment (TME) where they elicit an immune response 
that either promotes (pro-tumorigenic) or suppresses tumour 

Institute for Cellular and Molecular Medicine, Department of Immunology; and SAMRC Extramural Unit for Stem Cell Research and Therapy, Faculty of Health 
Sciences, University of Pretoria, Gezina, Pretoria, 0084, South Africa.

* Corresponding author.
E-mail address: melvin.ambele@up.ac.za (M.A. Ambele). 

Contents lists available at ScienceDirect

Current Research in Translational Medicine

journal homepage: www.elsevier.com/locate/retram

https://doi.org/10.1016/j.retram.2025.103532
Received 10 January 2024; Accepted 27 July 2025  

Current Research in Translational Medicine 73 (2025) 103532 

Available online 28 July 2025 
2452-3186/© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-6636-2026
https://orcid.org/0000-0002-6636-2026
mailto:melvin.ambele@up.ac.za
www.sciencedirect.com/science/journal/24523186
https://www.elsevier.com/locate/retram
https://doi.org/10.1016/j.retram.2025.103532
https://doi.org/10.1016/j.retram.2025.103532
http://crossmark.crossref.org/dialog/?doi=10.1016/j.retram.2025.103532&domain=pdf
http://creativecommons.org/licenses/by/4.0/


(anti-tumorigenic) progression [9].
Adipose tissue is rich in MSCs, containing 500-fold more of these 

cells per gram of tissue than MSCs present in a similar volume of bone 
marrow [10]. Breast tissue is mainly composed of adipose tissue (fat 
cells) and serves as an important endocrine organ by secreting signalling 
molecules that regulate various cellular processes [10]. The secretory 
profiles of breast adipocytes of BC patients and healthy controls differ, 
and it has been suggested that growth factors and other signalling 
molecules secreted by breast adipose tissue contribute to BC develop
ment and progression [11].

Numerous studies, both in vitro and in vivo, have investigated the 
role of MSCs on BC progression [12–15]. Several studies indicated that 
ASCs promote BC cell proliferation, migration, and invasion [16–19]. 
Moreover, in vivo experiments have demonstrated that ASCs induce 
primary tumour growth, epithelial-to-mesenchymal transition (EMT), 
angiogenesis, and metastasis [8,20–23]. ASCs secrete several cytokines 
such as IL-6, IL-8, VEGF, IL-10, TGFβ− 1, MMPs, chemokine ligand 2 
(CCL2) and CCL5 resulting in elevated levels in the TME, which is sug
gested to stimulate BC progression [18,24–28]. Additionally, metastatic 
lesions are often observed in the lungs and occasionally in the liver and 
spleen of BC patients [8,21,22]. Interestingly, reducing the expression of 
leptin, a hormone associated with obesity, in obesity-altered ASCs 
(obASCs) in SCID mice, resulted in decreased primary tumour volume 
and a significant reduction in the number of metastatic lesions in the 
liver and lung [29,30]. Furthermore, it has been suggested that muta
tions in BC-associated genes such as BRCA1, present in ASCs, can pro
mote the invasion and growth of BC [27]. Notably, mouse adipose 
mesenchymal stromal/stem cells (mASCs) have been observed to pro
mote tumour growth and metastasis through increased secretion of 
insulin-like growth factor-1 [8,20]. These findings underscore the sig
nificant impact of ASCs on BC progression and highlight the complex 
interplay between these cells and TME.

In contrast, a considerable body of evidence suggests that ASCs exert 
an inhibitory effect on BC progression [31–39]. These studies have 
shown that ASCs significantly decrease BC cell proliferation, promote BC 
cell apoptosis, reduce BC cell invasion and tumour migration, reduce 
tumour mass, and slow tumour growth rate [34,35,40]. In vitro exper
iments conducted by Clark et al. (2015) using immortalized BC cell lines 
(MDA-MB-231 and T47D) demonstrated that ASCs inhibit BC cell 
migration and invasion through the secretion of tissue inhibitors of 
metalloproteinase inhibitors, TIMP-1 and TIMP-2 [39]. Moreover, ASCs 
have been found to inhibit BC by downregulating EMT genes such as 
TWIST1, CDH2, Snail1, and Snail2 [37]. The production of exosomes by 
ASCs has been associated with decreased BC cell viability [40]. In 
summary, there is currently no consensus regarding the effect of ASCs on 
BC progression, and more studies are needed to understand the in
teractions between ASCs and BC cells [27].

The contradicting findings of the effect of ASCs on BC tumour pro
gression have been extensively reviewed by (Oloyo et al. (2017)) [41], 
who concluded that the significant variation in experimental desig
n/approaches is one of the major contributors to the different outcomes 
observed. Study approaches range from using either primary 
human-derived ASCs isolated from mammary tissue or lipo-aspirates, 
human-derived ASCs isolated from breast tissue from mastectomies of 
BC patients [17,22,27,36,38], or mouse-derived primary ASCs [42–44] 
to investigate the effect of ASCs on human-derived immortalized BC cell 
lines, such as MCF-7, MDA-MB-231, ZR-75–1, T47D, BT-474, CG5, 
SK-BR-3, HCC1937 and MDA-MB-435 [18,19,22,23,31,36] or murine 
breast carcinoma cells such as E0771, 4T1 and Met-1 [8,20].

Both xenograft and allograft experimental models have been used to 
investigate the effect of ASCs on the development, progression, and 
metastasis of BC. Allograft experimental models have investigated the 
effect of mASCs on mouse mammary adenocarcinoma cells [20,34,35], 
while xenograft experimental models utilized human BC cells and 
human ASCs in experimental animal models [18,19,22,23,31,36]. Mo
raes et al. (2016) and Li et al. (2020) used an allograft experimental 

design whereby BALB/c and C57BL/6 J mice developed tumours after 
receiving 4T1 and E0771 BCE cell lines injected into their fat pads. A 
week later, these animals received mouse ASCs (mASCs) derived from 
gonadal adipose tissue and inguinal fat pads from C57BL/6 J mice. The 
mice received ASCs with either CD90high or CD90low extracellular 
vesicles (EVs). In comparison to ASCs-CD90high, ASCs-CD90low resul
ted in significantly reduced tumour mass and slower tumour growth rate 
[34,35]. These studies demonstrated that ASCs, whether directly or 
indirectly inhibit the progression of BC.

The aim of this study is to address the conflicting findings on the 
impact of ASCs on BC progression. To achieve more physiologically 
relevant observations and enhance translational potential in the human 
setting, we propose a novel approach in investigating the impact of 
mASCs on BC progression and metastasis using an isogenic mouse model 
of spontaneous mammary tumour development. This approach more 
accurately recapitulates what might occur in patients who incidentally 
have a small or latent tumour, and who might receive autologous ASCs 
for a variety of therapeutic purposes, unrelated to tumorigenesis per se, 
for example for regenerative medicine indications. Our hypothesis posits 
that mASCs will exert an impact on tumours.

We conducted a study to investigate the effect of mASC treatment on 
BC progression and metastasis using an isogeneic FVB/N-Tg(MMTV- 
PyVT)634Mul/J mouse model. These mice contain the MMTV-PyVT 
(mouse mammary tumour virus- polyoma virus middle T antigen) 
transgene, which induces the spontaneous development of primary 
mammary tumours [45]. We examined genes involved in tumour inva
sion, angiogenesis, and metastasis such as cd36, endoglin (cd105), 
transforming growth factor-beta 3 (tgf-β3), vascular endothelial growth 
factor receptor 1 (vegfr1) and metadherin (mtdh) [46–51]. Additionally, 
we performed immunohistochemical analysis to assess the presence of 
CD3 and M2-associated (CD163-positive) macrophages. Our findings 
provide important contributions to the understanding of ASC-based 
treatments for BC.

2. Materials and methods

2.1. Animal studies

The study was approved by the Faculty of Health Sciences Research 
Ethics Committee (ethics reference no.: REC166–19) and the Animal 
Ethics Committee (ethics reference no.: 534/2019) of the University of 
Pretoria. Animal husbandry was conducted at the Onderstepoort Vet
erinary Animal Research Unit (OVARU). FVB-TgN(MMTV-PyVT) mice 
were purchased from Jackson Laboratory (Jackson Laboratory; Bar 
Harbor, ME, USA) and were used for breeding and isolation of mASCs. 
To obtain heterozygous offspring, hemizygous males were bred with 
wild-type females. The resulting offspring were genotyped, and the 
heterozygous females were recruited into the study while the hetero
zygous males were used for breeding. A total of 20 heterozygous female 
mice (n = 10 for mASC-treatment group and n = 10 for the control 
group) were used for this study.

2.2. Genotyping

The KAPA Mouse Genotyping Kit (KAPABIOSYSTEM, Cape Town, 
South Africa) was used for genotyping according to the manufacturer’s 
instructions. Briefly, DNA was extracted from 2 mm mouse tail biopsies 
and placed in 0.2 mL microcentrifuge tubes. The forward primer 5-’ 
CAAATGTTGCTTGTCTGGTG-3′ and reverse primer 5′-GTCAGTC
GAGTGCACAGTTT-3′ specific for internal positive control and the for
ward primer 5′- GGAAGCAAGTACTTCACAAGGG-3′ and reverse primer 
5′- GGAAAGTCACTAGGAGC GGG-3′ specific for the transgene was used 
in the PCR genotyping experiment. The two pairs of primer sequences 
were obtained from the Jackson Laboratory website (Jackson Labora
tory; Bar Harbor, ME, USA). Amplification was done using a thermo
cycler (GeneAmp® PCR System 9700) for 35 cycles under the following 
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conditions: Initial denaturation at 95 ◦C for 3 min, denaturation at 95 ◦C 
for 15 s, annealing at 60 ◦C for 15 s, and extension for 15 s for 2 min. The 
amplicons were stained with ethidium bromide and separated on a 2 % 
agarose gel electrophoresis to determine the size.

2.3. mASC isolation and in vitro expansion

The inguinal white adipose tissue (ingWAT) excised from wild-type 
FVB/N mice under sterile conditions, was placed in a tissue culture 
dish and minced in a biosafety cabinet (ESCO, BSC class II). The minced 
tissue was transferred into 30 mL digestion medium (pre-prepared) that 
constituted of 0.8mg/mL collagenase II (Gibco, ThermoFisher, MA, 
USA,) dissolved in tissue medium ((1 % fatty acid-free bovine serum 
albumin (BSA) (Sigma-Aldrich, Darmstadt, Germany)) dissolved in 
Hanks’ balance salt solution (Sigma-Aldrich, Darmstadt, Germany), and 
placed in a water bath at 37 ◦C for 45 min (vortexed every 5minutes). 
The digested tissue was then filtered through a 200 µm nylon mesh into a 
50 mL tube containing 10 mL complete culture media (CCM; 20 % foetal 
bovine solution (FBS) (Gibco, ThermoFisher, MA, USA), 2 % Pen/Strep 
(Gibco, ThermoFisher, MA, USA), 1 % glutamine (Sigma-Aldrich, 
Steinheim, Germany) and 0.2 % amphotericin (Sigma-Aldrich, Stein
heim, Germany) in DMEM/F-12 (Lonza, Whitesci, Switzerland)]. The 
filtrate was centrifuged (SL-16R, Thermo Scientific) at 500 g for 7 min 
after which the supernatant was aspirated leaving behind the pellet. The 
mASC pellet was resuspended in CCM, plated at 5 × 103cells/cm³ in 75 
cm³ culture flasks and placed in a 37 ◦C/5 % carbon dioxide (CO2) 
incubator (Labotec, Thermo Scientific). The cell culture medium was 
changed twice a week and cells were passaged when they became 
confluent. At passage 5, mASCs were cryopreserved by resuspending 
dissociated cells in freezing medium (70 % FBS, 20 % Dulbecco’s 
modified eagle medium/F12 (DMEM/F12) supplemented with 10 % 
dimethyl sulfoxide (DMSO)), transferred to cryovials (Lasec, Greiner 
Darmstadt, Germany) and stored in liquid nitrogen vapour (Statebourne 
biorack 4800, Thermo Scientific, Washington, UK). To thaw the mASCs, 
700 µL of FBS was added to the cryovials and centrifuged at 500 g for 7 
min and then plated at 5 × 103cells/cm³ in 75 cm³ culture flasks. The 
mASCs used for this study were at passages 6 to 8.

2.4. Characterization of mASCs

The immunophenotypic profile and adipogenic and osteogenic dif
ferentiation capabilities of the mASCs were determined before the cells 
were used in vivo experiments.

2.4.1. Flow cytometric analysis of mASCs
mASCs were immunophenotyped at passage 3 using a Cytoflex flow 

cytometer (Beckman Coulter, Florida, USA). Immunophenotyping was 
done as previously described with some modifications [52]. Briefly, 
mASCs were washed twice using PBS and dissociated by adding 7 mL 
trypsin (GIBCO, Life Technologies™, New York, USA), followed by in
cubation for 4 min in a 37 ◦C/5 % CO2 incubator. An equal volume of 
CCM was added to the dissociated cell suspension followed by centri
fugation at 500 g for 7 min. An aliquot of the cell suspension (100 µL) 
was transferred to a flow cytometry tube, after which 5 µL of each 
antibody was added to the cells and incubated for 15 min in the dark. 
The anti-mouse antibodies used to stain the cells were CD45-Brilliant 
Vio-let 421 (30-F11) (Biocom, Biolegend, San Diego, CA, USA), 
CD90.2-APC (53–2.1), CD31-PE (390), CD29-FITC (HMb1–1), 
CD105-PE-C7 (MJ7/18) and CD106-PE-C7 (429) purchased from eBio
science, Invitrogen (San Diego, CA, USA). The cells stained with CD105 
were processed in a separate tube because this marker has the same 
fluoro-chrome as CD106. The data was analysed using Kaluza Flow 
Cytometry analysis software 1.2 (Beckman Coulter, Miami, USA).

2.4.2. Adipogenic and osteogenic differentiation
For adipogenic differentiation, mASCs were plated at a density of 

2000 cells/cm³ in a 6-well plate. The cells were differentiated into the 
adipogenic lineage as previously described [52] with slight modifica
tions. Briefly, CCM was added to cells at passage 3 to serve as 
non-induced controls (3 wells); adipogenic induction cocktail consisting 
of Dulbecco’s Modified Eagle’s Medium (GIBCO, Life Technologies™, 
New York, USA) supplemented with 20 % FBS, 2 % Pen/Strep, 10 µg/mL 
insulin (Gibco, ThermoFisher, MA, USA), 0.5 mM 3-isobutyl-methylxan
thine (IBMX), 5 mM dexamethasone, 200 µM indomethacin. Indo
methacin, IBMX, and dexamethasone were purchased from 
Sig-ma-Aldrich, Darmstadt, Germany. After a differentiation period of 
21 days, cells were stained using 2.5 µg/mL 4′, 6-diamino-2-phenylin
dole, dihydrochloride (DAPI) (Life Technologies, Oregon, USA) and 50 
ng/mL Nile red (Life Technologies, Oregon, USA). Images were captured 
at 10X magnification using a ZEISS Axio Vert.A1 inverted microscope 
(Carl Zeiss, Gottingen, Germany). For osteogenic differentiation, 2000 
cells/cm³ were plated in a 6-well plate at passage 3. The differentiation 
procedures were performed as described by Seavey et al. [53], with the 
exception that cells were differentiated for 21 days instead of 14 days as 
described by the authors. Osteoblast staining was performed as 
described by Koch et al., 2007 [54], with a few minor modifications. In 
summary, the culture media was removed, and 10 % formalin was added 
to the cells followed by incubation for 1 hour at room temperature RT. 
After fixation, the cells were stained with 2 % alizarin red for 45 min at 
RT. The solution was aspirated, the wells were washed 4 times with 
dH2O, and 1 mL PBS was added.

2.5. mASC-treatment and tumour measurements

Experiments done on both control (untreated) and treatment groups 
were performed on 10 mice each. Each mouse in the mASCs treatment 
group received 2 × 10⁶ mASCs suspended in 100 µL 0.9 % SABAX saline 
solution (Adcock Ingram, South Africa) through intraperitoneal injec
tion (IP) on days 30 and 37 (from the time of birth). On day 44, the mice 
received 1.6 × 10⁶ mASCs; the adjustment was due to the number of 
mASCs available and was made to ensure that all animals received the 
same number of cells. Each mouse in the treatment group thus received a 
total number of 5.6 × 10⁶ mASCs over a period of 44 days. Mice in the 
control group received 100 µL of saline solution at each time point; the 
administration route was the same. Palpable primary tumours were 
measured once a week until termination, using a calliper to determine 
tumour volume. Volume was calculated using the formula L x W² / 2; L 
(length) and W (width). At termination, the mammary tumours were 
excised and weighed (Sartorius, Göttin-gen, Germany) to determine the 
tumour mass [in grams (g)] per animal.

2.6. Histology and immunohistochemistry

Mammary and lung tissues were collected from mice in both (control 
and mASC-treated) groups after they were euthanized and fixed in 10 % 
neutral buffered formalin (NBF). Haematoxylin and eosin staining was 
performed as previously described by Dhanraj et al.,2021 and Pitere 
et al., 2022 [55,56]. To visualize CD163-positive macrophages, the tis
sues were processed and stained, with minor modifications, using a 
rabbit monoclonal anti-mouse antibody directed against CD163, as 
previously described [55,56]. Briefly, 3-micron sections were cut from 
formalin-fixed paraffin-embedded (FFPE) tissue blocks and baked 
overnight in a 58 ◦C oven. Slides were deparaffinized in xylene, hy
drated with decreasing concentrations of alcohol, and washed with 
distilled water. Endogenous peroxidase was quenched in 3 % hydrogen 
peroxide for 5 min at 37 ◦C. Antigen retrieval was performed in high pH 
buffer (Dako Envision FLEX Retrieval solution high pH, Agilent Tech
nologies, Denmark), after which the sections were rinsed in 
phosphate-buffered saline (PBS) followed by blocking the background 
staining with protein block (NovolinkTM Leica Biosystems, Newcastle 
Upon Tyne, UK) for 30 min at room temperature to reduce background 
staining. Sections were incubated overnight at 4 ◦C in a 1:300 rabbit 
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monoclonal anti-CD163 antibody [EPR19518] (ab182422) (Abcam, 
Cambridge, UK). Slides were once again rinsed in PBS and detection was 
performed using an anti-rabbit NovolinkTM Polymer Detection Kit 
(Leica Biosys-tems) for 25 min at RT. Slides were once again washed in 
PBS and chromogen detection was performed (4 min at 37 ◦C) using 3, 
3′-Diaminobenzidine (DAB) (NovolinkTM Polymer Kit). Sections were 
rinsed and counterstained in haematoxylin for 1 min. Dehydration in 
alcohol, clearing in xylene, and mounting in DPX followed. Negative 
controls were performed by substituting the anti-CD163 antibody with 
PBS. For CD3 IHC, 3-micron sections were cut, and the process was 
performed similarly to CD163 with a few differences. Antigen retrieval 
was performed in a low pH buffer (Cell Condition-ing Solution CC2, 
Ventana Medical Systems, Inc Arizona USA). Sections were incubated 
with a 1:100 rabbit monoclonal anti-CD3 (Abcam ab16669, clone SP7) 
antibody at room temperature for 120 min. Slides were rinsed in PBS 
and detection was performed using anti-rabbit Polymer HRP IgG 
(NovolinkTM Polymer Detection Kit, Leica Biosystems) for 30 min at RT. 
Negative controls were performed substituting the CD3 antibody with 
PBS. Images were captured at 40X magnification using a Leica AT 2 
Aperio scanner (Leica Biosystems, Nussloch, Germany) and analyzed 
using Qupath software, version 0.2.3 (The Queens University of Belfast, 
Northern Ireland).

2.7. mRNA isolation and RT-qPCR

Total cellular mRNA was extracted from mammary and lung tissues 
of treated and untreated mice using the E.Z.N.A.® Total RNA Kit I 
(Omega Bio-Tek, Norcross, GA) following the manufacturer’s in
structions. The quality of mRNA was determined using the Nanodrop 
spectrophotometer (Inqaba Biotec, South Africa). Complementary DNA 
(cDNA) was generated from mRNA using the SensiFAST™ cDNA syn
thesis kit (Meridian Bioscience®, USA) according to the manufacturer’s 
instructions and was quantified using a Nanodrop spectrophotometer. 
TaqMan RT-qPCR was used to determine the expression of the following 
genes: cd105 (Mm00468252_m1), tgf-β3 (Mm00436960_m1), vegfr1 
(Mm00438980_m1), mtdh (Mm00482588_m1) and cd36 
(Mm00432403_m1). The reference gene used was gapdh 
(Mm99999915_g1). For RT-qPCR, a 15 µL master mix containing 10 µL 
TaqMan fast advanced master mix (2X), 1 µL TaqMan assay probe (20X), 
4 µL nuclease-free water and 5 µL (30 ng/µL) cDNA (sample template) 
were added to wells in a 96-well plate. The plate was run in standard 
mode on a QuantStudio™ 6 Flex Real-time PCR (Applied Biosystems™, 
MA, USA) under the following conditions for 40 cycles: incubation at 50 
◦C for 2 min, polymerase activation at 95 ◦C for 10 min, denaturation at 
95 ◦C for 15 s, extension at 60 ◦C for 1 min. The software of QuantStudio 
6 and 7 measured the threshold limit (Ct value) and the comparative CT 
method was used to calculate gene expression fold changes using the 
formula: ΔCT = CT average mASC – CT average reference gene, ΔCT =
CT average control – CT average for reference genes; ΔΔCT= ΔCT 
mASCs - ΔCT control; Fold change = 2 ‾ΔΔCT.

2.8. Measurement of plasma cytokines

Approximately 800 µL of blood was collected in EDTA tubes through 
cardiac puncture and centrifuged at 14 000 rpm for 15 min. Approxi
mately 250–300 µL of plasma was collected from each sample into 2 mL 
microcentrifuge tubes. The Legendplex mouse inflammation panel (13- 
plex) kit (Biolegend®, San Diego, CA, USA) was used for cytokine 
profiling. The assay was performed according to the manufacturer’s 
instructions. The levels of the following 13 mouse cytokines were 
determined: Interleu-kin-23 (IL-23), IL-1α, interferon-gamma (IFN-γ), 
tumour necrosis factor-alpha (TNF-α), monocyte chemoattractant 
protein-1 (MCP-1), IL-12p70, IL-1β, IL-10, IL-6, IL-27, IL-17A, IFN-β, and 
granulocyte-macrophage colony-stimulating factor (GM-CSF). Cytokine 
levels (present in standards and samples) were measured using the 
Cytoflex flow cytometer (Beckman Coulter, California, USA). Standard 

curves were generated according to the manufacturer’s instructions. 
Cytokine concentration levels were determined using the LEGEND
plesTM data analysis software [version 8.0; BioLegend, San Diego, USA 
(https://legendplex.qognit.com/)]. All analysis was done using Bio
legend’s data analysis software.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 5; 
GraphPad Software Inc., San Diego, CA, USA). Data was expressed as 
mean ± standard error of the mean (SEM). Two-tailed unpaired Student 
T-test was used to compare means between two groups. A two-way 
ANOVA and multiple comparison test were used to compare means of 
more than two categories.

3. Results

3.1. Characterization of mASCs: immunophenotype and differentiation 
potential

To confirm that the cells used were mASCs, they were immunophe
notyped using a panel of anti-mouse antibodies. The mASCs were pos
itive for CD29, CD105, and negative for CD31, CD106, CD45, and 
CD90.2. The majority of mASCs (99.58 %) did not express CD31 (an 
endothelial marker) but expressed CD29, of which 94.38 % lacked the 
expression of CD106 and CD45 (Fig 1A-B). Moreover, 98.79 % of these 
cells co-expressed CD29 and lacked CD90.2 (Fig 1C). The mASCs (99.85 
%) also expressed CD105 (Fig 1D)), confirming their identity as mASCs.

To validate the multipotent differentiation potential, adipogenic and 
osteoblastic differentiation were assessed in mASCs. Adipogenic induc
tion resulted in the accumulation of lipid droplets within the cells, 
confirming adipogenic differentiation. In contrast, non-induced cells 
showed the absence of lipid droplets (Fig 2A-B). Additionally, osteo
genic differentiation was evident by the presence of calcium deposits, 
visually observed as red staining in the induced cells, whereas non- 
induced mASCs did not undergo differentiation (Fig 2C-D). These find
ings demonstrate that mASCs possess the capacity to differentiate into 
adipocytes and osteoblasts, confirming their multipotency.

3.2. mASC treatment initiates earlier tumour formation but does not 
impact tumour progression

To test for the effect of mASC treatment on tumour growth and 
progression, the size of mammary tumours was measured once a week 
for 4 weeks using a calliper. Measurements commenced after mice 
received the last dose of mASCs. Each mouse in the mASC group 
received 2 × 10⁶ cells on days 30, 37, and 1.6 × 10⁶ cells on day 44; 
therefore, the mASC-treated received a total of 5.6 × 106 cells over a 14- 
day period. Notably, on week 3 after treatment, a larger number of mice 
(60 %) in the mASC treatment group exhibited palpable tumours earlier, 
compared with 30 % in the control group (Fig 3A). This observation 
suggests that the administration of mASCs resulted in earlier tumour 
initiation. At the point of termination, tumours were removed, measured 
(size), volume calculated, and weighed to determine tumour mass. No 
significant difference was observed in tumour volume (p = 0.7782) and 
mass (p = 0.6411) on average between the mASC-treated and untreated 
groups (Fig 3B-C). These findings indicate that while mASCs may have 
contributed to the initiation of tumour formation, they did not influence 
tumour progression.

3.3. Differential effects of mASC treatment on tumour necrosis: less 
necrosis in mammary tumours and higher levels of pulmonary necrosis

Histopathological analysis was performed on mammary tumour and 
lung tissue sections to evaluate the effects of mASC treatment. H&E 
staining was applied to five sections from each group (mASC-treated and 
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control) to visualize tissue morphology. Manual delineation of bound
aries was conducted to identify necrotic areas and calculate the degree 
of tumour necrosis. Red boundaries were drawn around the necrotic 
regions and a blue boundary encompassed the entire tissue section (Fig 
4A-B). Tumour necrosis was measured by dividing the total sum of the 
necrotic areas by the area of the entire tissue section to determine the 
percentage of necrosis observed. mASC-treated mice exhibited less 
tumour necrosis (p = 0.3486) compared to the control group (Fig 4C). 

However, higher levels of pulmonary necrosis were observed in mASC- 
treated mice (Fig 4D). Although the result was not statistically signifi
cant, a p-value of 0.0882 suggests that mASC treatment promotes 
tumour cell necrosis. Our results suggest that mASC treatment inhibited 
necrosis in primary mammary tumours but enhanced pulmonary 
necrosis.

Fig 1. Representative flow cytometry two-parameter plots of mASC immunophenotype: (A-D) Two-parameter flow cytometry plots indicate that mASCs were 
positive for CD29 and CD105 and negative for CD31, CD45, CD90.2 and CD106. Plots A – H were gated (region A) on viable, intact ASCs. (E-H). Overlay dot plots 
indicate the isotypic controls (negative control) (green) and cells that were stained with the respective monoclonal antibodies (red).
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3.4. mASC treatment enhances CD163+ M2 macrophage infiltration in 
mammary tumours but not in lung tissues

Immunohistochemical analysis was performed to evaluate the pres
ence of CD163+ M2 macrophages in both lung and mammary FFPE 
tissue sections. Five randomly selected sections from each group (mASC- 
treated and untreated) were processed for immunohistochemistry. The 
percentage of positively stained cells was determined by dividing the 
total number of positive cells by the total number of all macrophages 
multiplied by 100. In mammary tumours, the mASC-treated group dis
played a higher abundance of CD163+ M2-associated anti-inflammatory 
macrophages, as indicated by the presence of dark brown stained cells 
(Fig 5A). Quantitative analysis revealed a greater percentage of CD163+
macrophages in the mASC-treated group (Fig 5B). Conversely, in lung 
tissue, the mASC-treated group exhibited fewer CD163+ macrophages 
(Fig 5C). However, none of these results were statistically significant. 
The p-value for lung tissue was 0.0770 and in tumour tissue, it was 
0.8763. Our findings suggest that mASC treatment contributes to a 
higher anti-inflammatory response in primary mammary tumours but 
not in lung tissues.

3.5. Increased infiltration of CD3+ T cells in mammary tumours and lung 
tissues following mASC treatment

Immunohistochemical analysis was conducted to evaluate the pres
ence of CD3+ T cells in both lung and mammary tissue sections. Five 
randomly selected sections from both the mASC-treated and untreated 
groups were stained using a monoclonal antibody specific to the pan T- 
cell marker, CD3. In mammary tumours and lung tissues, an increased 
number of CD3+ T cells (stained dark brown) was observed in mASC- 
treated mice compared to the untreated group (Fig 6A). However, sta
tistical analysis did not reveal a significant difference (mammary 
tumour p = 0.3025, lung tissue p = 0.0938) between the two groups 
(Figs 6B and 6C). These results reveal a trend towards an increase in 
CD3+ T-cell infiltration in mammary tumours and lung tissues of mASC- 
treated mice.

3.6. Differential gene expression profiles after mASC treatment in 
mammary and lung tissues

The effect of mASC treatment on gene expression in mammary and 

Fig 2. Adipogenic and osteogenic differentiation of mASCs: Representative microscopy images of mASCs induced to undergo adipogenic differentiation; (A) non- 
induced mASCs stained with DAPI and Nile red (no visible lipid droplet accumulation observed, indicating no differentiation). (B) Nile red-stained lipid droplets 
were observed in induced mASCs, confirming successful adipogenic differentiation. C – D; Osteogenic differentiation of mASCs; (C) non-induced mASCs stained with 
Alizarin red showed no calcium deposits present, (D) mASCs successfully differentiated into osteoblasts that contain calcium deposits that stain red. All images were 
taken at 10X magnification.

Fig 3. Tumour volume and mass. (A) A larger number of mice in the mASC group developed tumours earlier. On average, at termination, mammary tumour volume 
(B) and mass (C) were similar in both groups (N = 10 mice in each group).
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lung tissues was evaluated by analyzing the expression levels of five 
genes associated with BC growth and progression: cd36, tgf-β3, vegfr1, 
eng (cd105), and mtdh. The reference gene GAPDH (gapdh) was used as a 
control. In both primary mammary tumours and lungs of mASC-treated 
mice, the expression of tgf-β3, vegfr1, and cd105 were all downregulated 
(Fig 7A-C). The expression of mtdh was similar to that of the control 
group in mammary tumours, while it was downregulated in the lungs 
(Fig 7D). Additionally, the expression of cd36 was similar to controls in 
lung tissue but downregulated in mammary tumours (Fig 7E).

3.7. Increased plasma cytokine concentrations in response to mASC 
treatment

The plasma concentrations of all cytokines measured were higher in 
the mASC-treated group except for IL-27 (p = 0.4463) where no change 
was observed between untreated and treated groups. Although not sta
tistically significant, the following cytokines were notably higher in the 
mASC-treated group when compared to controls (untreated): IFN-γ (p =

0.3464), IL-1α (p = 0.5614), IL-1β (p = 0.2559), IL-6 (p = 0.2237), IL-10 
(p = 0.2332), IL-12p70 (p = 0.5308), IL-17A (p = 0.2501), and TNF-α (p 
= 0.1399). Additionally, MCP-1 (p = 0.2405), IL-23 (p = 0.8053), and 
IFN-β (p = 0.3051) also showed increased levels in the mASC-treated 
group (Fig 8).

4. Discussion

In this study, we investigated the influence of mASCs on breast 
cancer development and progression by using a mouse model of spon
taneous mammary carcinogenesis. We believe this model more accu
rately reflects the expected outcomes should BC patients (humans) 
receive ASCs as cellular therapy. The isogeneic experimental design used 
in this study limits genetic variability, which has been a major limitation 
in previous studies and is therefore, we believe, likely to result in a more 
accurate reflection of the (human) clinical setting. Heterozygous female 
mice that spontaneously develop mammary tumours with lung metas
tasis were given either saline or mASC intraperitoneally over a 14-day 

Fig 4. H&E sections of tumour and lung sections. Red boundaries encompassing necrotic tissues of mammary tumour and lung tissue. Scale bar represented by the 
horizontal line indicates lengths of 800 µm and 1 mm for mammary and lung tissues (A). (B) Tumour necrosis was lower in the mASC-treated group. (C) Higher levels 
of necrosis were observed in the lungs of the mASC-treated group (N = 5 in each group).
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period (3 different time points, 7 days apart) and were terminated 28 
days after receiving the last dose. Although no significant differences in 
mammary tumour volume and mass were observed between the treated 
and untreated groups, it is noteworthy that twice as many mice in the 
mASC-treatment group developed palpable mammary tumours between 
days 60–65 from the time of birth compared to the control group. Len
gyel et al. (2018) suggest that adipocytes and ASCs present in adipose 
tissue in close proximity to mammary glands secrete extracellular matrix 
molecules such as collagen IV and have been implicated in BC pro
gression [57]. Furthermore, ASCs are known to secrete several growth 
factors, chemokines, and cytokines such as platelet-derived growth 
factor (PDGF-BB), chemokine ligand 5 (CCL5), VEGFA, VEGFB, 
stroma-derived factor 1α (SDF-1α), stem cell factor (SCF) and hepato
cyte growth factor (HGF) that support BC cells proliferation in the TME 
[58]. Another study showed that WAT ASCs are recruited by tumours 
and promote growth [42]. BC xenograft studies have also reported an 
increase in proinflammatory cytokines that causes BC progression by 
stimulating growth in a paracrine manner [17,29,59]. We also observed 
a notable increase, although not significant, in proinflammatory cyto
kines (IFN-γ, IL-1α, IL-1β, IL-6, IL-17A, IL-12p70, and TNF-α) in the 
mASC treatment group. In this study, all 13 cytokines measured were 

higher in the mASC treatment group. Interleukin 10, which is also high, 
is a potent anti-inflammatory cytokine [60]. Eterno et al. (2014) using a 
xenograft model suggested that ASC-associated proinflammatory cyto
kines cause an increase in BC proliferation but do not maintain tumour 
growth [24]. ASCs are, therefore, not necessarily tumorigenic but rather 
exacerbate tumorigenic behaviour by creating an inflammatory envi
ronment [24]. The earlier detection of palpable tumours in the 
mASC-treatment group with no difference in tumour growth (volume 
and mass) observed in this study suggests that mASCs only exacerbate 
tumour initiation but not tumour progression.

Chemotherapeutic drugs eradicate cancer cells via necrosis [61]; 
therefore, the presence of necrotic tissue is an indicator of anti-tumour 
activity. In this study, more CD163+ macrophages and less necrotic 
tissue were observed in the mammary tumours of mASC-treated mice. 
However, lower numbers of M2-associated CD163+ macrophages and 
more necrotic tissue were observed in the lung of mASC-treated mice. 
The expression of CD163+ macrophages is used as a prognostic indi
cator for predicting BC recurrence-free survival [62]. An in vivo study 
found that high CD163 expression increased metastatic ability and 
tumorigenicity [62]. An increased number of CD163+ macrophages has 
been linked to reduced overall survival of BC patients, metastases, early 

Fig 5. (A) Representative immunohistochemistry images of M2 macrophage involvement in primary mammary tumour and lung. CD163+ cells stained dark brown. 
Scale bar represented by the horizontal line indicates a length of 100 µm for all tissues. (B) and (C) Quantification of CD163+ macrophages in primary tumours and 
lungs, respectively. (B) Anti-inflammatory CD163+ macrophages were more frequent in the mASC-treated group. (C) Fewer CD163+ cells were observed in the 
mASC-treated group (N = 5 in each group).
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recurrence, and increased production of TGF-β1, IL-10 and VEGF [63,
64]. Moreover, Shabo et al. (2008) demonstrated that CD163+ macro
phages are present in greater numbers in the TME of advanced histo
logical grade BC [62,64]. Therefore, an increase in the number of 
CD163+ macrophages is detrimental in BC, and this was only observed 
in mammary tumours and not in lungs of mASC-treated mice compared 
to controls. However, CD3+ T-cell numbers were greater in 
mASC-treated mice than in controls. High CD3 T numbers are associated 
with a decreased risk of relapse, favourable outcomes, and increased 
survival [65,66]. Thus, despite the higher number of CD163+ macro
phages in mammary tumours, the high number of CD3+ T-cells in the 
mammary TME suggests the potential for an anti-tumour effect if the 
duration of treatment were extended.

In the primary mammary tumour, cd36 was downregulated but no 
change was observed in its expression in the lungs. cd36, a pro-tumour 
marker, is a transmembrane receptor involved in angiogenesis, 
apoptosis, adipocyte differentiation, immune signalling, and TGF-β 
activation [49,50,67]. Studies on a variety of human BC cell lines 
demonstrated that downregulation of cd36 expression supports the 
progression of an aggressive, metastatic and invasive tumour cell type, 

while upregulated cd36 was observed in non-aggressive BC cells [68,
69]. The mouse FVB/N-Tg(MMTV-PyVT)634Mul/J model contains the 
PyVT oncogene that activates numerous pathways that lead to an 
aggressive tumour phenotype [70]. This may explain the down
regulation of cd36 expression in mammary tumours and no change in 
expression in the lungs of mASC-treated mice. Therefore, the more 
aggressive the tumour, the lower the cd36 level, thus supporting tumour 
development and an increased the likelihood of having metastatic po
tential [67,69].

The expression of tgf-β3 and vegfr1 (FTL1) were downregulated in 
both primary mammary tumours and in the lungs in mASC-treated mice. 
In BC, these two genes are mainly involved in angiogenesis [71]. 
Downregulation of tgf-β3 has been associated with the early develop
ment of BC in ductal carcinoma in situ [72]. Furthermore, down
regulated tgf-β3 is correlated with tgf-β3 gene loss of heterozygosity in 
human breast cancer [73]. Tgf-β3 restoration in mice inhibits tumour 
invasion, metastasis, and angiogenesis [73,74]. Moreover, tumour 
growth, metastasis, and angiogenesis were inhibited in a BC xenograft 
nude mouse model treated with tgf-β3 alone in vivo [74–76]. An in vivo 
study by Hank et al. (2020) demonstrated the lack of tgf-β3 expression 

Fig 6. Representative immunohistochemistry images of CD3-positivity in primary mammary tumours and lung tissue. (A) CD3+ T-cells appear dark brown. The 
horizontal line on the image served as a scale bar, representing a uniform length of 100 µm. More CD3+ T-cells were observed in mammary tumours (B) and lung 
tissue (C) of mASC-treated mice (N = 5 mice in each group).
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created an immunotolerant TME by increasing TGF-β signalling in the 
dendritic cell (DC) population and upregulated CCL22 myeloid DCs and 
indoleamine 2,3-dioxygenase (IDO) DCs [77]. Treg infiltration was 
mediated by these DCs, hence promoting BC development in the 4T1 
murine BC model [77]. This study shows that mASC treatment down
regulates tgf-β3, possibly creating a pro-tumour effect. Vascular endo
thelial growth factor interacts with vegfr1 to stimulate angiogenesis and 
is involved in BC development and metastasis [47]. Generally, vegfr1 is 
absent in healthy breast tissue but expressed in BC cells [78]. The 
expression of vegfr1 maintains the survival of BC cells and is associated 
with a poor prognosis in BC patients [78,79]. As long as vegfr1 is 
expressed, there is metastatic potential, but the degree of vegfr1 
expression determines its tumorigenic and metastatic involvement. 
Various studies have reported that elevated expression of vegfr1 is 

linked to metastasis in multiple cancers including BC, and a shorter 
survival time [78,80–83]. The results of this study show that 
mASC-treatment exerts an anti-tumour effect by downregulating vegfr1 
expression.

The expression of cd105 was also downregulated in both mammary 
tumours and in the lungs. Lack of or low expression of cd105 in primary 
mammary tumours is linked to gene methylation and poor clinical 
outcome in BC [84,85]. It has also been demonstrated that cd105 
downregulation leads to increased invasion and tumorigenicity [86,87]. 
Additionally, cd105 overexpression decreases migration and metastasis 
[84,85]. Thus, mASC treatment may promote a pro-tumour effect by 
downregulating cd105 expression.

Mammary tumours did not show any change in the expression of 
mtdh, which was downregulated in pulmonary metastasis. Metadherin 

Fig 7. Fold change in gene expression within mammary and lung tissues of mice treated with mASCs, demonstrating SD<2 % (N = 10 in each group).

Fig 8. Plasma cytokine concentrations in control and mASC-treated groups: The concentration of all cytokines measured was higher in mice in the mASC group 
compared to those in the control group (N = 5 mice in each group). White bars represent cytokine levels observed in the control group. Grey bars represent cytokine 
levels observed in the mASC-treated group.
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is an oncogenic protein that promotes metastasis, cancer progression, 
and chemoresistance in mammary carcinoma [51,88]. Primary mam
mary tissues highly express mtdh compared to normal tissue [89]. 
Overexpression of mtdh correlates with an increased risk of relapse and 
poor disease-free survival [90]. This study therefore suggests that mASC 
treatment has an anti-tumour effect in pulmonary metastasis by down
regulating mtdh expression.

The effect of mASC treatment on primary mammary and pulmonary 
metastatic tumours produced pleiotropic effects on the different mo
lecular factors investigated. However, the combination of these varied 
molecular events resulted in a measurable phenotypic outcome which 
suggests a pro-tumour and anti-tumour effect of mASCs on mammary 
and pulmonary tumours, respectively. The pro-tumour effect exerted by 
mASC treatment includes the following; (i) double the number of mice in 
the mASC treatment group developed tumours early; (ii) more CD163+
macrophages were observed in mammary tumours of the mASC-treated 
mice; and (iii) downregulation of cd36, tgf-β3, and cd105, all of which 
are constituents that outweigh the anti-tumour effect exerted by the 
downregulation of vegfr1, thereby contributing to less necrosis observed 
in mammary tumours of mASC-treated mice. Although the number of 
CD3+ T-cells was higher in mASC-treated mice, this was not enough to 
render an anti-tumour effect. On the contrary, the anti-tumour effect 
produced by mASC treatment on pulmonary metastasis includes the 
following: (i) the lower number of CD163+ macrophages; (ii) the higher 
number of CD3+ T-cells; and (iii) the downregulation of mtdh and 
vegfr1, which is suggestive to be strong enough to outweigh the pro- 
tumour activity resulting from the downregulation of cd105 and tgf- 
β3, thereby increasing tumour necrosis. Furthermore, it is possible that 
the strong anti-tumour effect of mASCs observed in the lungs, but not in 
primary mammary tumours, may be the result of mASCs being trapped 
in the lungs [91]. This could suggest that there were fewer cells in the 
primary mammary tumour to render a net anti-tumour effect. It will be 
interesting to explore a different mode of administration, such as direct 
injection of mASCs into the mammary gland, to ensure that mASCs are 
present in that locale and then to investigate their effect on BC 
progression.

Our results highlight the differential effect of mASC treatment on 
different sites (mammary tumour and lung), underscoring the 
complexity of the therapeutic response in BC. The observed effect of 
mASC treatment on BC progression indicates its potential to modulate 
TME. The contrasting outcomes in different anatomical sites suggest that 
mASC interaction with other immunomodulators may lead to distinct 
outcomes in different anatomical TMEs, influencing tumour growth, 
necrosis, and potentially metastatic spread. These findings contribute to 
our understanding of the potential benefits and complexities associated 
with MSC-based therapies in BC. Further research in investigating the 
interaction of mASCs with other immune cells in the TME or the para
crine effect of mASCs on TME will further advance knowledge on the 
effect of mASC on BC progression at different anatomical sites.

While our study yields important findings, it is crucial to acknowl
edge several limitations. First, a larger sample size would have increased 
statistical power, allowing for a definitive conclusion. Second, extending 
beyond the time limits of this study. This could have provided a more 
comprehensive understanding of the impact of mASCs in the TME and 
allowed for the assessment of metastatic potential beyond the lungs. 
Future studies should consider extending the observation period and 
exploring additional metastatic sites. There is a need for greater insight 
into the underlying mechanisms involved in order to understand the 
site-specific interactions between mASCs and the TME.

5. Conclusions

In an attempt to recapitulate the clinical scenario of individuals with 
BC receiving MSC treatment and to investigate the possible outcomes of 
such treatment, an isogenic experimental design was used to investigate 
the effect of mASCs on BC progression in a transgenic MMTV-PyMT 

mouse model that spontaneously develops a mammary tumour with 
pulmonary metastasis. This study suggests that mASC treatment pro
duced a pleiotropic effect on BC progression by demonstrating pro- 
tumour activity on primary mammary tumours and anti-tumour activ
ity on pulmonary metastatic tumours, resulting in less and more tumour 
necrosis respectively at these sites.
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