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temozolomide chemotherapy, GBM is characterised by 
profound treatment resistance and near-universal recur-
rence. Patient outcomes remain devastating, with a median 
overall survival of only 15 months and a five-year survival 
rate below 5% [2, 3].

The poor prognosis of GBM reflects several intercon-
nected biological challenges. Firstly, GBM exhibits aggres-
sive infiltrative growth and high intra- and inter-tumoural 
heterogeneity, complicating complete surgical resection and 
uniform therapeutic responses [4, 5]. Secondly, intrinsic 
and acquired resistance mechanisms limit the efficacy of 
standard chemotherapy and radiotherapy [6]. Thirdly, GBM 
establishes a highly immunosuppressive tumour microen-
vironment (TME) that promotes tumour progression while 
suppressing anti-tumour immune responses [7, 8]. These 
challenges are further complicated by the presence of ther-
apy-resistant glioma stem-like cells [9], extensive neovas-
cularisation [10], and the capacity to recruit and reprogram 
stromal cells, collectively creating a self-sustaining tumori-
genic niche [11, 12].

Introduction

Clinical Challenges and Biological Complexity of 
GBM

 The World Health Organisation classifies glioblastoma 
(GBM) as a grade IV astrocytoma, characterised by rapid 
proliferation, extensive infiltration into surrounding brain 
tissue, and vascular proliferation, contributing to its dis-
mal prognosis [1]. Despite current multimodal therapy 
combining maximal surgical resection, radiation, and 
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Abstract
Despite advances in surgical resection, radiation, and chemotherapy, glioblastoma remains a lethal condition driven by 
intrinsic heterogeneity, therapy resistance, and an immunosuppressive tumour microenvironment. Mesenchymal stromal 
cells (MSCs) and their secretomes, comprising cytokines, growth factors, and extracellular vesicles, have emerged as 
promising therapeutic candidates due to their tumour-homing properties and anti-inflammatory and immunomodulatory 
potential. However, recent evidence reveals a paradox: MSC secretomes exhibit both anti-inflammatory/immunomodula-
tory potential and pro-tumorigenic activities, depending on MSC source, passage number, and environmental and manu-
facturing contexts. In this review, we critically examine the molecular mechanisms underlying these opposing effects, 
synthesising evidence on how MSC source, donor variability, passage number, and environmental priming/licensing (e.g., 
hypoxia, inflammatory licensing) dictate secretome composition and function. We identify critical manufacturing deter-
minants, including the necessity for upper passage limits and standardised isolation protocols, and propose a translational 
framework that integrates mechanism-based potency assays, such as nuclear factor-κB (NF-κB) reporter systems and 
multi-donor mixed lymphocyte reactions, to predict clinical activity. Establishing these robust quality controls and mecha-
nistic release and rejection criteria will be essential to resolve the functional plasticity of secretomes and enable the safe 
translation of MSC-based therapies for glioblastoma.
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Biology and MSCs and their Therapeutic Potential

MSCs are adult progenitor cells capable of differentiating 
into multiple mesenchymal lineages, including adipocytes, 
chondrocytes, and osteoblasts [13] (Fig. 1A).

MSCs can be readily isolated from diverse tissue sources, 
including bone marrow, adipose tissue, dental tissues, and 
umbilical cord [14]. MSCs exhibit low immunogenic-
ity in their undifferentiated state due to absent or minimal 
expression of major histocompatibility complex class II and 
costimulatory molecules (e.g., CD40, CD80 and CD86), 
which facilitates allogeneic transplantation. However, 
inflammatory conditions and differentiation can upregu-
late major histocompatibility complex expression, leading 
to eventual immune recognition and clearance, typically 
within weeks to months of transplantation [15–17].

MSCs have become increasingly prevalent as therapeu-
tics due to their accessibility from multiple tissue sources 
and relative ease of harvesting [18]. Importantly, tissue ori-
gin significantly influences both regenerative potential and 
therapeutic efficacy of MSCs [19, 20]. Since the first clini-
cal trial in 1995, bone marrow-derived MSCs (BM-MSCs), 
umbilical cord-derived MSCs (UC-MSC), and adipose-
derived MSCs (AD-MSCs have emerged as the primary 
clinical sources [21]. Beyond source-dependent effects, 

patient age, sex, extraction feasibility, and somatic mutation 
burden further affect the regenerative potential of MSCs 
[21]. In addition, non-standardised isolation techniques 
further complicate cross-study comparisons. To address 
this, Dominici et al. proposed standardised minimal criteria 
for the definition of MSCs. According to these guidelines, 
human MSCs must be plastic adherent, express CD105, 
CD73 and CD90, lack haematopoietic and endothelial lin-
eage markers (CD45, CD34, CD14/CD11b, CD79α/CD19, 
HLADR) and be able to undergo trilineage differentiation in 
vitro (osteogenic, adipogenic, chondrogenic) [22]. Interest-
ingly, despite their restriction to mesodermal differentiation, 
clinical trials have demonstrated the therapeutic efficacy of 
MSCs [23]. The broad therapeutic benefit is largely attrib-
uted to ‘bystander effects’, which involve MSC-driven 
paracrine modulation of endogenous repair mechanisms, 
primarily mediated by factors secreted in the MSC secre-
tome [24]. Briefly, MSC secretomes exert their regenerative 
function through immunomodulation and reduced inflam-
mation [25]. In addition, they support angiogenesis and 
facilitate endogenous regenerative processes through the 
secretion of paracrine factors [26, 27].

Importantly, MSCs possess inherent properties of migra-
tion toward damage, inflammation, hypoxia, and neoplastic 
growth, a phenomenon termed tumour tropism [28] (Fig. 

Fig. 1  Biological characteristics 
and tumour-tropic mechanisms 
of mesenchymal stromal cells 
(MSCs). MSCs are multipo-
tent progenitors derived from 
diverse sources (including bone 
marrow, adipose tissue, and 
umbilical cord) with the capac-
ity for trilineage differentiation 
into adipocytes, chondrocytes, 
and osteoblasts. Beyond their 
regenerative potential, MSCs 
exhibit low immunogenicity 
and secrete a broad repertoire of 
bioactive immunomodulatory and 
reparative factors. Crucially, they 
demonstrate specific homing to 
the glioblastoma microenviron-
ment driven by inflammatory and 
hypoxic gradients, mediated by 
key chemokines (e.g., stromal 
cell-derived factor-1 (SDF-1)/C-
X-C chemokine receptor type 4 
(CXCR4), monocyte chemoat-
tractant protein-1 (MCP-1)) 
and adhesion molecules (e.g., 
vascular cell adhesion molecule-1 
(VCAM-1)). GBM: glioblastoma, 
EVs: extracellular vesicles
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1B). Tumour tropism is mediated by coordinated chemo-
kine, cytokine, and adhesion molecule networks. Key medi-
ators of this phenomenon include SDF-1)/CXCR4, MCP-1, 
and VCAM-1, which guide MSCs to pathological microen-
vironments [29].

These tumour-tropic properties and secretory capabilities 
of MSCs have positioned them as attractive cellular delivery 
platforms for targeted cancer therapeutics. In GBM, MSCs 
have been used pre-clinically as vectors to deliver immu-
nomodulatory cytokines [30] and oncolytic viruses [31], 
benefiting from their ability to cross the blood-brain barrier 
and selectively home to tumour tissue. Secretomes offer a 
cell-free alternative to MSCs that mitigates key safety risks 
associated with whole cell transplantation, including ectopic 
differentiation and long-term engraftment. As non-viable, 
size filterable biologicals, secretomes can be manufactured 
under Good Manufacturing Practice (GMP) conditions with 
good batch-to-batch consistency and scalable production 
while avoiding immunogenicity concerns inherent to living 
cell products.

MSC Secretomes

Secretomes produced by MSCs include diverse signalling 
molecules, which include cytokines, growth factors, 
chemokines, lipids, and nucleic acids [32]. Importantly, 
they are also rich in extracellular vesicles (EVs), which 
are membrane-bound particles released from cells that 
mediate intercellular communication [33]. EVs are 
heterogeneous in size, cargo composition, and biological 
function. The size differences enable classification of 
EVs into distinct subtypes, small EVs (sEVs) (< 200 nm) 
and large EVs (lEVs) (> 200 nm). EVs transfer diverse 
molecular cargo, including proteins, nucleic acids (mostly 
miRNAs and mRNAs), and lipids, between cells, thereby 
modulating both physiological and pathological processes 
in recipient cells. The nucleic acid content of EVs is of 
particular therapeutic interest, as the lipid bilayer protects 
enclosed RNA molecules from circulation-mediated 
degradation, enabling their delivery to target cells [34]. 
EVs also exert paracrine effects through surface ligand-
receptor interactions that trigger downstream signalling 
cascades [35, 36]. EVs accomplish this through direct 
engagement of target cell receptors via surface-bound 
ligands and enzymes, thereby remodelling the extracellular 
microenvironment. This extracellular mode of action, 
referred to as `extracellular modulation by EV attributes`, 
enables efficient tissue repair and immunoregulation at 
relatively low EV concentrations.

Together, secretome constituents can modulate critical 
processes in cancer cells, such as angiogenesis, immune 
responses, cell survival, and matrix remodelling [37] .

The MSC secretome orchestrates microenvironmental 
remodelling through key regulatory factors, particularly 
vascular endothelial growth factor (VEGF), transform-
ing growth factor-beta (TGF-β), hepatocyte growth factor 
(HGF), and IL-10, which collectively promote vascular 
regeneration, suppress inflammatory responses, and redirect 
immune cells toward pro-regenerative pathways [38]. How-
ever, in oncological contexts, the MSC secretome exhibits 
remarkable functional duality. A similar molecular repertoire 
can suppress tumour progression via anti-inflammatory and 
pro-apoptotic mechanisms, or paradoxically support tumour 
survival and angiogenesis, depending on the molecular 
composition modulated by environmental stressors [39]. 
This context-dependent plasticity underscores the critical 
need to understand microenvironmental determinants of 
the biological effects of secretomes when deploying MSC 
secretome-based therapeutics in cancer.

Clinical Context and Need for this Review

The therapeutic potential of MSC secretomes in GBM is 
paradoxical. While certain MSC sources produce secre-
tomes that suppress tumour progression, others promote 
invasion, proliferation, and survival. This functional duality 
highlights the need for a deep mechanistic understanding of 
the action of MSC-secretomes on GBM to enable the devel-
opment of safe, predictable, source-optimised therapeutic 
strategies. This review addresses this knowledge gap via a 
comprehensive, integrated analysis of interactions of MSC-
secretomes with GBM. 

Effects of MSC Secretomes on GBM Cells

Recent research indicates that MSC secretomes possess 
potent anti-tumour properties through multiple distinct 
mechanisms, yet simultaneously can promote GBM pro-
gression under specific contexts. This section systemati-
cally examines both anti-tumorigenic and pro-tumorigenic 
pathways, providing a balanced mechanistic framework for 
understanding the functional duality of MSC secretomes in 
GBM biology.

Anti-tumourigenic Mechanisms

Induction of Apoptosis and Death Receptor 
Engagement

In 2014, Yang and colleagues demonstrated that 
secretomes from UC-MSCs have robust anti-glioma 
activity by inducing programmed cell death in GBM cells 
through caspase-dependent pathways [40]. In this study, 
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surface death receptor competency for TRAIL-mediated 
extrinsic apoptosis (Table 1). Most strikingly, CM 
induced a strong upregulation of decoy receptor 1 mRNA 
expression.

While UC-MSC secretomes induced pro-apoptotic gene 
expression changes, anti-apoptotic survivin mRNA simul-
taneously increased, suggesting that UC-MSC secretomes 
induce a complex, partially reversible apoptotic priming 
state in GBM cells rather than irreversible cell death com-
mitment (Table 1) [41]. This contextual limitation highlights 
the importance of complementary mechanisms to achieve 
sustained anti-tumour activity.

the authors showed that both UC-MSC and AD-MSC 
conditioned media (CM) inhibited U251 glioma cell 
proliferation, with UC-MSC CM producing significantly 
more potent apoptotic effects compared to AD-MSC CM. 
The apoptotic mechanism involved upregulation of the 
pro-apoptotic caspases, caspase-3 and caspase-9, while 
anti-apoptotic proteins, including survivin and XIAP were 
dramatically downregulated. Building on these findings, 
Hardiany et al. reported that CM from UC-MSCs increases 
caspase-9 mRNA expression 1.6-fold in T98G GBM cells 
[41]. Notably, the secretome simultaneously upregulated 
death receptor 4 mRNA expression, establishing a cell 

Table 1  Mechanisms of MSC secretome-mediated modulation of GBM
Mechanism MSC Source Key Factors / Cargo Biological Effect on GBM Reference
Anti-Tumorigenic Effects
Apoptosis induction UC-MSCs (CM) TRAIL; Upregulation of 

Caspase-3/9; Downregula-
tion of XIAP/Survivin

Induced ~ 50% apoptosis in U251 
cells; sensitised cells to cell death.

 [40, 42]

Cell cycle arrest UC-MSCs; WJ-MSCs 
(CM)

Secreted soluble factors 
(unidentified specific 
proteins)

Induced G0/G1 phase arrest 
(61–70% of cells); promoted glial 
differentiation (GFAP↑).

[40, 43]

miRNA-mediated suppression BM-MSCs (engineered 
EVs)

miR-146b (via plasmid 
transfection)

Targeted EGFR and NF-κB; 
significantly reduced xenograft 
growth in vivo.

[44]

IGFBP-4 mediated inhibition BM-MSCs (CM) IGFBP-4 Sequestered IGF-1/2, blocking 
pAKT/ERK survival signalling; 
reduced neovascularisation.

[45]

Pro-Tumorigenic Effects
Angiogenesis & chemotaxis UC-MSCs; WJ-MSCs 

(CM)
VEGF, PDGF-BB, HGF, 
SDF-1

Promoted endothelial tube forma-
tion; enhanced GBM cell migra-
tion via CXCR4/c-Met.

[37, 46]

Invasion enhancement BM-MSCs; AD-MSCs 
(co-culture/CM)

MMPs (MMP-2, -9), 
Cathepsin B, Calpain1

Context-dependent: Enhanced 
invasion of U373 cells (via prote-
ases) but inhibited U87 invasion.

[47, 48]

Transcriptional reprogramming AD-MSCs (CM) Soluble factors inducing 
SOX4, H19

Shifted GBM cells toward a stem-
like, more malignant transcrip-
tional phenotype.

[49]

ECM remodelling AD-MSCs; WJ-MSCs 
(CM)

Fibronectin, tissue inhibitor 
of metalloproteinase-1 
(TIMP-1), LCN2

Increased tumour cell adhesion, 
motility, and proliferation via 
matrix modification.

[50]

Cell survival/anti-apoptosis UC-MSCs Survivin Increased expression of Survivin [41]
Angiogenesis/anti-apoptosis/survival AD-MSCs VEGF, angiopoietin 1, 

PDGF, ILGF, SDF-1/
CXCL12

Increased angiogenesis and 
tumour growth

[42]

Expression of tumour stemness genes AM-MSCs SOX4, H19 Upregulation of SOX4 and H19 [49]
Angiogenesis and chemotaxis UC-MSC SDF-1, MCP1, HGF, VEGF 

and PDGFBB (a dimeric 
form of platelet-derived 
growth factor (PDGF)

Increased migration and 
angiogenesis

[46]

Increase of proliferation and migration UC-MSC CXCL1, CXCL2, CXCL3, 
and CXCL5

Activation of CXCR2 [51]

Maintenance of GSC stemness Glioma-associated 
MSCs

IL-6 Activation of STAT3 [52]

The table summarises key anti-tumour and tumour-supportive effects of MSC-derived conditioned media and extracellular vesicles on GBM 
cells, organised by MSC source, principal secreted factors or cargo, and downstream biological effects. Entries are derived from preclinical in 
vitro, co-culture, and in vivo xenograft studies using human or rodent GBM models. CM: conditioned medium; evs: extracellular vesicles; UC: 
umbilical cord; BM: bone marrow; AD: adipose-derived; WJ: wharton’s jelly
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MSC-derived sEVs significantly reduced glioma xenograft 
growth in rats, establishing proof-of-concept that cell-
free sEVs mediate therapeutic anti-tumour effects without 
requiring intact MSCs.

Beyond engineered sEVs, unmodified MSC-derived EVs 
naturally transfer tumour-suppressor microRNAs. In partic-
ular, MSC secretomes contain sEVs carrying miR-124 and 
miR-145, which inhibit oncogenic pathways in GBM cells, 
repressing cell proliferation and increasing apoptosis [53]. A 
recent systematic review by Viktorsson et al. analysed pre-
clinical studies exploring the effects of MSC-derived EVs 
on GBM [54]. Across the reviewed literature, MSC-EVs 
consistently attenuated glioma cell migration and invasive-
ness in vitro, largely through the delivery and upregulation 
of tumour-suppressive miRNAs. These EV-mediated effects 
included gene expression modulation, inhibition of invasive 
phenotypes, and suppression of pro-tumour signalling path-
ways. Overall, the review supports the therapeutic potential 
of MSC secretomes and EVs as cell-free approaches for 
limiting glioblastoma progression.

Metabolic Interference and Growth Factor 
Sequestration

Furusaka and colleagues identified insulin-like growth fac-
tor binding protein-4 (IGFBP-4) as a critical anti-glioma 
component of BM-MSC secretomes [45]. This secreted 
IGFBP-4-mediated mechanism resulted in reduced phos-
phorylation of AKT, ERK, IGF-1 receptor beta, and p38 
MAPK. Immunodepletion experiments specifically remov-
ing IGFBP-4 from BM-MSC-derived CM reversed the anti-
tumour effects, confirming IGFBP-4 as the main secreted 
factor responsible for growth inhibition. Importantly, in 
vivo experiments demonstrated that BM-MSC secretome 
greatly inhibited both tumour growth and neovascularisa-
tion, reducing CD31+ blood vessel density.

Complementing these findings, Prateeksha and col-
leagues reported that secretomes from dental MSCs reduced 
both inflammation and proliferation of U87 glioblastoma 
cells through coordinated suppression of p38 MAPK and 
AKT and a simultaneous upregulation of reactive oxygen 
species [54]. Mechanistically, MSC secretome treatment 
downregulated pro-inflammatory markers while upregulat-
ing anti-inflammatory factors through reactive oxygen spe-
cies [54].

Pro-tumourigenic Mechanisms

Despite the strong body of evidence indicating anti-tumour 
effects, several studies have demonstrated that identical 
or nominally similar MSC secretomes can paradoxically 

UC-MSC secretomes also contain TRAIL (tumour necro-
sis factor-related apoptosis-inducing ligand), a soluble death 
receptor ligand with potent pro-apoptotic activity. Akimoto 
et al. demonstrated that UC-MSCs secreted TRAIL at high 
levels. Using terminal deoxynucleotidyl transferase-medi-
ated biotinylated UTP nick-end labelling (TUNEL) assays 
in a co-culture model, they determined that TRAIL pro-
moted primary GBM cell apoptosis [42].

Cell Cycle Arrest and Glial Differentiation

Beyond promoting apoptosis, MSC secretomes suppress 
GBM proliferation through cell cycle arrest mechanisms. In 
this context, it has been demonstrated that UC-MSC CM 
induced a G0/G1 cell cycle arrest in U251 cells in G0/G1 
phase, preventing cell cycle progression through secreted 
factors [40]. Critically, this secretome-mediated cell cycle 
arrest was accompanied by enhanced expression of GFAP, 
a marker indicating differentiation toward a normal glial 
cell phenotype, with characteristic process outgrowth and 
morphological transformation to astrocytic morphology, all 
driven by secreted differentiation factors rather than cell-
cell contact.

In 2021, Aslam et al. reported that Wharton’s jelly-
derived MSC (WJ-MSC) secretomes and BM-MSC sec-
retomes effectively inhibited U87 glioma cell proliferation 
and migration [43]. Cell cycle analysis revealed that sec-
retome exposure induced G1 phase arrest as the primary 
mechanism, and morphological analysis showed neurite 
shortening and cytoplasmic vacuolation in treated GBM 
cells, indicating apoptotic and differentiation processes 
mediated by secreted bioactive components. WJ-MSC 
secretomes demonstrated particularly robust anti-tumour 
effects in serum-free conditions, highlighting that secreted 
factor bioactivity is independent of serum components and 
cellular context.

miRNA-mediated Suppression of Oncogenic 
Pathways

EVs derived from MSCs transfer tumour-suppressive 
miRNAs to GBM cells, enabling anti-tumour effects inde-
pendent of direct cell contact. Katakowski and colleagues 
demonstrated that sEVs isolated from BM-MSC secretomes 
engineered to express miR-146b, a miRNA with a central 
role in negative feedback control of inflammatory signalling, 
inhibited glioma growth both in vitro and in vivo, operating 
as cell-free delivery vehicles [44]. BM-MSC-derived sEVs 
encapsulated and transferred miR-146b to recipient glioma 
cells, where it reduced expression of epidermal growth fac-
tor receptor (EGFR) and NF-κB activity. Critically, a single 
intratumoral injection of purified miR-146b-containing 
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migration) and anti-tumorigenic factors (caspase-activating 
molecules), with the biological outcome determined by rela-
tive factor concentrations, microenvironmental signalling 
context, and recipient cell response pathways.

Invasion, Migration, and Extracellular Matrix 
Remodelling

MSC secretomes promote a more invasive and migratory 
phenotype through multiple mechanisms centred on extra-
cellular matrix (ECM) remodelling and protease activation. 
Proteomic profiling of WJ-MSC and AD-MSC conditioned 
media identified several bioactive proteins directly involved 
in invasion processes, including fibronectin, TIMP-1, and 
lipocalin-2 (LCN2) [50, 56]. These molecules mediate 
ECM remodelling, tumour cell adhesion, and motility [57, 
58]. Their interaction with GBM cells promotes cytoskel-
etal reorganisation, enhanced invasiveness, and acquisition 
of more aggressive phenotypes. Such paracrine signals can 
function as potent modulators of GBM, supporting tumour 
expansion within permissive stromal environments [59, 60].

Co-culture experiments further substantiated these find-
ings. Breznik et al. demonstrated that the interaction between 
MSC and GBM cells in two- and three-dimensional culture 
systems promoted invasion and colony formation, along 
with elevated levels of integrin and matrix metalloprotein-
ases (MMPs), particularly MMP-2 and MMP-9, which are 
crucial for ECM degradation [47]. Interestingly, BM-MSC 
and AD-MSC co-cultures enhanced invasion of certain 
GBM cell lines (e.g., U373 cells) via protease upregulation, 
while paradoxically inhibiting invasion in other lines (e.g., 
U87 cells), highlighting the importance of cell-line-specific 
and context-dependent responses.

Li et al. showed that BM-MSC CM paradoxically sup-
presses C6 glioma cell proliferation while simultaneously 
enhancing migratory and invasive capacity in vitro and driv-
ing a more infiltrative tumour phenotype in vivo [48]. This 
enhanced invasiveness was accompanied by upregulation of 
vimentin, sphingosine kinase-1 and other motility-associ-
ated proteins, a classic epithelial-to-mesenchymal transition 
(EMT) signature that renders GBM cells more capable of 
infiltration while potentially reducing proliferation.

Glioma Stem-like Cell Maintenance and Therapeutic 
Resistance

A particularly important pro-tumorigenic mechanism 
involves the maintenance or enhancement of glioma stem-
like cell (GSC) properties, which are associated with self-
renewal capacity, therapy resistance, and long-term tumour 
maintenance. In U87 cells, AD-MSC CM induced a tran-
scriptional shift toward malignancy, significantly increasing 

promote GBM progression. This complexity highlights 
that identical MSC secretome preparations simultaneously 
contain both pro-tumorigenic factors and anti-tumorigenic 
factors, with the biological outcome determined by relative 
factor concentrations, microenvironmental signalling con-
text, and recipient cell response pathways. The following 
sections systematically examine pro-tumorigenic pathways 
organised by functional category: angiogenesis, invasion, 
stem cell maintenance, and immune modulation.

Angiogenesis and Vascular Promotion

Neovascularisation is a hallmark of GBM aggressive-
ness and a key source of oxygen and nutrients supporting 
tumour expansion. Several MSC sources secrete factors 
that robustly promote angiogenic processes. Shen and col-
leagues demonstrated that UC-MSC CM is pro-angiogenic 
and chemotactic and contains high levels of SDF-1, MCP1, 
HGF, VEGF and PDGFBB (a dimeric form of PDGF), 
which robustly stimulate endothelial migration and tube for-
mation via CXCR4, CCR2 and cMet signalling [46]. Simi-
larly, AD-MSC secretomes have been shown to be enriched 
in pro-angiogenic factors and promote GBM growth [42].

 In vivo studies substantiated this angiogenic potential. 
Administration of WJ-MSC CM in chorioallantois mem-
brane models has been shown to enhance tumour mass for-
mation and vascularisation significantly [37]. These effects 
have been attributed to an upregulation of classic angiogenic 
regulators, including VEGF, PDGF, and downstream Wnt 
signalling effectors. These findings reinforce the concept 
that factors secreted by MSCs can sustain tumour growth 
and promote supportive vascular networks essential for 
GBM progression [50, 55].

An important mechanism linking MSC secretomes 
to pro-angiogenic and pro-invasive effects involves IL-
6-mediated STAT3 signalling. MSC-derived IL-6 acts both 
directly on GBM cells and indirectly on endothelial cells via 
JAK/STAT3, PI3K/AKT, and MAPK pathway activation, 
enhancing endothelial migration, angiogenesis, and GBM 
cell invasiveness [52].

Additionally, CXCR2 ligand-mediated signalling rep-
resents a mechanism by which pro-angiogenic and che-
motactic factors promote GBM progression. Bajetto et al. 
demonstrated that UC-MSC secretomes contain both pro- 
and anti-tumorigenic factors whose relative abundance 
determines the net biological effect on GBM cells at given 
concentrations [51]. Paradoxically, UC-MSC secretomes 
promoted GBM cell proliferation and migration via CXCR2 
pathway activation by secreted ligands CXCL1, CXCL2, 
CXCL3, and CXCL5. This complexity highlights that iden-
tical MSC secretome preparations simultaneously contain 
both pro-tumorigenic factors (CXCR2 ligands promoting 
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Taken together, these data establish MSC secretomes as 
bifunctional modulators of GBM biology, capable of either 
constraining or amplifying malignant behaviour depending 
on their cellular source, priming conditions, and the prevail-
ing tumour microenvironment. Anti-tumour effects typi-
cally emerge when pro-apoptotic, differentiation-inducing 
and miRNA-mediated pathways dominate, whereas enrich-
ment in angiogenic, chemotactic, immunosuppressive 
or pro-invasive factors shifts the balance towards tumour 
promotion. Thus, any translational strategy based on MSC 
secretomes or EVs must therefore incorporate stringent 
source selection, standardised manufacturing and functional 
profiling, and ideally rational engineering to reinforce anti-
tumour properties while minimising or eliminating pro-
tumourigenic components.

Critical Determinants of Secretome Activity 
in GBM and Implications for Clinical 
Translation

The biological activity of MSC secretomes is determined not 
only by MSC tissue source and tumour microenvironment, 
but also by manufacturing variables that critically influence 
composition, reproducibility and safety. For clinical transla-
tion, these variables must be tightly controlled, standardised 
and linked to mechanism-reflective potency assays.

A prerequisite for any secretome product is a well-
defined cellular starting material. In addition to the initial 
minimal criteria for MSC definition [22], ISCT additionally 
recommended including immunopotency as a release crite-
rion for advanced phase clinical trials involving MSCs [75]. 
However, these criteria, while necessary, are insufficient to 
ensure functional homogeneity and batch-to-batch consis-
tency of secretomes. Beyond phenotype, donor‑to‑donor 
variability is a major determinant of secretome composition 
and function. Comparative analyses show that secreted pro-
tein profiles differ significantly between donors and are fur-
ther modulated by tissue source and age, with older donors 
exhibiting reduced abundance of regenerative factors 
[76–78]. Dynamic metabolic labelling and secretome pro-
teomics have demonstrated that both donor identity and pas-
sage numbers markedly influence soluble factor secretion. 
Importantly, no single passage window optimises prolifera-
tion and bioactive factor release across donors, highlighting 
the need to qualify each manufacturing batch rather than 
assuming interchangeability [79, 80]. Passage-to-passage 
changes are particularly relevant for GBM, as higher pas-
sage MSCs display reduced proliferative capacity, altered 
cytokine release, increased senescence and shifts in immu-
nomodulatory output that can invert the balance between 
anti-tumour and pro-tumour activities. Thus, several groups 

expression of the oncogenic and stemness-associated regula-
tors SOX4 and H19, despite only modest changes in migra-
tion and apoptosis [49]. This transcriptional reprogramming 
represents a fundamental shift in the functional phenotype 
of GBM cells toward a more stem-like, less differentiated, 
and more chemoresistant state. The mechanisms underly-
ing this stemness induction involve secreted soluble factors 
that activate stemness-associated transcriptional networks. 
The chemokine receptor CXCR4, which binds the MSC-
secreted chemokine SDF-1 (CXCL12), plays a critical role 
in maintaining the glioma stem-like cell niche and confer-
ring therapeutic resistance [61–63].

CXCR4 signalling via SDF-1 binding activates AKT 
and ERK pathways, promoting self-renewal and suppress-
ing differentiation [61]. The paradox that the same SDF-1/
CXCR4 axis promotes both angiogenesis (through endo-
thelial cell activation) and stemness maintenance (through 
GSC niche support) highlights the multifunctional nature 
of MSC-derived factors and the context-dependent conse-
quences of their secretion [64].

Immune Suppression and Pro-tumourigenic 
Immune Evasion

MSC secretomes can create an immunosuppressive micro-
environment that favours tumour progression through mul-
tiple mechanisms. Key anti-inflammatory factors including 
IL-10 and TGF-β, which, in appropriate contexts, exert 
immunomodulatory benefits, paradoxically support tumour 
growth when present in excess or within a permissive 
tumour microenvironment [65, 66]. These cytokines pro-
mote the expansion of regulatory T cells (Tregs), recruit 
myeloid-derived suppressor cells, and suppress anti-tumour 
immune responses [67, 68].

The pro-tumorigenic immune effects are particularly evi-
dent in the context of hypoxia-driven licensing and inflam-
matory priming. Hypoxic culture conditions, which reflect 
the GBM microenvironment, upregulate IL-6, IL-8, VEGF 
and HGF in MSC secretomes, factors that simultaneously 
promote both immune suppression and tumour angiogenesis 
through HIF-1α-dependent activation of STAT3 signalling 
and pro-angiogenic pathways [32, 69, 70]. While inflamma-
tory licensing with cytokines such as IFNγ or TNF-α can 
enhance some immunomodulatory and anti-tumour prop-
erties through upregulation of immune checkpoint ligands 
and tryptophan-degrading enzymes, chronic or excessive 
IL-6 and IL-8 production drives a pro-tumorigenic Th17/
myeloid-skewed immune response. This paradoxically sup-
ports GBM growth and resistance by promoting regulatory 
T cell conversion, recruiting myeloid-derived suppressor 
cells, and restricting cytotoxic T lymphocyte development 
[71–74].
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variables, separation, and characterisation. Briefly, ISEV 
recommend transparent reporting of source, starting volume 
and all isolation steps, multiparametric characterisation, 
including particle size and concentration, reporting on EV-
enriched markers (e.g., CD9, CD63, CD81) and negative 
markers for non-EV contaminants; and functional studies 
with appropriate controls to discriminate EV-mediated from 
soluble factor effects. For GBM-directed secretome prod-
ucts, adherence to MISEV2023 will be crucial to ensure that 
the mechanistic claims are reproducible and not confounded 
by protein or lipoprotein contaminants.

A major bottleneck for clinical translation of secre-
tome-based GBM therapies is the lack of robust, mecha-
nism-linked potency assays for MSC secretome products. 
Regulatory guidance for biologicals and cell therapies 
requires that potency assays quantitatively reflect the 
intended mechanism of action (MoA) and predict clini-
cal activity. However, most current secretome/GBM stud-
ies rely on descriptive in vitro readouts such as viability 
or migration that are difficult to standardise across cen-
tres. Recent frameworks propose adapting established 
principles for cell‑based products to secretome‑based 
therapeutics by defining primary MoA-linked endpoints, 
identifying surrogate biochemical markers that correlate 
with these functional effects, and using orthogonal assays 
such as transcriptomic signatures to confirm pathway 
engagement [93]. For GBM, potency assays could assess 
endpoints such as caspase‑3/9 activation, STAT3 inhibi-
tion, reduction in GBM stemness markers, suppression of 
IL‑8 signalling, and surrogate biochemical markers such 
as IGFBP‑4 concentration for anti‑IGF signalling. As 
tumour-promoting inflammation is one of the key hall-
marks of GBM, we propose addressing this by the imple-
mentation of NF-κB-pathway-specific reporter assays that 
provide quantitative, standardised readouts.

NF-κB acts as a critical link between inflammation 
and tumour progression by regulating the expression of 
pro-inflammatory cytokines, survival factors, and onco-
genes [94]. In GBM, its constitutive activation creates a 
pro-tumorigenic microenvironment that sustains stem-like 
properties, increases migration and angiogenesis, and medi-
ates resistance to standard radio- and chemotherapy (Fig. 2) 
[95–98].

NF-κB reporter GBM cells, as described in [100], would 
offer a high-throughput platform to measure secretome-
mediated modulation of this central inflammatory and sur-
vival pathway.

An attractive complementary strategy to capture immu-
nomodulatory potency is the multi-donor mixed lympho-
cyte reaction assay [101]. In this system, pooled allogeneic 
peripheral blood mononuclear cells are co-cultured with 
MSC-derived EVs, and modulation of T cell activation 

and reviews recommend defining an upper passage limit in 
clinical-grade products and reporting passage number as a 
critical quality attribute for any secretome products [50, 79, 
80]. In addition, the activity of MSC secretomes is highly 
sensitive to culture conditions, including oxygen tension, 
serum supplementation, two- and three-dimensional cul-
ture, and `licensing` stimuli [32, 81, 82]. Hypoxia, a pro-
cess highly relevant to the GBM niche, upregulates IL-6, 
IL-8, VEGF and HGF in MSC secretomes [83], potentially 
influencing GBM proliferation, migration, angiogenesis, 
and immune suppression. Inflammatory licensing with 
cytokines such as IFNγ or TNF-α reshapes the secretome 
and EV cargo, enhancing some immunomodulatory and 
anti-tumour properties [84], but this could also increase 
variability between donors and sources. All these variables 
imply that nominally similar MSC populations can release 
secretomes with different, even opposing, effects on GBM, 
depending on preconditioning regime and duration.

In addition, process-related factors such as cell density at 
harvest, conditioning time, medium composition (xeno-free 
versus serum-containing), and freeze-thaw cycles can also 
affect EV yield, protein content and bioactivity [85–88]. For 
GBM-directed products, it is therefore essential to define 
a full process design space, including donor, tissue source, 
passage range (e.g., ≤P5), seeding density, and condition-
ing/licensing parameters, and to lock these into GMP-com-
pliant standard operating procedures. Without this, the same 
product may oscillate between anti-tumour and tumour sup-
portive profiles.

The wide range of methodologies used to isolate MSC 
secretomes further adds to this complexity. Depending on the 
specific study, the term MSC secretome can refer to whole 
CM (soluble proteins and EVs), EV-enriched fractions, and 
occasionally protein-only fractions, each generated by dif-
ferent isolation methods. Ultracentrifugation remains the 
most widely used technique to concentrate EVs, but it is 
time-consuming, can deform/damage vesicles and co-iso-
lates protein aggregates and lipoproteins if not combined 
with density gradients or size exclusion chromatography 
[89–91]. Alternatives such as ultrafiltration, tangential flow 
filtration, size exclusion chromatography and precipitation 
(polyethene glycol or commercial kits) each have distinct 
biases in terms of yield, purity, co-isolated contaminants, 
and scalability. Comparative studies show that the isola-
tion method significantly alters EV cargo and downstream 
bioactivity, meaning that results obtained with crude CM, 
ultracentrifugation-derived EVs or precipitated EVs cannot 
be directly extrapolated to each other [92]. To address this, 
the International Society for Extracellular Vesicles (ISEV) 
released the Minimal Information for Studies of Extracel-
lular Vesicles 2023 (MISEV2023) guidelines, establishing a 
consensus framework for EV nomenclature, pre-analytical 
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drift toward pro-tumorigenic profiles. In GBM, where MSC 
secretomes can be either strongly anti- or pro-tumour, these 
determinants will require particular attention.

Consequently, in addition to release criteria, rejection 
criteria must be operationally defined through appropriate 
assays. Suitable rejection criteria should include increased 
proportion of glioma stem-like cells (assessed by neuro-
sphere formation assays), elevated angiogenic potential 
(evaluated by endothelial migration and tube formation 
assays), and high levels of immunosuppressive cytokines 
such as IL-10 and TGF-β (quantified by multiplex cytokine 
assays). These negative selection criteria ensure that only 
batches with robust anti-tumour and immunoregulatory 
properties advance to clinical use.

Minimal MSC criteria ensure a baseline definition of the 
producing cell, but do not constrain secretome function, 
which is shaped by donor, passage, inflammatory licensing, 
hypoxia and manufacturing details. Similarly, EV-specific 
standards (MISEV2023) provide a rigorous framework for 
isolating and characterising vesicular fractions, but must be 
integrated with GBM-relevant potency assays and clearly 
defined clinical MoA to avoid deploying products with 
unintended tumour-supportive activities.

For GBM-directed MSC secretome therapies, a cred-
ible translational pathway therefore requires MSC products 
that meet ISCT minimal and updated safety criteria. This 
must include tightly controlled donor selection, passage 
limits and culture conditions, EV/secretome isolation and 
characterisation aligned with ISEV/MISEV recommenda-
tions, and validated, MoA-linked potency assays as formal 
release tests. Only by embedding these determinants into 
GMP-compliant manufacturing and trial design can MSC 
secretome-based interventions be advanced to the clinic 
with a reasonable expectation of consistent anti-tumour 
activity and minimised risk of inadvertently promoting 
GBM progression.

Concluding Remarks

MSC secretomes offer a promising, cell-free approach to 
target GBM heterogeneity and immune evasion, yet their 
dual nature, capable of both suppressing and promoting 
tumour progression, demands rigorous translational control. 
To exploit their therapeutic potential while ensuring safety, 
future clinical strategies must prioritise two key pillars.

Firstly, standardisation of the biological source is criti-
cal. As donor identity, tissue origin, and passage number 
profoundly dictate secretome composition, clinical-grade 
manufacturing must implement strict donor selection crite-
ria and define upper passage limits to prevent senescence-
associated pro-tumorigenic shifts.

(CD25/CD54 on CD4⁺/CD8⁺ T cells) and monocyte sub-
set distribution is quantified as a functional readout of EV-
mediated immune suppression. As the assay is standardised, 
reproducible, and directly reports on key adaptive immune 
endpoints, it could be adapted to evaluate whether GBM-
directed MSC secretomes or EV fractions exert the desired 
immunoregulatory profile while avoiding excessive immune 
suppression.

Regardless of the exact nature of the assays, potency-
assay design must account for passage-to-passage and 
donor variability. Multi-parameter assay matrices have been 
developed for MSCs that integrate immunosuppression, tro-
phic factor secretion and viability to classify lots as high or 
low potency [102]. Analogous matrices tailored to GBM, 
combining, for example, NF-κB activity, immunopotency, 
effects on glioma stem-like cells sphere formation, invasion 
through Matrigel® and resistance to temozolomide, will 
be needed for secretome-based products. Embedding such 
assays early in process development will allow definition of 
acceptable potency windows and rejection of batches that 

Fig. 2  NF-κB serves as a master transcriptional hub linking inflamma-
tory signals to multiple hallmarks of GBM. Constitutive activation of 
the NF-κB pathway drives diverse pro-tumorigenic processes, includ-
ing cell survival, proliferation, angiogenesis, therapy resistance, and 
metastatic dissemination. It also orchestrates critical microenviron-
mental interactions by promoting immunosuppression, inflammation 
(via cytokines such as TNF-α, IL-1β, and IL-8), and the maintenance 
of cancer stem cell populations. Additionally, NF-κB signalling sup-
ports epithelial-to-mesenchymal transition (EMT) and invasion, fur-
ther fuelling tumour aggressiveness. This broad regulatory influence 
positions NF-κB as a pivotal mechanistic node in GBM biology and a 
rational target for secretome-based potency assays to predict the thera-
peutic impact of MSC-derived products. Adapted from [99]
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Secondly, mechanism-based potency testing must replace 
descriptive readouts. Integrating validated assays such as 
NF-κB reporter systems and multi-donor mixed lympho-
cyte reaction assays into lot release testing will ensure that 
every batch delivers the intended immunomodulatory and 
anti-tumour activity, filtering out subpotent or deleterious 
preparations and batches with pro-tumour activity.

Author Contributions  AA: Data analysis and interpretation, manu-
script writing; final approval of manuscriptGSC: Manuscript writing; 
final approval of manuscriptDW: Manuscript writing; final approval 
of manuscript.

Funding  The authors received no financial support for the research, 
authorship, and publication of this article.

Data Availability  No datasets were generated or analysed during the 
current study.

Code Availability  Not applicable.

Declarations

Ethics Approval  Not applicable.

Consent to Participate  Not applicable.

Consent for Publication  Not applicable.

Competing interests  The authors declare no competing interests.

Clinical Trial Number  Not applicable.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 Louis, D. N., Perry, A., Wesseling, P., Brat, D. J., Cree, I. A., Fig-
arella-Branger, D., et al. (2021). The 2021 WHO classification of 
tumors of the central nervous system: A summary. Neuro Oncol, 
23(8), 1231–1251. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​n​e​​u​o​n​c​/​n​o​a​b​1​0​6

2.	 Stupp, R., Hegi, M. E., Mason, W. P., van den Bent, M. J., Taphoorn, 
M. J., Janzer, R. C., et al. (2009). Effects of radiotherapy with con-
comitant and adjuvant Temozolomide versus radiotherapy alone on 
survival in glioblastoma in a randomised phase III study: 5-year 
analysis of the EORTC-NCIC trial. The Lancet Oncology, 10(5), 
459–466. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​1​​4​7​0​-​2​0​4​5​(​0​9​)​7​0​0​2​5​-​7

1 3

https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.1126/science.1254257
https://doi.org/10.1016/j.gendis.2016.04.007
https://doi.org/10.1016/j.gendis.2016.04.007
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1158/1078-0432.CCR-17-1846
https://doi.org/10.1158/1078-0432.CCR-17-1846
https://doi.org/10.1038/nature05236
https://doi.org/10.1038/nrn2175
https://doi.org/10.1038/nrn2175
https://doi.org/10.1038/nn.4185
https://doi.org/10.1038/nn.4185
https://doi.org/10.1016/j.semcancer.2019.07.028
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1155/2012/461718
https://doi.org/10.1155/2012/461718
https://doi.org/10.1186/1476-9255-2-8
https://doi.org/10.1186/1476-9255-2-8
https://doi.org/10.5581/1516-8484.20130017
https://doi.org/10.5581/1516-8484.20130017
https://doi.org/10.1186/scrt488
https://doi.org/10.1186/scrt488
https://doi.org/10.3727/096368910X
https://doi.org/10.3727/096368910X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1016/S1470-2045(09)70025-7


Stem Cell Reviews and Reports

34.	 Eleuteri, S., & Fierabracci, A. (2019). Insights into the secretome 
of mesenchymal stem cells and its potential applications. Interna-
tional Journal of Molecular Sciences, 20(18). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​
3​9​0​​/​i​j​​m​s​2​0​1​8​4​5​9​7

35.	 Tan, T. T., Lai, R. C., Sim, W. K., Zhang, B., & Lim, S. K. (2025). 
Enhancing EV-cell communication through external modulation 
of cell by EV (EMCEV). Cytotherapy, 27(1), 1–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​y​t​.​2​0​2​4​.​0​7​.​0​1​4

36.	 Cerrotti, G., Buratta, S., Latella, R., Calzoni, E., Cusumano, 
G., Bertoldi, A., et al. (2024). Hitting the target: Cell signal-
ing pathways modulation by extracellular vesicles. Extracell 
Vesicles Circ Nucl Acids, 5(3), 527–552. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​0​5​
1​​7​/​e​​v​c​n​a​.​2​0​2​4​.​1​6

37.	 Vieira de Castro, J., Gomes, E. D., Granja, S., Anjo, S. I., Balta-
zar, F., Manadas, B., et al. (2017). Impact of mesenchymal stem 
cells’ secretome on glioblastoma pathophysiology. J Transl Med, 
15(1), 200. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​2​9​6​7​-​0​1​7​-​1​3​0​3​-​8

38.	 Harrell, C. R., Fellabaum, C., Jovicic, N., Djonov, V., Arsenijevic, 
N., & Volarevic, V. (2019). Molecular mechanisms responsible 
for therapeutic potential of mesenchymal stem Cell-Derived sec-
retome. Cells, 8(5). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​c​e​​l​l​s​8​0​5​0​4​6​7

39.	 Slama, Y., Ah-Pine, F., Khettab, M., Arcambal, A., Begue, M., 
Dutheil, F., et al. (2023). The dual role of mesenchymal stem cells 
in cancer pathophysiology: Pro-Tumorigenic effects versus thera-
peutic potential. International Journal of Molecular Sciences, 
24(17). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​4​1​7​1​3​5​1​1

40.	 Yang, C., Lei, D., Ouyang, W., Ren, J., Li, H., Hu, J., et al. (2014). 
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 Research International, 
2014, 109389. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​2​0​​1​4​/​1​0​9​3​8​9

41.	 Hardiany, N. S., Yo, E. C., Ngadiono, E., & Wanandi, S. I. (2019). 
Gene expression of molecules regulating apoptotic pathways in 
glioblastoma multiforme treated with umbilical cord stem cell 
conditioned medium. Malays J Med Sci, 26(6), 35–45. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​2​​1​3​1​​5​/​m​​j​m​s​2​0​1​9​.​2​6​.​6​.​4

42.	 Akimoto, K., Kimura, K., Nagano, M., Takano, S., To’a Salazar, 
G., Yamashita, T., et al. (2013). Umbilical cord blood-derived 
mesenchymal stem cells inhibit, but adipose tissue-derived mes-
enchymal stem cells promote, glioblastoma multiforme prolifera-
tion. Stem Cells and Development, 22(9), 1370–1386. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​8​9​​/​s​c​​d​.​2​0​1​2​.​0​4​8​6

43.	 Aslam, N., Abusharieh, E., Abuarqoub, D., Alhattab, D., Jafar, 
H., Alshaer, W., et al. (2021). An in vitro comparison of Anti-
Tumoral potential of wharton’s jelly and bone marrow mesen-
chymal stem cells exhibited by cell cycle arrest in glioma cells 
(U87MG). Pathology Oncology Research : Por, 27, 584710. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​p​o​​r​e​.​2​0​2​1​.​5​8​4​7​1​0

44.	 Katakowski, M., Buller, B., Zheng, X., Lu, Y., Rogers, T., Oso-
bamiro, O., et al. (2013). Exosomes from marrow stromal cells 
expressing miR-146b inhibit glioma growth. Cancer Letters, 
335(1), 201–204. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​a​n​l​e​t​.​2​0​1​3​.​0​2​.​0​1​9

45.	 Furusaka, Y., Inoue, S., Mizoguchi, I., Hasegawa, H., Katahira, 
Y., Watanabe, A., et al. (2023). Potent antitumor effects of the 
conditioned medium of bone marrow-derived mesenchymal stem 
cells via IGFBP-4. Cancer Science, 114(6), 2499–2514. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​c​a​​s​.​1​5​7​8​9

46.	 Shen, C., Lie, P., Miao, T., Yu, M., Lu, Q., Feng, T., et al. (2015). 
Conditioned medium from umbilical cord mesenchymal stem 
cells induces migration and angiogenesis. Molecular Medicine 
Reports, 12(1), 20–30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​8​9​2​​/​m​m​​r​.​2​0​1​5​.​3​4​0​9

47.	 Breznik, B., Motaln, H., Vittori, M., Rotter, A., & Lah Turnsek, 
T. (2017). Mesenchymal stem cells differentially affect the inva-
sion of distinct glioblastoma cell lines. Oncotarget, 8(15), 25482–
25499. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​6​3​​2​/​o​​n​c​o​t​a​r​g​e​t​.​1​6​0​4​1

(MSC): A comparison of adult and neonatal tissue-derived MSC. 
Cell Commun Signal, 9, 12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​1​4​​7​8​-​8​1​1​X​-​9​
-​1​2

20.	 Noel, D., Caton, D., Roche, S., Bony, C., Lehmann, S., Cas-
teilla, L., et al. (2008). Cell specific differences between human 
adipose-derived and mesenchymal-stromal cells despite similar 
differentiation potentials. Experimental Cell Research, 314(7), 
1575–1584. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​y​e​x​c​r​.​2​0​0​7​.​1​2​.​0​2​2

21.	 Jovic, D., Yu, Y., Wang, D., Wang, K., Li, H., Xu, F., et al. (2022). 
A brief overview of global trends in MSC-Based cell therapy. 
Stem Cell Rev Rep, 18(5), 1525–1545. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​
1​​2​0​1​5​-​0​2​2​-​1​0​3​6​9​-​1

22.	 Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., 
Marini, F., Krause, D., et al. (2006). Minimal criteria for defining 
multipotent mesenchymal stromal cells. The international society 
for cellular therapy position statement. Cytotherapy, 8(4), 315–
317. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​4​​6​5​3​2​4​0​6​0​0​8​5​5​9​0​5

23.	 Galderisi, U., Peluso, G., & Di Bernardo, G. (2022). Clinical 
trials based on mesenchymal stromal cells are exponentially 
increasing: Where are we in recent years? Stem Cell Rev Rep, 
18(1), 23–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​0​1​5​-​0​2​1​-​1​0​2​3​1​-​w

24.	 Caplan, A. I. (2017). Mesenchymal stem cells: Time to change the 
Name! Stem Cells Transl Med, 6(6), 1445–1451. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​0​2​​/​s​c​​t​m​.​1​7​-​0​0​5​1

25.	 Trigo, C. M., Rodrigues, J. S., Camoes, S. P., Sola, S., & Miranda, 
J. P. (2025). Mesenchymal stem cell secretome for regenerative 
medicine: Where do we stand? Journal of Advanced Research, 
70, 103–124. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​a​r​e​.​2​0​2​4​.​0​5​.​0​0​4

26.	 Gomes, E. D., Vieira de Castro, J., Costa, B. M., & Salgado, A. 
J. (2018). The impact of mesenchymal stem cells and their secre-
tome as a treatment for gliomas. Biochimie, 155, 59–66. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​c​h​i​.​2​0​1​8​.​0​7​.​0​0​8

27.	 Nowak, B., Rogujski, P., Janowski, M., Lukomska, B., & 
Andrzejewska, A. (2021). Mesenchymal stem cells in glioblas-
toma therapy and progression: How one cell does it all. Biochi-
mica Et Biophysica Acta - Reviews on Cancer, 1876(1), 188582. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​b​c​a​n​.​2​0​2​1​.​1​8​8​5​8​2

28.	 Studeny, M., Marini, F. C., Dembinski, J. L., Zompetta, C., Cabreira-
Hansen, M., Bekele, B. N., et al. (2004). Mesenchymal stem cells: 
Potential precursors for tumor stroma and targeted-delivery vehi-
cles for anticancer agents. Journal of the National Cancer Institute, 
96(21), 1593–1603. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​j​n​​c​i​/​d​j​h​2​9​9

29.	 Li, X., Fan, Q., Peng, X., Yang, S., Wei, S., Liu, J., et al. (2022). 
Mesenchymal/stromal stem cells: Necessary factors in tumour 
progression. Cell Death Discov, 8(1), 333. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
3​8​​/​s​4​​1​4​2​0​-​0​2​2​-​0​1​1​0​7​-​0

30.	 Park, J., Park, S. A., Kim, Y. S., Kim, D., Shin, S., Lee, S. H., 
et al. (2024). Intratumoral IL-12 delivery via mesenchymal stem 
cells combined with PD-1 Blockade leads to long-term antitumor 
immunity in a mouse glioblastoma model. Biomedicine & Phar-
macotherapy, 173, 115790. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​p​h​a​.​2​0​2​3​
.​1​1​5​7​9​0

31.	 Parker Kerrigan, B. C., Shimizu, Y., Andreeff, M., & Lang, F. F. 
(2017). Mesenchymal stromal cells for the delivery of oncolytic 
viruses in gliomas. Cytotherapy, 19(4), 445–457. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​1​6​​/​j​.​​j​c​y​t​.​2​0​1​7​.​0​2​.​0​0​2

32.	 Ferreira, J. R., Teixeira, G. Q., Santos, S. G., Barbosa, M. A., 
Almeida-Porada, G., & Goncalves, R. M. (2018). Mesenchymal 
stromal cell secretome: Influencing therapeutic potential by cel-
lular Pre-conditioning. Frontiers in Immunology, 9, 2837. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​i​​m​m​u​.​2​0​1​8​.​0​2​8​3​7

33.	 Welsh, J. A., Goberdhan, D. C. I., O’Driscoll, L., Buzas, E. I., 
Blenkiron, C., Bussolati, B., et al. (2024). Minimal information 
for studies of extracellular vesicles (MISEV2023): From basic to 
advanced approaches. J Extracell Vesicles, 13(2), e12404. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​e​​v​2​.​1​2​4​0​4

1 3

https://doi.org/10.3390/ijms20184597
https://doi.org/10.3390/ijms20184597
https://doi.org/10.1016/j.jcyt.2024.07.014
https://doi.org/10.1016/j.jcyt.2024.07.014
https://doi.org/10.20517/evcna.2024.16
https://doi.org/10.20517/evcna.2024.16
https://doi.org/10.1186/s12967-017-1303-8
https://doi.org/10.3390/cells8050467
https://doi.org/10.3390/ijms241713511
https://doi.org/10.1155/2014/109389
https://doi.org/10.21315/mjms2019.26.6.4
https://doi.org/10.21315/mjms2019.26.6.4
https://doi.org/10.1089/scd.2012.0486
https://doi.org/10.1089/scd.2012.0486
https://doi.org/10.3389/pore.2021.584710
https://doi.org/10.3389/pore.2021.584710
https://doi.org/10.1016/j.canlet.2013.02.019
https://doi.org/10.1111/cas.15789
https://doi.org/10.1111/cas.15789
https://doi.org/10.3892/mmr.2015.3409
https://doi.org/10.18632/oncotarget.16041
https://doi.org/10.1186/1478-811X-9-12
https://doi.org/10.1186/1478-811X-9-12
https://doi.org/10.1016/j.yexcr.2007.12.022
https://doi.org/10.1007/s12015-022-10369-1
https://doi.org/10.1007/s12015-022-10369-1
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1007/s12015-021-10231-w
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1016/j.jare.2024.05.004
https://doi.org/10.1016/j.biochi.2018.07.008
https://doi.org/10.1016/j.biochi.2018.07.008
https://doi.org/10.1016/j.bbcan.2021.188582
https://doi.org/10.1016/j.bbcan.2021.188582
https://doi.org/10.1093/jnci/djh299
https://doi.org/10.1038/s41420-022-01107-0
https://doi.org/10.1038/s41420-022-01107-0
https://doi.org/10.1016/j.biopha.2023.115790
https://doi.org/10.1016/j.biopha.2023.115790
https://doi.org/10.1016/j.jcyt.2017.02.002
https://doi.org/10.1016/j.jcyt.2017.02.002
https://doi.org/10.3389/fimmu.2018.02837
https://doi.org/10.3389/fimmu.2018.02837
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404


Stem Cell Reviews and Reports

extracellular vesicles carrying EGFR. Nature Communications, 
15(1), 2865. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​6​7​-​0​2​4​-​4​6​5​9​7​-​x

61.	 Fareh, M., Turchi, L., Virolle, V., Debruyne, D., Almairac, F., 
de-la-Forest Divonne, S., et al. (2012). The MiR 302–367 clus-
ter drastically affects self-renewal and infiltration properties of 
glioma-initiating cells through CXCR4 repression and consequent 
disruption of the SHH-GLI-NANOG network. Cell Death and Dif-
ferentiation, 19(2), 232–244. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​c​d​​d​.​2​0​1​1​.​8​9

62.	 Calinescu, A. A., Yadav, V. N., Carballo, E., Kadiyala, P., Tran, 
D., Zamler, D. B., et al. (2017). Survival and proliferation of 
neural Progenitor-Derived glioblastomas under hypoxic stress is 
controlled by a CXCL12/CXCR4 Autocrine-Positive feedback 
mechanism. Clinical Cancer Research, 23(5), 1250–1262. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​8​​/​1​0​​7​8​-​​0​4​3​​2​.​C​C​​R​-​​1​5​-​2​8​8​8

63.	 Wang, S., Chen, C., Li, J., Xu, X., Chen, W., & Li, F. (2020). 
The CXCL12/CXCR4 axis confers Temozolomide resistance to 
human glioblastoma cells via up-regulation of FOXM1. Journal 
of the Neurological Sciences, 414, 116837. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​
6​​/​j​.​​j​n​s​.​2​0​2​0​.​1​1​6​8​3​7

64.	 Petit, I., Jin, D., & Rafii, S. (2007). The SDF-1-CXCR4 signaling 
pathway: A molecular hub modulating neo-angiogenesis. Trends 
in Immunology, 28(7), 299–307. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​i​t​.​2​0​0​7​
.​0​5​.​0​0​7

65.	 Jimenez, G., Hackenberg, M., Catalina, P., Boulaiz, H., Gri-
nan-Lison, C., Garcia, M. A., et al. (2018). Mesenchymal stem 
cell’s secretome promotes selective enrichment of cancer stem-
like cells with specific cytogenetic profile. Cancer Letters, 429, 
78–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​a​n​l​e​t​.​2​0​1​8​.​0​4​.​0​4​2

66.	 Ravi, V. M., Neidert, N., Will, P., Joseph, K., Maier, J. P., Kuck-
elhaus, J., et al. (2022). T-cell dysfunction in the glioblastoma 
microenvironment is mediated by myeloid cells releasing inter-
leukin-10. Nature Communications, 13(1), 925. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​3​8​​/​s​4​​1​4​6​7​-​0​2​2​-​2​8​5​2​3​-​1

67.	 Yang, Y., Li, C., Liu, T., Dai, X., & Bazhin, A. V. (2020). Myeloid-
Derived suppressor cells in tumors: From mechanisms to antigen 
specificity and microenvironmental regulation. Frontiers in Immu-
nology, 11, 1371. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​i​​m​m​u​.​2​0​2​0​.​0​1​3​7​1

68.	 Widodo, S. S., Dinevska, M., Furst, L. M., Stylli, S. S., & Manta-
madiotis, T. (2021). IL-10 in glioma. British Journal of Cancer, 
125(11), 1466–1476. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​1​6​-​0​2​1​-​0​1​5​1​5​-​6

69.	 Arfianti, A., Ulfah, Hutabarat, L. S., Agnes Ivana, G., Budiarti, A. 
D., Sahara, N. S., et al. (2023). Hipoxia modulates the secretion 
of growth factors of human umbilical cord-derived mesenchymal 
stem cells. Biomedicine (Taipei), 13(3), 49–56. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​3​​7​7​9​​6​/​2​​2​1​1​-​8​0​3​9​.​1​4​1​6

70.	 Colwell, N., Larion, M., Giles, A. J., Seldomridge, A. N., Siz-
dahkhani, S., Gilbert, M. R., et al. (2017). Hypoxia in the glio-
blastoma microenvironment: Shaping the phenotype of cancer 
stem-like cells. Neuro Oncol, 19(7), 887–896. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​9​3​​/​n​e​​u​o​n​c​/​n​o​w​2​5​8

71.	 Marques, H. S., de Brito, B. B., da Silva, F. A. F., Santos, M. L. 
C., de Souza, J. C. B., Correia, T. M. L., et al. (2021). Relation-
ship between Th17 immune response and cancer. World Journal 
of Clinical Oncology, 12(10), 845–867. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​3​0​6​​/​w​
j​​c​o​.​v​1​2​.​i​1​0​.​8​4​5

72.	 Zhang, X., Li, B., Lan, T., Chiari, C., Ye, X., Wang, K., et al. 
(2024). The role of interleukin-17 in inflammation-related can-
cers. Frontiers in Immunology, 15, 1479505. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​
3​8​9​​/​f​i​​m​m​u​.​2​0​2​4​.​1​4​7​9​5​0​5

73.	 Feldman, L. (2024). Hypoxia within the glioblastoma tumor 
microenvironment: A master saboteur of novel treatments. Fron-
tiers in Immunology, 15, 1384249. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​i​​m​m​u​
.​2​0​2​4​.​1​3​8​4​2​4​9

74.	 Marallano, V. J., Ughetta, M. E., Tejero, R., Nanda, S., Ramal-
ingam, R., Stalbow, L., et al. (2024). Hypoxia drives shared and 
distinct transcriptomic changes in two invasive glioma stem cell 

48.	 Li, S., Xiang, W., Tian, J., Wang, H., Hu, S., Wang, K., et al. 
(2021). Bone Marrow-Derived mesenchymal stem cells differ-
entially affect glioblastoma cell Proliferation, Migration, and 
invasion: A 2D-DIGE proteomic analysis. Biomed Research 
International, 2021, 4952876. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​2​0​​2​1​/​4​9​5​2​
8​7​6

49.	 Jafari, S., Hamidian, M., Dashtaki, M. E., Barzegar, A., & 
Ghasemi, S. (2023). Adipose-derived mesenchymal stem cells 
-conditioned medium effects on glioma U87 cell line migration, 
apoptosis, and gene expression. Tissue and Cell, 85, 102224. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​i​c​e​.​2​0​2​3​.​1​0​2​2​2​4

50.	 Bajetto, A., Thellung, S., Dellacasagrande, I., Pagano, A., Barb-
ieri, F., & Florio, T. (2020). Cross talk between mesenchymal and 
glioblastoma stem cells: Communication beyond controversies. 
Stem Cells Transl Med, 9(11), 1310–1330. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​
2​​/​s​c​​t​m​.​2​0​-​0​1​6​1

51.	 Bajetto, A., Pattarozzi, A., Corsaro, A., Barbieri, F., Daga, A., 
Bosio, A., et al. (2017). Different effects of human umbilical 
cord mesenchymal stem cells on glioblastoma stem cells by 
direct cell interaction or via released soluble factors. Frontiers 
in Cellular Neuroscience, 11, 312. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​c​e​l​
.​2​0​1​7​.​0​0​3​1​2

52.	 Hossain, A., Gumin, J., Gao, F., Figueroa, J., Shinojima, N., 
Takezaki, T., et al. (2015). Mesenchymal stem cells isolated from 
human gliomas increase proliferation and maintain stemness of 
glioma stem cells through the IL-6/gp130/STAT3 pathway. Stem 
Cells, 33(8), 2400–2415. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​s​t​​e​m​.​2​0​5​3

53.	 Lee, H. K., Finniss, S., Cazacu, S., Bucris, E., Ziv-Av, A., Xiang, 
C., et al. (2013). Mesenchymal stem cells deliver synthetic 
MicroRNA mimics to glioma cells and glioma stem cells and 
inhibit their cell migration and self-renewal. Oncotarget, 4(2), 
346–361. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​6​3​​2​/​o​​n​c​o​t​a​r​g​e​t​.​8​6​8

54.	 Prateeksha, P., Howlader, M. S. I., Hansda, S., Naidu, P., Das, M., 
Abo-Aziza, F., et al. (2023). Secretome of dental Pulp-Derived 
stem cells reduces inflammation and proliferation of glioblastoma 
cells by deactivating Mapk-Akt pathway. Dis Res, 3(2), 74–86. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​4​4​5​​7​/​D​​R​.​2​0​2​3​0​2​0​0​6

55.	 Pillat, M. M., Oliveira-Giacomelli, A., das Neves Oliveira, M., 
Andrejew, R., Turrini, N., Baranova, J., et al. (2021). Mesen-
chymal stem cell-glioblastoma interactions mediated via Kinin 
receptors unveiled by cytometry. Cytometry. Part A, 99(2), 152–
163. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​c​y​​t​o​.​a​.​2​4​2​9​9

56.	 Onzi, G. R., Ledur, P. F., Hainzenreder, L. D., Bertoni, A. P., 
Silva, A. O., Lenz, G., et al. (2016). Analysis of the safety of mes-
enchymal stromal cells secretome for glioblastoma treatment. 
Cytotherapy, 18(7), 828–837. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​y​t​.​2​0​1​6​.​
0​3​.​2​9​9

57.	 Meade, K. J., Sanchez, F., Aguayo, A., Nadales, N., Hamalian, 
S. G., Uhlendorf, T. L., et al. (2019). Secretomes from metastatic 
breast cancer cells, enriched for a prognostically unfavorable 
LCN2 axis, induce anti-inflammatory MSC actions and a tumor-
supportive premetastatic lung. Oncotarget, 10(32), 3027–3039. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​6​3​​2​/​o​​n​c​o​t​a​r​g​e​t​.​2​6​9​0​3

58.	 Pietrobono, D., Giacomelli, C., Marchetti, L., Martini, C., & Trin-
cavelli, M. L. (2020). High adenosine extracellular levels induce 
glioblastoma aggressive traits modulating the mesenchymal stro-
mal cell secretome. International Journal of Molecular Sciences, 
21(20). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​1​2​0​7​7​0​6

59.	 Pavon, L. F., Sibov, T. T., de Souza, A. V., da Cruz, E. F., Malhei-
ros, S. M. F., Cabral, F. R., et al. (2018). Tropism of mesenchy-
mal stem cell toward CD133(+) stem cell of glioblastoma in vitro 
and promote tumor proliferation in vivo. Stem Cell Research & 
Therapy, 9(1), 310. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​3​2​8​7​-​0​1​8​-​1​0​4​9​-​0

60.	 Spinelli, C., Adnani, L., Meehan, B., Montermini, L., Huang, 
S., Kim, M., et al. (2024). Mesenchymal glioma stem cells trig-
ger vasectasia-distinct neovascularization process stimulated by 

1 3

https://doi.org/10.1038/s41467-024-46597-x
https://doi.org/10.1038/cdd.2011.89
https://doi.org/10.1158/1078-0432.CCR-15-2888
https://doi.org/10.1158/1078-0432.CCR-15-2888
https://doi.org/10.1016/j.jns.2020.116837
https://doi.org/10.1016/j.jns.2020.116837
https://doi.org/10.1016/j.it.2007.05.007
https://doi.org/10.1016/j.it.2007.05.007
https://doi.org/10.1016/j.canlet.2018.04.042
https://doi.org/10.1038/s41467-022-28523-1
https://doi.org/10.1038/s41467-022-28523-1
https://doi.org/10.3389/fimmu.2020.01371
https://doi.org/10.1038/s41416-021-01515-6
https://doi.org/10.37796/2211-8039.1416
https://doi.org/10.37796/2211-8039.1416
https://doi.org/10.1093/neuonc/now258
https://doi.org/10.1093/neuonc/now258
https://doi.org/10.5306/wjco.v12.i10.845
https://doi.org/10.5306/wjco.v12.i10.845
https://doi.org/10.3389/fimmu.2024.1479505
https://doi.org/10.3389/fimmu.2024.1479505
https://doi.org/10.3389/fimmu.2024.1384249
https://doi.org/10.3389/fimmu.2024.1384249
https://doi.org/10.1155/2021/4952876
https://doi.org/10.1155/2021/4952876
https://doi.org/10.1016/j.tice.2023.102224
https://doi.org/10.1016/j.tice.2023.102224
https://doi.org/10.1002/sctm.20-0161
https://doi.org/10.1002/sctm.20-0161
https://doi.org/10.3389/fncel.2017.00312
https://doi.org/10.3389/fncel.2017.00312
https://doi.org/10.1002/stem.2053
https://doi.org/10.18632/oncotarget.868
https://doi.org/10.54457/DR.202302006
https://doi.org/10.54457/DR.202302006
https://doi.org/10.1002/cyto.a.24299
https://doi.org/10.1016/j.jcyt.2016.03.299
https://doi.org/10.1016/j.jcyt.2016.03.299
https://doi.org/10.18632/oncotarget.26903
https://doi.org/10.18632/oncotarget.26903
https://doi.org/10.3390/ijms21207706
https://doi.org/10.1186/s13287-018-1049-0


Stem Cell Reviews and Reports

vesicles: A systematic study. J Extracell Vesicles, 11(2), e12162. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​e​​v​2​.​1​2​1​6​2

89.	 Thery, C., Amigorena, S., Raposo, G., & Clayton, A. (2006). 
Isolation and characterization of exosomes from cell culture 
supernatants and biological fluids. Curr Protoc Cell Biol, Chap3–
Unit322. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​0​4​​7​1​1​4​3​0​3​0​.​c​b​0​3​2​2​s​3​0

90.	 Linares, R., Tan, S., Gounou, C., Arraud, N., & Brisson, A. R. 
(2015). High-speed centrifugation induces aggregation of extra-
cellular vesicles. J Extracell Vesicles, 4, 29509. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​3​​4​0​2​​/​j​e​​v​.​v​4​.​2​9​5​0​9

91.	 Yuana, Y., Levels, J., Grootemaat, A., Sturk, A., & Nieuwland, 
R. (2014). Co-isolation of extracellular vesicles and high-density 
lipoproteins using density gradient ultracentrifugation. J Extra-
cell Vesicles, 3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​4​0​2​​/​j​e​​v​.​v​3​.​2​3​2​6​2

92.	 Suresh, P. S., & Zhang, Q. (2025). Comprehensive comparison 
of methods for isolation of extracellular vesicles from human 
plasma. Journal of Proteome Research, 24(6), 2956–2967. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​.​j​​p​r​o​​t​e​o​m​​e​.​​5​c​0​0​1​4​9

93.	 Gimona, M., Brizzi, M. F., Choo, A. B. H., Dominici, M., Davidson, 
S. M., Grillari, J., et al. (2021). Critical considerations for the devel-
opment of potency tests for therapeutic applications of mesenchy-
mal stromal cell-derived small extracellular vesicles. Cytotherapy, 
23(5), 373–380. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​y​t​.​2​0​2​1​.​0​1​.​0​0​1

94.	 Karin, M. (2006). Nuclear factor-kappaB in cancer development 
and progression. Nature, 441(7092), 431–436. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​3​8​​/​n​a​​t​u​r​e​0​4​8​7​0

95.	 Robe, P. A., Bentires-Alj, M., Bonif, M., Rogister, B., Deprez, 
M., Haddada, H., et al. (2004). In vitro and in vivo activity of the 
nuclear factor-kappaB inhibitor sulfasalazine in human glioblas-
tomas. Clinical Cancer Research, 10(16), 5595–5603. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​1​5​8​​/​1​0​​7​8​-​​0​4​3​​2​.​C​C​​R​-​​0​3​-​0​3​9​2

96.	 Nogueira, L., Ruiz-Ontanon, P., Vazquez-Barquero, A., Lafarga, 
M., Berciano, M. T., Aldaz, B., et al. (2011). Blockade of the 
NFkappaB pathway drives differentiating glioblastoma-initiating 
cells into senescence both in vitro and in vivo. Oncogene, 30(32), 
3537–3548. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​o​n​​c​.​2​0​1​1​.​7​4

97.	 Bhat, K. P. L., Balasubramaniyan, V., Vaillant, B., Ezhilarasan, 
R., Hummelink, K., Hollingsworth, F., et al. (2013). Mesenchy-
mal differentiation mediated by NF-kappaB promotes radiation 
resistance in glioblastoma. Cancer Cell, 24(3), 331–346. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​c​r​.​2​0​1​3​.​0​8​.​0​0​1

98.	 Tu, J., Fang, Y., Han, D., Tan, X., Jiang, H., Gong, X., et al. 
(2021). Activation of nuclear factor-kappaB in the angiogenesis 
of glioma: Insights into the associated molecular mechanisms and 
targeted therapies. Cell Proliferation, 54(2), e12929. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​1​1​1​​/​c​p​​r​.​1​2​9​2​9

99.	 Taniguchi, K., & Karin, M. (2018). NF-kappaB, inflammation, 
immunity and cancer: Coming of age. Nature Reviews Immunol-
ogy, 18(5), 309–324. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​r​​i​.​2​0​1​7​.​1​4​2

100.	Zeuner, M. T., Vallance, T., Vaiyapuri, S., Cottrell, G. S., & 
Widera, D. (2017). Development and characterisation of a novel 
NF-kappaB reporter cell line for investigation of neuroinflamma-
tion. Mediators Inflamm, 2017, 6209865. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​
2​0​​1​7​/​6​2​0​9​8​6​5

101.	Bremer, M., Nardi Bauer, F., Tertel, T., Dittrich, R., Horn, P. A., 
Borger, V., et al. (2023). Qualification of a multidonor mixed 
lymphocyte reaction assay for the functional characterization of 
Immunomodulatory extracellular vesicles. Cytotherapy, 25(8), 
847–857. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​y​t​.​2​0​2​3​.​0​3​.​0​0​9

102.	Chinnadurai, R., Rajan, D., Qayed, M., Arafat, D., Garcia, M., 
Liu, Y., et al. (2018). Potency analysis of mesenchymal stromal 
cells using a combinatorial assay matrix approach. Cell Rep, 
22(9), 2504–2517. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​1​​6​​/​j​.​c​e​l​​r​e​p​.​​2​0​1​​8​.​0​2​.​0​1​3

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

lines. Scientific Reports, 14(1), 7246. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​
5​9​8​-​0​2​4​-​5​6​1​0​2​-​5

75.	 Galipeau, J., Krampera, M., Barrett, J., Dazzi, F., Deans, R. 
J., DeBruijn, J., et al. (2016). International society for cellular 
therapy perspective on immune functional assays for mesenchy-
mal stromal cells as potency release criterion for advanced phase 
clinical trials. Cytotherapy, 18(2), 151–159. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​j​c​y​t​.​2​0​1​5​.​1​1​.​0​0​8

76.	 Turlo, A. J., Hammond, D. E., Ramsbottom, K. A., Soul, J., Gil-
len, A., McDonald, K., et al. (2023). Mesenchymal stromal cell 
secretome is affected by tissue source and donor age. Stem Cells, 
41(11), 1047–1059. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​s​t​​m​c​l​s​/​s​x​a​d​0​6​0

77.	 Prieto Gonzalez, E. A. (2019). Heterogeneity in adipose stem 
cells. Advances in Experimental Medicine and Biology, 1123, 
119–150. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​9​7​​8​-​3​-​0​3​0​-​1​1​0​9​6​-​3​_​8

78.	 Dufrane, D. (2017). Impact of age on human adipose stem cells 
for bone tissue engineering. Cell Transplantation, 26(9), 1496–
1504. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​9​​6​3​6​8​9​7​1​7​7​2​1​2​0​3

79.	 Gao, Y., Chi, Y., Chen, Y., Wang, W., Li, H., Zheng, W., et al. 
(2023). Multi-omics analysis of human mesenchymal stem cells 
shows cell aging that alters Immunomodulatory activity through 
the downregulation of PD-L1. Nature Communications, 14(1), 
4373. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​6​7​-​0​2​3​-​3​9​9​5​8​-​5

80.	 Mun, C. H., Kang, M. I., Shin, Y. D., Kim, Y., & Park, Y. B. 
(2018). The expression of Immunomodulation-Related cytokines 
and genes of Adipose- and bone Marrow-Derived human mes-
enchymal stromal cells from early to late passages. Tissue Eng 
Regen Med, 15(6), 771–779. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​7​7​0​-​0​1​
8​-​0​1​4​7​-​5

81.	 Hodgson-Garms, M., Moore, M. J., Martino, M. M., Kelly, K., 
& Frith, J. E. (2025). Proteomic profiling of iPSC and tissue-
derived MSC secretomes reveal a global signature of inflamma-
tory licensing. NPJ Regen Med, 10(1), 7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​
s​4​​1​5​3​6​-​0​2​4​-​0​0​3​8​2​-​y

82.	 Hackel, A., Aksamit, A., Bruderek, K., Lang, S., & Brandau, S. 
(2021). TNF-alpha and IL-1beta sensitize human MSC for IFN-
gamma signaling and enhance neutrophil recruitment. European 
Journal of Immunology, 51(2), 319–330. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​
e​j​​i​.​2​0​1​9​4​8​3​3​6

83.	 Rosova, I., Dao, M., Capoccia, B., Link, D., & Nolta, J. A. 
(2008). Hypoxic preconditioning results in increased motility 
and improved therapeutic potential of human mesenchymal stem 
cells. Stem Cells, 26(8), 2173–2182. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​6​3​4​​/​s​t​​e​m​
c​e​l​l​s​.​2​0​0​7​-​1​1​0​4

84.	 Rossello-Gelabert, M., Igartua, M., Santos-Vizcaino, E., & Her-
nandez, R. M. (2025). Fine-tuning licensing strategies to boost 
MSC-based Immunomodulatory secretome. Stem Cell Research & 
Therapy, 16(1), 183. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​3​2​8​7​-​0​2​5​-​0​4​3​1​5​-​4

85.	 Faria, J., Calcat, I. C. S., Skovronova, R., Broeksma, B. C., 
Berends, A. J., Zaal, E. A., et al. (2023). Mesenchymal stromal 
cells secretome restores bioenergetic and redox homeostasis in 
human proximal tubule cells after ischemic injury. Stem Cell 
Research & Therapy, 14(1), 353. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​3​2​8​
7​-​0​2​3​-​0​3​5​6​3​-​6

86.	 Palama, M. E. F., Coco, S., Shaw, G. M., Reverberi, D., Ghelar-
doni, M., Ostano, P., et al. (2023). Xeno-free cultured mesenchy-
mal stromal cells release extracellular vesicles with a therapeutic 
MiRNA cargo ameliorating cartilage inflammation in vitro. Ther-
anostics, 13(5), 1470–1489. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​7​​1​5​0​​/​t​h​​n​o​.​7​7​5​9​7

87.	 Rogulska, O., Vackova, I., Prazak, S., Turnovcova, K., Kubinova, 
S., Bacakova, L., et al. (2024). Storage conditions affect the com-
position of the lyophilized secretome of multipotent mesenchy-
mal stromal cells. Scientific Reports, 14(1), 10243. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​2​4​-​6​0​7​8​7​-​z

88.	 Gelibter, S., Marostica, G., Mandelli, A., Siciliani, S., Podini, P., 
Finardi, A., et al. (2022). The impact of storage on extracellular 

1 3

https://doi.org/10.1002/jev2.12162
https://doi.org/10.1002/jev2.12162
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.3402/jev.v4.29509
https://doi.org/10.3402/jev.v4.29509
https://doi.org/10.3402/jev.v3.23262
https://doi.org/10.1021/acs.jproteome.5c00149
https://doi.org/10.1021/acs.jproteome.5c00149
https://doi.org/10.1016/j.jcyt.2021.01.001
https://doi.org/10.1038/nature04870
https://doi.org/10.1038/nature04870
https://doi.org/10.1158/1078-0432.CCR-03-0392
https://doi.org/10.1158/1078-0432.CCR-03-0392
https://doi.org/10.1038/onc.2011.74
https://doi.org/10.1016/j.ccr.2013.08.001
https://doi.org/10.1016/j.ccr.2013.08.001
https://doi.org/10.1111/cpr.12929
https://doi.org/10.1111/cpr.12929
https://doi.org/10.1038/nri.2017.142
https://doi.org/10.1155/2017/6209865
https://doi.org/10.1155/2017/6209865
https://doi.org/10.1016/j.jcyt.2023.03.009
https://doi.org/10.1016/j.celrep.2018.02.013
https://doi.org/10.1038/s41598-024-56102-5
https://doi.org/10.1038/s41598-024-56102-5
https://doi.org/10.1016/j.jcyt.2015.11.008
https://doi.org/10.1016/j.jcyt.2015.11.008
https://doi.org/10.1093/stmcls/sxad060
https://doi.org/10.1007/978-3-030-11096-3_8
https://doi.org/10.1177/0963689717721203
https://doi.org/10.1038/s41467-023-39958-5
https://doi.org/10.1007/s13770-018-0147-5
https://doi.org/10.1007/s13770-018-0147-5
https://doi.org/10.1038/s41536-024-00382-y
https://doi.org/10.1038/s41536-024-00382-y
https://doi.org/10.1002/eji.201948336
https://doi.org/10.1002/eji.201948336
https://doi.org/10.1634/stemcells.2007-1104
https://doi.org/10.1634/stemcells.2007-1104
https://doi.org/10.1186/s13287-025-04315-4
https://doi.org/10.1186/s13287-023-03563-6
https://doi.org/10.1186/s13287-023-03563-6
https://doi.org/10.7150/thno.77597
https://doi.org/10.1038/s41598-024-60787-z
https://doi.org/10.1038/s41598-024-60787-z

	﻿Pro- and Anti-tumorigenic Effects of MSC Secretome in Glioblastoma: Mechanisms and Therapeutic Implications
	﻿Abstract
	﻿Introduction
	﻿Clinical Challenges and Biological Complexity of GBM
	﻿Biology and MSCs and their Therapeutic Potential
	﻿MSC Secretomes
	﻿Clinical Context and Need for this Review
	﻿Effects of MSC Secretomes on GBM Cells

	﻿Anti-tumourigenic Mechanisms
	﻿Induction of Apoptosis and Death Receptor Engagement
	﻿Cell Cycle Arrest and Glial Differentiation
	﻿miRNA-mediated Suppression of Oncogenic Pathways
	﻿Metabolic Interference and Growth Factor Sequestration

	﻿Pro-tumourigenic Mechanisms
	﻿Angiogenesis and Vascular Promotion
	﻿Invasion, Migration, and Extracellular Matrix Remodelling
	﻿Glioma Stem-like Cell Maintenance and Therapeutic Resistance
	﻿Immune Suppression and Pro-tumourigenic Immune Evasion

	﻿Critical Determinants of Secretome Activity in GBM and Implications for Clinical Translation
	﻿Concluding Remarks
	﻿References


