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Abstract
Tumour progression involves interactions among various cancer cell clones, including the cancer stem cell subpopulation and
exogenous cellular components, termed cancer stromal cells. The latter include a plethora of tumour infiltrating immunocom-
petent cells, among which are also immuno-modulatory mesenchymal stem cells, which by vigorous migration to growing
tumours and susequent transdifferentiation into various types of tumour-residing stromal cells, may either inhibit or support
tumour progression. In the light of the scarce therapeutic options existing for the most malignant brain tumour glioblastoma,
mesenchymal stem cells may represent a promising novel tool for cell therapy, e.g. drug delivery vectors. Here, we review the
increasing number of reports on mutual interactions between mesenchymal stem cells and glioblastoma cells in their microen-
vironment. We particularly point out two novel aspects: the different responses of cancer cells to their microenvironmental cues,
and to the signalling by kinin receptors that complement the immuno-modulating cytokine-signalling networks. Inflammatory
glioblastoma microenvironment is characterised by increasing expression of kinin receptors during progressive glioma malig-
nancy, thus making kinin signalling and kinins themselves rather important in this context. In general, their role in tumour
microenvironment has not been explored so far. In addition, kinins also regulate blood brain barrier-related drug transfer as well
as brain tumour angiogenesis. These studies support the on-going research on kinin antagonists as candidates in the development
of anti-invasive agents for adjuvant glioblastoma therapy.
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Brain Tumours - Glioblastoma

Brain tumours originate from various types of cells, of which
astroglial tumours being the most frequent. The World Health
Organisation (WHO) distinguishes four grades of glioma, of
which glioblastoma (GBM) is the most aggressive, invasive,

and lethal among all types of brain tumours. Unfortunately, it
is also the most common among glial tumours with 5–7 cases
per 100.000 individuals yearly, and represents 50% of all gli-
omas [1, 2]. It is characterised by histological features such as
necrosis, vascular proliferation and pleomorphism. Contrary
to most tumour types, irradiation and chemotherapy has prov-
en to be ineffective to impair long term GBM progression,
demonstrating its remarkable therapeutic resistance [3–5].
Radiotherapy is combined with chemotherapy, for which the
alkylating agent temozolomide has been used in most cases.
There is a constant search for novel adjuvant therapeutics,
including kinase inhibitors, anti-angiogenic agents and recent-
ly also immunotherapy to increase average survival of GBM
patients.

Several reasons for GBM resistance to therapy has been
recognised, such as diffuse infiltration of cancer cells into
neighbouring brain parenchyma that are hard to target by sur-
gery [6–8]. Furthermore, the presence of heterogenic GBM
cell populations is nowadays one of the hallmarks of these
tumours. The Cancer Genome Atlas (TCGA) defined four
different GBM subtypes, proneural (PN), neural (N),
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mesenchymal (MES) and classical (CL) by genomic charac-
teristics [9]. These GBM subtypes differ in survival rate, being
shorter with the MES subtype. The four subtypes can be clus-
tered into two major subpopulations: PN subtype,
characterised by high expression of the platelet-derived
growth factor receptor (PDGFR), OLIG2, TCF3 and IDH1
mutation, and the MES subtype, highly expressing MET,
CD44 and CHI3LI/YLK40 [10]. Patel [11] was the first to
establish that GBM subtype-specific markers are variably
expressed across individual cells, even within one tumour,
and demonstrated that higher intra-tumour heterogeneity re-
sulted in worse prognosis of GBM patients [12]. However,
GBM patients of the PN subtype are unlikely to benefit from
aggressive therapies, which on the other hand, are beneficial
for patients of the MES and CL subtypes. Rapid genetic evo-
lution [12] and a frequently observed shift of PN GBM to-
wards MES-like GBM phenotypes during the the course of
therapy [5, 13] are unfavourable. Wang [5] and others showed
that two-thirds of primaryGBM cases switched transcriptional
subtypes at recurrence. It has been pointed out that, among
these, the mesenchymal subtype was the most stable primary
GBM subtype. Clinical reports demonstrated worse prognosis
of patients with tumours with a higher expression of MES-
related genes [11]. It has been also experimentally confirmed
that PN GBM can reoccur as a more aggressive MES GBM.

Transcriptome diversity is underscored by a broad spectrum
of recurrent oncogenic driver mutations, such as amplification of
the epidermal growth factor receptor (EGFR), EGFR variant III
mutation (EGFRvIII) and isocitrate dehydrogenase 1 R132C
(IDH1 R132C) mutation [14, 15]. IDH1 mutations are peculiar,
as these are present in the secondary PN GBM subtype, and also
in all low-grade gliomas, where they convey better prognosis of
patient survival. Mutated IDH1 protein acquires the ability to
convert alpha-ketogluterate (α-KG) to R (−)-2-hydroxyglutarate
(2-HG) [15]. This is supported by the findings that 2-HG levels
are elevated in gliomas containing an IDH1 mutation and led to
the hypothesis that mutant IDH is an oncogene and 2-HG is an
“oncometabolite” [16].

Common somatic mutations and copy number deletion/
amplification in GBM genome were already grouped into
three frequently amplified pathways: the p53 signalling path-
way, the retinoblastoma RB signalling pathway, and the re-
ceptor tyrosine kinase (RTK) signalling pathway [17]. p53
pathway was particularly affected by genomic alteration via
CDKN2A deletion, and MDM2 and MDM4 amplification, as
well as by mutations and deletions of TP53. 88% of GBM
samples harboured at least one genetic mutation in the RTK
pathways, besides EGFR amplification also mutation or dele-
tion in NF1 and PTEN. Alterations in the RB signalling path-
way included deletion of CDKN2 A/B, amplification of
CDK4, CDK6, and CCND2, and deletion or mutation of
RB1. More complexity to GBM heterogeneity has lately been
added to the genomic heterogeneity [5, 18]. TCGA pilot

project sequenced 601 target genes, and identified frequently
mutated genes, including TP53 with frequency of 42%, PTEN
(33%), Neurofibromin −1 (NF1) (21%), EGFR (18%), RB1
(11%), PIK3R1 (10%), and 7% of PIK3CA mutations. The
whole-exome sequencing of 291 GBM patients revealed sim-
ilar results.

Clinical application of these findings comprise drugs di-
rectly targeting these frequent genomic alterations, although
the efforts have not yet been very effective. Superimposed to
these are epigenetic changes, comprising CP island methyla-
tion, histone acetylation and miRNA transcriptional regula-
tion. However, the most clinically relevant so far has been
promoter region methylation of O6-methylguanine DNA
methyltransferase (MGMT), as most relevant biomarker for
the response DNA-alkylating activity of temozolomide
(TMZ) [19], proving in many clinical studies that MGMT
methylation status is predictive of TMZ response. Radiation
concomitant to TMZ administration, the so called Stupp pro-
tocol for GBM treatment, has increased the survival rates of
patients with methylated MGMT.

Tumour Heterogeneity

Although molecular subtypes-based high-dimensional profil-
ing in GBM [5, 18] improved our understanding of the disease
progression, this does not correlate with a significant increase
in patient overall survival. Obstacles to successful therapy also
include tumour non-autonomous heterogeneity due to its mi-
croenvironment. Infiltrating stromal cells and their
secretomes, extracellular matrix plasticity and angiogenesis,
all have an impact on cancer cells’ invasion, and tumour re-
currence regardless of the GBM subtype. To this end, Wang
et al. [5] leveraged RNA sequencing profiles of single glioma
cells and glioma stem cells as well as bulk tissues to study the
tumour intrinsic- and tumour microenvironment-independent
transcriptional heterogeneity of GBM tumours. They identi-
fied the so called “bona fide” glioma genes that are uniquely
expressed in glioma cells, but not in tumour associated host
cells. Based on these findings, they (re)identifed three tumour-
intrinsic transcriptional subtypes, corresponding to Verhaak’s
PN, CL and MES subtypes, but not the N-subtype. This sug-
gests that the signature defining the neuronal (N) subtype
belonged to the normal neuron lineage cells within these tu-
mours. This leads to questioning whether MES GBM sub-
types may not be the results of interactions with infiltrating
mesenchymal components of tumour stroma, such as mesen-
chymal stem cells (MSCs) and cancer-associated fibroblasts
(CAFs). Indeed, the work by Hossain [20] showed that the
majority of GBM-associated MSCs isolated from fresh tu-
mours were non-tumourigenic stromal cells of bone marrow
MSC phenotype that had been recruited to the tumour.
However, approximately 10% of GBM-associated MSCs
may originate directly from GBM stem cell (GSCs)
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transdifferentiation or display genetic patterns intermediate
between these two types. Moreover, Oliveira [21] recently
described in vitro cell fusion between MSCs and GBM cells,
resulting in hybrid cells, similar to those, observed as minor
fraction by Hossain [20]. In contrast, Appaix [22] proposed
that MSC transdifferentiation gives rise to GSCs and not vice
versa.

The clinically observed heterogeneity is also reflected in
the isolated, established cell lines that are widely used in the
in vitro experiments [23]. Comprehensive characterization of
the genetic background and comparison of the differentially
regulated genes in cell lines U87, T98G, LN229, U343 and
U373 with the genes from GBM TCGA had a ~73% match,
suggesting that the transcriptomic make-up of these cell lines
closely resembles that of GBM tissues. The cell lines all har-
bour promoter activating mutations in the hTERT genes and
up-regulation of hTERT transcript levels, but none of them
presented the IDH1 mutation. The reason is the fact that
IDH1-mutated cells, except the cells with particular IDH
mutatuon IDH1-R314C, cannot be cultured in vitro [24].
The most frequent alterations were observed in TP53,
PTEN, TCHH and MLL3 genes, and mutations in EGFR,
NF1 and PDGFRA were found in some of the cell lines.
However, the differences on the phenotypes of these cells
were only addressed in our work [25, 26]. Moreover, we were
first to address the mutual interaction of U87 and U373 cells
upon indirect co-culturing [27] and found that U373 cell-
conditioned medium increased U87 genomic stability, whilst
decreasing proliferation rates and increasing invasion, due to a
plethora of produced cytokines identified in the co-culture
media. This cross-talk altered the expression of 264 genes
associated with proliferation, inflammation, migration and ad-
hesion in U87 cells, as well as 221 genes associated with
apoptosis, the cell cycle, cell differentiation and migration in
U373 cells. Indirect and direct co-culture of U87 and U373
cells showed mutual-opposite effects on temozolomide resis-
tance, which was higher in U373 cells. Furthermore, we ex-
plored genetic backgrounds of the two cell lines with respect
to TCGA subtype classification [9]. We applied a modified
Behnan [28] algorithm, based on a set of 12 genes, discrimi-
nating between PN, CL and MES subtypes [26]. We have
shown that U373 harbours more MES GBM genes than U87
cells [26, 27].

Glioblastoma Stem Cells

GBM stem cells (GSCs) and their progenies [29] represent
major obstacles in therapy, associated with the most
resistance-related phenotypes. GSCs define the functional
progression of various GBM cell populations within the
GBM, expressing a panel of stemness markers. Many of the
transcription factors or structural proteins essential for normal
stem and progenitor cell (NSPC) function also mark GSCs,

including SOX2, NANOG, OLIG2, MYC, MUSASHI1,
BMI1, nestin and inhibitor of differentiation protein 1 (ID1)
[30]. A multitude of potential cell surface markers have addi-
tionally been suggested to facilitate GSC isolation by flow
cytometry, including CD133, CD15 and SSEA-1 (stage-spe-
cific embryonic antigen 1), integrin α6, CD44, L1CAM and
A2B5. In addition, these types of cell surface markers mediate
interactions between cells and the microenvironment, but dis-
sociation of cells from their surroundings gradually degrades
their informational content, pointing to the so-called plasticity
of CSCs found in GSCs isolates. A reflection of the variable
expression of defined GSC biomarkers, such as CD133/
prominin1, CD15, CD9, Nestin, OCT4, SOX2, LICAM and
OCT4, was confirmed by many authors and summarized by
Teng and co-workers [31]. They showed that hypoxic envi-
ronment and the presence of serum in vitro may already be
sufficient for changing the GSC phenotype. In vitro, when
grown in serum-free neurobasal medium culture, the GSCs
phenotype change after several passages (our unpublished da-
ta onGSC cell lines). GSCs isolated fromMESGBM tumours
tend to lose their MES properties and present a PN signature,
even at early passages [32]. This loss of MES identity has
been attributed to the change of tumour microenvironment
that likely promotes and maintains MES properties, and vice
versa: in the presence of serum-free neurobasal medium and
hypoxic conditions the MES PN transition occurs. Animals
co-implanted with PN GSCs and MES GSCs developing tu-
mours composed of two cell subtypes were worse in survival
rates when compared with those formed by MES GSCs or by
PN GSCs alone. Analysis of tumour composition revealed
that despite the initial dominance of PN GSCs, by day 9 most
of the tumour was composed of MES GSCs and by the termi-
nal phase almost the entire tumour was composed of MES
GSCs [33]. Additionally, Liu and co-workers show that
GBM cells from peripheric blood of patients acquire a GSC-
like phenotype, evidenced by stemness, resistant to genotoxic
drugs, and capacity to home to a primary tumor site to prolif-
erate, contributing to relapse of GBM. This GSC-like pheno-
type, when in the blood, and proliferative rate, when in pri-
mary tumor site, reveal the microenvironment influence on
GBM cell fate [34].

GSCs, while capable of self-renewal, retain their ability to
activate cellular programmes that lead to the generation of
rapidly dividing, committed, and differentiated bulk GBM cell
populations. GSCs thus carry tumour initiation potential and
can play indirect or even direct roles in tumour invasion, re-
population, therapeutic resistance and relapse. Radiotherapy
was shown to promote stemness genotype and phenotype,
leading to the tumour-resistant MES subtype [3, 35, 36]. In
recurrent tumours, epigenetically-induced MES-related ex-
pression of CD44, cMET, YKL40 and/or high expression of
NFκB was observed due to PN GSC transdifferentiation into
MESGSC, which correlates with increased tumour resistance,
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leading to lower patient survival rates. Radiation-resistant
GSCs revealed gene signatures enriched for coding epitheli-
al–to-mesenchymal (EMT) pathways and leading to increased
recurrent invasive patterns [37]. On the other hand, EMT is
involved in the generation of refractory cancer cells with
an accumulation of specific stem cell markers. As
reviewed by Iwadate [38], there are two different path-
ways involved in EMT induction in glioma: (a) TGF-β
initiated, possibly derived from MSC in the tumour mi-
croenvironment and (b) reactive oxidative species (ROS)-
initiated, activating extracellular signalling-regulated by
check kinases (CHK) 1/2. Each pathway leads to nuclear
localization and activation of transcription factor SNAIL
or TWIST expression. Qazi [39] emphasized that due to
the observed GBM subtype variability, not all malignant
tumours respond similarly to radiotherapy.

Thus, Novel therapies may target GSC in addition to stan-
dard treatments that eradicate the bulk of the tumour, while
normal neural stem cells (NPSC) should be left unharmed. We
were the first to describe the stemness-maintaining gene
tetraspanin CD9 in GSC in primary biopsies, GBM spheroids,
as well as in GBM cell lines, but not in their normal counter-
parts, which is an excellent target choice [40]. CD9 silencing
in three CD133+ GSC cells lines reduced cell proliferation,
survival, invasion, and self-renewal capacity, and altered ex-
pression of other stem-cell markers, such as CD133, Nestin
and SOX2, indicating that it may be the “master” GSC gene.
On the basis of our discovery, Shi [41] recently revealed that
disrupting CD9 markedly reduced its interaction with the
membrane protein gp130, which sustains signalling pathways
via STAT3, and demonstrated that disruption of CD9 signal-
ling promoted differentiation of GSC in animal models.
Although sharing many markers with neural stem cells,
GSCs have significantly different evolutionary and physiolog-
ical role, leading to host self-destruction, whereas normal stem
cells generally lead to homeostasis and higher levels of tissues
organisation, promoting host survival [31]. This concept led
Teng and co-workers [31] to propose that cancer stem cells
should be renamed into tumour cell survival cells.

Glioblastoma Stem Cell Niches

In CSCs, both internal (intrinsic) and external (extrinsic)
forces play a key role in cell regulation and therapy resistance
[30]. The external factors include the cues from protective
tumour tissue niches, similar to NPSC niches in the
subventricular zone of the brain [30, 42] and the
haematopoietic stem cells niches [43]. In the tumour microen-
vironment, it is common for GSC niches to form in hypoxic
areas [44]. However, it has been also demonstrated that GSCs
reside around a fraction of arterioles in human GBM samples
[44, 45].Arterioles are transport vessels that do not take part in
oxygenation, so they retain hypoxic conditions and nourish

the stemness of GSCs. Therefore, the hypoxic peri-arteriolar
GSC niche is a logical explanation for this seemingly contra-
dictory necessity of both hypoxic conditions and the presence
of endothelial cells.

Moreover, the tunica adventitia of arteriolar walls is
inhabited by MSCs, smooth muscle cells (SMCs) and other
niche components [22]. These stromal cells residing around
the peri-arteriolar endothelium release several chemokines,
such as stromal derived factor-1α (SDF-1α), whereas GSC
express C-X-C receptors 4/7, thus residing in close proximity
of arteriolar endothelial cells. The strategy to exploit the envi-
ronmental cues to break this axis would activate low prolifer-
ating GSCs and release them from the niche. GSCs may then
differentiate into rapidly dividing progenitors, more vulnera-
ble to radiation or transdifferentiate PN to MES GBM pheno-
type that present an aggressive invasive behaviour [45–48].

Homotypic and Heterotypic Cell Communication
by Extracellular Vesicles

In recent years, it has become increasingly clear that cells use
several mechanisms to facilitate intercellular cross-talk, such
as exchange of cytokines and other molecules, extracellular
vesicles (EVs) [49], and closer contact via gap junctions,
nanotubules formation and fusion. GBM tumour cells release
microvesicles (exosomes) that contain mRNA, miRNA and
angiogenic proteins [50]. The tumour-specific receptor
EGFRVIII was detected in serum microvesicles of a third of
GBM patients [51]. These microvesicles are also enriched in
angiogenic proteins and elicit tubule formation by endothelial
cells [52]. Spinelli [53] have recently shown that PN GSC and
MES GSC lines produce different sets of EVs, that can vary in
size, marker distributions and proteomes.

Interestingly, EV-borne protein cargos transferred between
proneural and mesenchymal GSC increased pro-tumourigenic
behaviours in vitro and in vivo [33]. Clinically, analysis of
GBM patient data from the Cancer Genome Atlas database
revealed that proneural tumours with increased expression of
genes, encoding for mesenchymal EV profile, or mesenchy-
mal tumours with increased expression of genes of proneural
EV profile were both associated with worse outcomes, sug-
gesting influences by the proportion of tumour cells of varying
subtypes in tumours, as we have demonstrated in vitro [27,
33]. These datasets indicated that heterogeneity within tu-
mours, which may be propagated throughout the tumour via
EV communication, was associated with decreased survival.
This is in agreement with the scenario proposed by Patel [11]
where the clinical outcome of a GBM subclass is influenced
by the proportion of tumour cells of alternate subtypes and
emphasized the clinical importance of intratumoural
heterogeneity.

Moreover, EV proteome patterns analyses also identified
key proteins, exchanged between dormant GSCs and their
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microenvironment, and thus may reveal biomarkers,
predicting GBM/GSC therapeutic resistance. Also, serum in-
duced differentiation of these GSC subsets resulted in consid-
erable differences in cellular phenotype, increased EV emis-
sion and content. Notably, differentiation of GSCs of MES
subtype is accompanied by production of EVs with better
ability to stimulate growth of brain endothelial cells than that
that of EVs from undifferentiated MES GSCs. These results
point to a role of GSC heterogeneity and differentiation po-
tential in EV-mediated communication of GBM cells with
their vascular system [53]. GBM and GSCs also communicate
with infiltating MSCs, as dicussed below.

Mesenchymal Stem Cells

Adult mesenchymal stem cells (MSCs), also called “tissue
stem cells”, can be found in many tissues and are necessary
for its regeneration. As reviewed by Stuckey & Shah [54],
MSCs, along with other types of normal tissue stem cells, such
as hematopoietic (HSCs) and neural stem cells (NSCs), are
considered as novel cell therapy tools, and/or vehicles for drug
delivery, in cancer. In particular, MSCs are increasingly used
in cell therapies because of their availability, multi-potency,
and immunomodulatory activity, and lack of tumourigenic
behaviour [55]. As it turns out, the lack of knowledge regard-
ing their mutual interaction with cancer and evenmore so with
cancer stem cells hindered their application. We first have to
understand MSC role in complex tumour microenvironment,
specifically their indirect and direct cross-talk with cancer
stem cells, particularly within their niches, as it occurs in vivo.

MSCs are multipotent stromal cells, characterised by ad-
herent growth in vitro, expression of CD105, CD73 and
CD90, and the lack of expression of CD45, CD34, CD14,
CD31, CD106 markers (the latter two being endothelial pre-
cursor markers). MSCs possess the ability to differentiate into
adipocytes, osteoblasts, and chondrocytes. These cells are
present in a variety of tissues, but are most abundant in bone
marrow, adipose tissue, placenta and umbilical cord [56].
Most importantly, MSCs origin may have crucial effects on
the microenvironment of the tumour, as has been demonstrat-
ed in a variety of in vitro studies [54]. Various modulatory
factors/chemokines that regulate inflammation, cell death, an-
giogenesis, fibrosis and tissue regeneration are produced and
secreted byMSCs [57, 58]. Therefore, it is crucial to standard-
ize methods used in different studies in order to better under-
stand whether MSCs provide valid and safe therapeutic ap-
proaches for tackling cancer [56].

Mesenchymal Stem Cells in Glioblastoma

Another intrinsic characteristic ofMSCs, worth researching, is
the ability to home from bone marrow, adipose tissue or other

tissues to glioma tumors [59]. MSCs affect GBM and GSCs
directly and/or modulate other stromal components, such as
immune cells. A good example is the MSC-induced T cell
anergy by downregulation of CD80 and CD86 expression
on antigen presenting cells [60]. MSCs prevented differentia-
tion of monocytes into dendritic cells and by releasing inhib-
itory factors, such as PGE2 and transforming growth factor
(TGF)-β, modulating natural killer cell activity, which is
aimed to destroy cancer stem cells. TGF-β has been recently
reported to be the most relevant MSC-mediated cytokine,
exerting paracrine and direct effects on GBM proliferation
and invasion [61]. This cytokine plays a role in direct MSC-
GBM cell interactions as the key EMT-inducing cytokine. It
affects U87 cells in two ways: (a) by switching from prolifer-
ation to invasion and (b) by exocrine function [62]. Recently,
these authors pointed out similar interaction mechanisms be-
tween U87 and haematopoietic stem cells, such as adhesive
intercellular contacts, interdigitating of cytoplasm and cells
fusion [63]. TGF β may not be unique for MSC heterotypic
interactions. Direct MSC effects relate to their anti-
inflammatory action by reducing the production of tumour
necrosis factor (TNF)-α and interleukin (IL)-12 and by in-
creasing the synthesis of IL-10 by macrophages [22]. MSCs
are stimulated by local factors, such as hypoxia, cytokine mi-
lieu and the toll-like receptor ligands (TLRL). Several studies
describe two classes of polarized MSCs [64]. Depending on
the expression of TRL, MSCs are primed by TRL4 into pro-
inflammatory phenotypes, thus making MSCs capable of po-
tentiating tumour aggressiveness. Other studies, however,
claimed that MSCs can be safely used as drug delivery vectors
[64]. Lastly, after their engraftment to the tumour, MSCs can
differentiate into tumour-associated fibroblasts, endothelial-,
pericytes [59, 65] and macrophage-like cells [64], possibly
even to GSCs as hypothesized by Appaix [22]. In conclusion,
MSCs in the tumour microenvironment interact with tumour
cells and other stromal cells via a number of signalling mole-
cules, forming a complex cellular cross-talk.

Indirect and Direct Mesenchymal Stem Cell
and Glioblastoma Cell Cross-Talk

Indirect Interactions

GBM microenvironment is comprised of various populations
of non-cancerous cells, so-called stromal cells, which have the
ability to infiltrate into the brain tumour tissue. Similar to their
chemotactic response to the sites of injury, MSCs also exert,
possibly by the same cues, tropism to brain tumours.
Noteworthy, MSCs have the ability to cross the blood-brain
barrier in particular in a loose intratumour vasculature in an-
giogenic GBM, where they have immunosuppressive effects
[59]. Further, as GBM/GSC cells diffusely spread into the
neighbouring parenchyma and interact with MSCs, immune
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cells, fibroblasts, endothelial cells, and astrocytes. Also, sev-
eral recent reports describe the association of MSCs with
GBM in the microenvironment of the tumour and MSCs af-
fecting tumour progression [61, 66–68]. MSCs are attracted to
the GBM microenvironment through secretion of several sol-
uble factors, cytokines and growth factors, such as TGF-β,
CXCL12/SDF-1α, CCL5, IL-8 and CCL2/MCP-1 [60].
Motaln and Lah [69] have identified vigorous cytokine re-
sponses upon indirect MSC/GBM cross-talk, where paracrine
effects were reflected by a panel of chemokines with upregu-
lated expression, such as cKit, cMET, CXCL12/SDF-1α,
CCL5, CCL2/MCP1, IL-6,IL-8 and LIF. The receptors of
these cytokines are expressed by immune cells as well as by
GBM cells. However, MSCs also expressed higher levels of
the chemokine receptors, such as CXCR1 (IL-8 R), CXCR2
(IL-8 R) CCR2 (CCL2 R) and CXCR4 (CXCL12/SDF-1α
R). To inhibit intratumour capillary formation, MSCs secrete
anti-angiogenic chemokines down-regulating the PDGF/
PDGFR axis, which plays a key role in periycte stabilization
of new vessels. In our studies on the effects of MSCs on cell
growth, proliferation and invasion, we used bioinformatics to
correlate chemokine array data to cDNA microarray data of
GBM U87 cells and MSC gene expression, showing that
MSCs impaired growth, induced senescence, decreased inva-
sion of U87 GBM cells and enhanced expression of adhesion
proteins. We found CCL2/MCP-1 to be the most significantly
regulated chemokine in U87/MSC paracrine signalling in ad-
dition to the above mentioned chemokines that may have af-
fected the observed gene expression alterations, associated
with proliferation (Pmepa-1, NF-κb, IL-6, IL-1b), invasion
(ephb2, Sod2, Pcdh18, Col7A1, Gja1, Mmp1/2), and senes-
cence (Kiaa1199, serpinb2). We confirmed the functional role
of CCL2/MCP-1 and, therefore, have proposed a novel mech-
anism of CCL2-induced antimigratory effects on GBM cells,
distinct from its immunomodulatory roles. Our data was cor-
roborated by several recent studies on high CCL2 levels in the
secretome of umbilical cord-MSC co-cultures with U251 and
SNB19 GBM cells, where MSCs increased tumour cell
growth and migration [56]. Moreover, CCL2 and CXCL12
were recently demonstrated to mediate the migration of
MSC towards CD133+ GSC cells. In another study, where
we exposed GSCs to conditioned media of bone marrow-
and umbilical cord-derived MSCs, reduced GSC sphere for-
mation and induced GSC senescence and differentiation were
observed, thereby increasing GSC sensitivity to chemothera-
peutic temozolomide [70]. This was in contrast toMSC effects
on U251 and SNB19 cells. Hossain [20] also demonstrated
that MSC-conditioned medium increased patient-derived
GSCs self-renewal and the expression of stem cell genes, via
IL-6/STAT3 pathways. In a similar fashion, MSC-derived
exosomes, isolated from glioma-associated MSCs, increased
proliferation of GSCs in vitro through transfer of RNAmir-
1587 [71]. Bajetto [67] has recently demonstrated that direct

interaction between umbilical cord-derived MSCs and GSCs
in 3D spheroids diminished GSC proliferation as wells as
reciprocal trophism between these cells.

As mentioned above, indirect modulation of immune mi-
croenvironment of GBM would indirectly affect GBM/GSC
cells. Similar to dendritic cells, MSCs also overexepressed
CD54 (ICAM-1) and CD106 (VCAM-1) adhesion molecule
and attached to vascular cells when exposed to CCL15,
CCL19, CXCL12, CXCL13 that are secreted by endothelial
and immune cells. These cytokines may play a crucial role in
MSC intra-tumour distribution, where the adhesion to vessel
ining is required for MSC integration into the GSC artrioral
niche. By secreting cytokines and modulating their signalling,
MSC may also regulate the extent of intra-tumoural immune
cell trafficking. The outcome of these interactions is still not
clear, but may be the reason of the dual role that MSCs have
on glioma progression, both in in vitro and in vivo studies [26,
70, 72–74]. On the other hand, GBM cells also induced
changes in MSC phenotype upon their indirect interactions:
GBM cells increased MSC proliferation as well as their inva-
sion upon exposure to GBM-conditioned medium [25, 65].

Direct Interactions

MSCs and GBM cells direct confrontation in vitro better re-
semble their interactions in tumour microenvironment in vivo.
As the discrepancies among the studies, using different GBM
cell lines and tissues, and knowing that these are heteroge-
neous, we aimed to address this question by studying the
differential effects of the sameMSC line on U373 GBM cells,
expressing more MES GBM genes and TGF-β responsive
elements than in U87 cells, a less mesenchymal GBM subtype
[26, 27, 75]. MSCs increased invasion of U373 cells, accom-
panied by the increased expression and activity of proteolytic
enzymes, such as cathepsin B, calpain 1 and matrix
metalloproteases (MMPs), and urokinase-type plasminogen
activator (uPA), whereas invasion capability of the U87
GBM cell line was even decreased and expression of prote-
ases was down-regulated or not altered.

Extracellular Vesicles (EVs)

Another communication pathway of intratumour interactions
is EVs exchange. Figueroa et al. [71] showed that GBM-
associated MSCs released exosomes, which augmented pro-
liferation and clonogenicity of GSCs in orthotopic xenografts.
This event lead to a significantly greater tumour burden and
decreased host survival compared to untreated GSCs.
Analysis of the EVs content identified miR-1587 as a media-
tor of the exosomal effects on GSCs, in part via down-
regulation of the tumour suppressive nuclear receptor co-
repressor NCO1, enhancing GBM aggressiveness.
Secretome profiling of MSC-GBM (U87 cell) co-cultures
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identified 126 differentially expressed proteins. Ten of these
were exclusively detected under direct cell-cell contact condi-
tions, and most of these proteins were involved in cell motility
and tissue development [61].

Heterotypic Interaction Cell Interactions in Animal
Models

Several in vivo studies have shown that MSCs, systematically
or locally delivered, are capable of migrating into glioma and
tracking single glioma cells in the brain tissue [66, 68, 72, 73].
MSCs are able to cross the blood-brain barrier of the rats and
migrate to tumour site [68]. There are reports suggesting that
MSCs increased GBM cell tumourigenicity after their co-
injection in mice [61, 66]. MSCs increased GSC proliferation
and caused GBM dissemination, invasiveness and vascular
proliferation after injection of MSCs into the caudeal vein of
rats with established GBM tumours [68]. In addition, co-
injection of GSCs and MSCs, derived from GBM tissue or
bone marrow, respectively enhanced GSC growth and mesen-
chymal features in nude mice [20]. Glioma-associated MSCs
release EV, which increased GSC proliferation and
clonogenicity and, therefore, increased tumour burden and
decreased the survival rate of nude mice [71].

On the other hand, some studies have demonstrated that
intracranial injection of umbilical cord blood MSCs to the
pre-established intracranial glioma prevented GBM progres-
sion [73]. MSC-treated tumours in mice showed decreased
expression of apoptosis inhibitory protein (XIAP) and lower
pro-migratory proteins Akt, pAkt and FAK. Simultaneously,
increased levels of tumour suppressor gene PTEN, involved in
the migration and invasion of cancer cells were observed [76,
77]. Furthermore, intracranial administration of umbilical cord
blood MSCs to GBM tumours inhibited tumour angiogenesis
in mice through downregulation of FAK, VEGF and Akt [77].
The zebrafish model is becoming an emerging tool for cancer
progression studies, having several advantages, as described
by Vittori et al. [78]. Xenotransplantation of human cancer
cells into zebrafish embryos has another benefit as these ani-
mals have not yet developed functional immune system and
thus immunosuppression is not needed. We have studied the
effects ofMSCs on GBM cell proliferation and invasion in the
orthotopic xenotransplantation of zebrafish embryos [26].
After co-injection of MSCs and GBM cells into the zebrafish
embryo brain, MSCs affected differentially the invasion of
two phenotypically-different GBM cells (Fig. 1). U373
GBM cell line is less invasive in spheroid monocultures
in vitro and in zebrafish brain than U87 cell line. Co-
injecting GBM cells with MSCs lead to an increase of U373
GBM cell invasion and decreased U87 GBM cell invasion.
Increased invasion was associated with upregulaton of cathep-
sin B, metalloproteases and plasminogen activation system.
However, MSCs decreased the proliferation of both GBM

cells. Taken together, the outcome of MSC-glioma cell inter-
actions on glioma growth and invasion depends on the source
of MSC population, i.e. bone marrow, adipose tissue, umbil-
ical cord blood and tumour tissue, and the phenotype of glio-
ma cells, used for studies. The timing and mode of MSC
administration to animal models may affect the interactions
between MSCs and glioma in vitro deepening on the mode
of interactions [26, 73, 79]. Further investigations are needed
to deepen our understanding of the mechanisms of MSC be-
haviour in tumour microenvironment and their effects on gli-
oma pathobiology before to successful MSC-based anti-can-
cer therapy will be developed.

Kinin System in Cancer

Bradykinin (BK) was first described and isolated from plasma
globulins in 1949 based on its effects in reducing cardiac
contractions in the presence of Bothrops jararaca snake ven-
om [80]. BK is a low molecular weight nonapeptide of about
1.1 kDA size. In plasma and tissues, BK is rapidly proteolyt-
ically degraded by kininases and metalloproteinases (MMPs)
with a half-life of 15 s, resulting in very low blood levels (0.2–
7.1pM) under physiological conditions [81]. The kallikrein-
kinin system activation starts with the kallikrein-mediated
cleavage of kininogen to bradykinin (BK) and/or kallidin
(KD) peptides. Once released, BK and KD can be proteolyt-
ically processed to its bioactive derivatives des-Arg9-bradyki-
nin (DBK) and des-Arg9-kallidin (DKD) by M type- or N
type-carboxypeptidases, through cleavage of the terminal ar-
ginine [82]. BK and KD are the main ligand of the kinin-B2
receptor (B2R), whereas DBK and DKD bind to the kinin-B1
receptor (B1R) [83] (Fig. 2). The B2R is constitutively and
widely expressed throughout the central and peripheral ner-
vous system, mediating most of the physiological effects of
kinins [84], whereas B1R is not expressed to a great extent
under normal conditions, but displays an essential role when
rapidly upregulated following chronic inflammatory [85], in-
fection, traumatic stimuli [86] and in cancer [87].

Kinins are important inflammatory mediators that are also
involved in other pathophysiological processes. The B1R
plays a pro-tumour role via cross-talk with the B2R [88] and
its activation induces cell migration [89], while B1R-specific
antagonists diminish proliferation in breast cancer cells [90].
BK has been shown to regulate proliferation and promote
migration of neural stem cells and neurogenic differentiation
[91]. Further, it has been suggested that the binding of kinins
to their respective receptors correlated with cancer cell prolif-
eration and invasion, which was indeed observed in breast
carcinoma and glioma [92–94]. However, the dynamics of
brain cancer microenvironment remains poorly explored,
more specifically the abnormaly permissive behaviour of the
blood-brain barrier (BBB) in malignant brain tumours (often
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referred to as blood-tumour barrier (BTB)), which leads to
various bioactive derivatives infiltrating the tumour mass
[95, 96].

The Role of Kinins in Glioblastoma

GBM, like many other solid tumours, compresses zones of
inflammation and necrosis that are, in fact, needed for
sustained tumour growth and angiogenesis [97]. This process
is partly dependent on the GBM-derived cytokines IL-1β and
TNF-α, that may trigger expression and activity of B1R, thus
affecting the brain tumour microcirculatory system [98]. B1R
was found to actively modulate blood-brain-barrier perme-
ability both in normal and cancerous brains [99]. We have
demonstrated that MSC-GBM interaction changed the expres-
sion of BK receptors 1 and 2 in U87 cell lines [100]. We also
found that certain cell-cell interactions between GBM cells
and MSCs, such as vesicle transfer and nanotube formation,
decreased after B1R activity was blocked [21]. In contrast,
when B1R intrinsic expression is high, such as in GBM U87
cells vs U373 cells, significantly more heterotypic interactions
were observed. As we demonstrated previously, [26], these
two GBM cell lines also responsed differently to the presence
of MSCs in vitro and in zebrafish models. In 3D co-culture
with MSCs, U87 cell line increased CD29 expression, led to
high compaction of the spheroid and substantial cell fusion
with MSCs. In accordance with our previous work [26], this
was followed by diminished U87 cell migration and invasion

out of the mixed spheroids. However, after stimulation with
BK andDBK, the migration was, again, highly increased [21].

Cell Migration and Invasion

Migration is a process by which cells interact with their mi-
croenvironment via different adhesion molecules, presented
by other cells and the extracellular matrix, in which the latter
is critical in dictating the type of cell movements [101].
Mesenchymal movement is typical in GBM cells invasion
[102], where binding of adhesion proteins to their receptors gen-
erates signals that regulate the migration, releasing invasion-
associated proteases [7, 103, 104]. Ifuku et al. [105] suggested
that BK promotedmicroglial migration by activation of B1R.On
the other hand, B1R andB2R activation promoted the oscillation
of intracellular free calcium concentration ([Ca2+]i) in glioma
cells and induced amoeboid movement of glioma cells [106].
This is analogous to modulating neuron differentiation and neu-
ronal migration of growth cone by [Ca2+]i oscillations [91]. Our
results also revealed an important role of B1R in GBMU87 cell
migration [100], showing GBM cells expression of functional
B1R and B2R genes and proteins that can be further activated
under the influence of indirect and direct cellular cross-talk with
MSCs. We have suggested that kinin receptor-mediated down-
stream signalling, which in direct co-cultures may affect expres-
sion of MMP9 key enzymes in pericellular proteolytic cascades,
favours GBM invasion. Further work has shown that in co-
culture of glioma and MSCs pharmacological blockade of

Fig. 1 Zebrafish embryo as an animal model to study MSC-GBM
cell interactions. The interactions between MSCs and U373 GBM cell
line increase the invasion of U373 cells in zebrafish embryo brain (a) as
described by Breznik et al. [26]. Image taken at higher magnification

shows MSC-GBM mixed tumours with invasive U373 cells. MSCs fol-
low U373 cells into the zebrafish brain parenchyma (b). Scale bars:
250 μm (A); 50 μm (B). Image courtesy of Miloš Vittori
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B1R dramatically diminished cell migration of 3D spheroids
[21]. Migrating cells form protrusions, such as invadopodia
and other extensions including ruffles or spikes, all containing
filamentous actin, and lead to dynamic interactions with ECM
substrates [107]. The regulation in myosin-actin contractions is
also under the calcium oscillations control [108] which, as men-
tioned above, are regulated by kinin receptors and have been
proven as crucial for glioma invasion [109, 110]. BK also in-
duced expression of smooth muscle actin in humanMSCs [111].
In indirect co-cultures of GBM andMSCs, long exposure to BK
led to [Ca2+]i oscillations [100], and low BK levels caused a
prolonged persistence of intracellular calcium [112]. These

alterations in [Ca2+]i resulted in the activation of ion channels
crucial for volume and morphology changes of glioma cells
during migration through narrow spaces [106]. [Ca2+]i oscilla-
tions reprogram Cl− and K+ channel activities that allow for the
reduction of glioma cell volume down to 33% of its original size,
and expelling free cytoplasmic water via Cl− efflux [113]. It has
been suggested that BK is not only a key ligand binding to BR2
but, also, that it enhances migration of human and rat glioma
cells via binding to B1R in vitro [89]. Pillat et al. [100] confirmed
aBK-promoted feedback control on the expression of kinin, both
in monocultures and co-cultures: treatment with BK resulted in
down-regulation of B1 and B2 receptors in MSC, with

Fig. 2 Schematic diagram of the kallikrein-kinin system (KKS) met-
abolic cascade. Plasma- and kallikrein-related peptidases are secreted as
zymogens and become activated by a cascade of pro-peptide proteolytic
cleavages. Kallikreins cleave serum and tissue high molecular-weight
(HK) and low molecular-weight (LK) kininogens to generate bradykinin
(BK) and kallidin (Lys-BK) which, in turn, are cleaved either by kininase
(originating inactive peptides), or arginine aminopeptidyl carboxy-

peptidases (M and N), originating their des-Arg metabolites. Kinins are
rapidly inactivated, mainly by angiotensin converting enzyme (ACE,
kininase II). Des-Arg-Bradykinin (DBK) and Bradykinin bind to BR1
and BR2 receptors, respectively, thus inducing signalling pathways in-
volved in the regulation of several (patho)physiological processes, such
as blood pressure variations, inflammation and cancer
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simultaneous upregulation of these receptors in U87 cells, sug-
gesting a function of BK in information flow between these cells,
being important for tumour progression and invasion.
Noteworthy, in addition to BK activation of B2R, the cross-
talk with B1R activation is seen as an indirect response or com-
pensation for the signalling responses between them. This points
out the importance of both kinin receptor in a cross-talk and
potential use of their selective inhibitors in GB therapy.

Decreased cell adhesion and increased mobility results from
epithelial-to-mesenchymal-like transition (EMT), necessary for
tumour cell dissemination [38]. We have observed higher levels
of mesenchymal genes expression in U87 cells after coculturing
withMSCs, indicating a kind of epigenetic transdifferentiation of
U87 cells resulting in their increased invasion [21]. Interestingly,
treatment with BK andDBK resulted in evenmore invasive U87
cells in 3D spheroids. Invasiveness decreased after treatmentwith
B2R antagonist. Similarly, MSCs and breast cancer cell hybrid
formations also acquired an EMT phenotype that lead to en-
hanced metastatic cancer cells abilities [114].

Cell Fusion and Entosis

Entosis is a form of cell cannibalism that is prevalent in human
cancer, typically triggered by a loss of matrix adhesion [115].

Recently, Durgan [116] reported on an alternative mechanism
for entosis in human epithelial cells, driven by mitosis, that is
regulated by G protein Cdc42, which controls mitotic mor-
phology. Cdc42 plays a crucial role in cytokinesis, cell polar-
ization, mitosis, and induces the formation of filopodia and
retraction fibreswith associated focal complexes [117]. Cdc42
depletion enhances mitotic de-adhesion and rounding. These
biophysical changes, which depend on RhoA activation and
are phenocopied by Rap1 inhibition, permit subsequent
entosis. Interestingly, BK treatment - but not that with
PDGF, insulin, PMA, LPA, or bombesin- of cells resulted in
morphological and cytoskeletal effects, similar to those seen
upon Cdc42 microinjection [118]. Treatment with a B1R an-
tagonist promoted cell de-polarization and potentially cell
cannibalism (Fig. 3).

Cell fusion occurs when cell membranes merge and cyto-
plasm merges to form multinucleated cells [119, 120]. Cancer
cells fuse with normal cells, MSCs and other cancer cells.
Homotypic cancer cell fusion contributes to the formation of
polyploid giant cancer cells (PGCCs) that have been shown to
be highly tumourigenic and chemoresistant [121]. Polyploidy
is an intermediate karyotype that often occurs via fusion of
healthy diploid cells and neoplastic aneuploidy cells [122]. It
has been suggested that 0.01% of tumour cells are tumour

Fig. 3 Heterotypic cell fusion and cell cannibalism. Time-lapse frame
imaging of BM-MSC DiO/U87 dsRED co-culture showing entosis,
cell fusion. (a) Demonstration of the entosis-like process on BM-MSC
DiO (green) and U87dsRed cells (red), marked with a circle, followed by
a cell fusion event, after 3 h, which is marked with an arrow (nuclear

stained in blue). (b) Time-lapse depicting the nuclear fusion process.
Fused nuclei exhibit a combined green staining marked by arrows.
Scale bar: 50 μm. (c) Illustration of GBM cell-cell interaction with BM-
MSC after co-culture, showing fused cells and the cellular degradation
process. Original data published in Oliveira et al. [21]

Oliveira M.N. et al.86



hybrid cells with higher resistance towards chemotherapeutics
[123, 124]. Chronic inflammation potentiates cell fusion in the
brain, muscle, liver and heart, suggesting that inflammatory
mediators affect this process [125]. It has been previously
reported that bone marrow-derived cells fuse with interstinal
stem or progenitor cells after inflammation-induced epithelial
injury and that these events markedly increased intestinal tu-
mour [126, 127]. Cell fusion-associated characteristics are an-
euploidy and the expression of mesenchymal phenotype
markers on tumour cells [128].

Cell fusion phenomena have an impact on cancer therapy,
thus, the genesis of drug-resistant cancer hybrid cells is an
important issue to be explored [129]. Inflammatory conditions
per se or /and pro-inflammatory cytokines foster cell fusion
[124]. The chemokines and cytokines prompt tumour-
associated macrophages (TAMs) and MSCs to migrate into
tumour microenvironments [130]. TAMs consist of M1 phe-
notype cells, which kill pathogens and M2 phenotype cells,
which induce angiogenesis and tissue remodelling, and inter-
mediate TAMs phenotypes. They have been suggested as ma-
jor inflammatory components in tumour microenvironment
that trigger expression and activity of B1R and B2R. In glio-
ma, this process partly depends on glioma-derived IL-6 [20]
and chemokines CXCR7 and CXCR4 [131]. Interestingly,
B1Rs are absent in cortical areas, albeit present in endothelial
cells surrounding the tumour area, possibly regulating

angiogenesis [87] or cancer stem cell niches [43]. We have
recently shown that treatment of GBM U87/MSC co-cultures
with B1R antagonist R715 partially inhibited cell fusion [21].
Moreover, Figueroa et al. [132] have reported that endothelial
cells stimulated with BK, and neutrophils primed with TNF-α
(and vice versa), resulted in enhanced adhesion between both
cells. This suggests that the B1R is a potential modulator,
which promotes adhesion between leukocytes and endothelial
cells. Following blocking B1R by antagonists, a partial com-
pensation of cell fusion by B2R activity occurs. Therefore, a
better understanding of the interplay between both kinin re-
ceptors in cell fusion modulation is needed (Fig. 4).

Bradykinin-Targeting in Cancer as Adjuvant Therapy

The understanding of the roles of kinins in cancer therapy has
significantly improved in recent years. The duality of B1R and
B2R activation, in controlling permeability of the blood brain
barrier and in enhancing tumour progression, makes them
excel lent candidates for therapeut ic targets . An
Investigational New Drug (IND) application has been ap-
proved by the Food and Drug Administration (FDA) for the
clinical evaluation of B9870 in lung cancer [133]. B9870 is a
potent B1R and B2R antagonist with excellent in vivo
antitumour activity. However, a randomized phase 2 trial in
patients with glioma receiving carboplatin with or without

Fig. 4 Summary of the proposed role of bradykinins in MSC-GBM
cross-talk. Depiction of the heterotypic cell-cell interaction between
GBM cells and MSCs in complex tumour microenvironment. This inter-
action is regulated by bradykinin and Des-Arg–bradykinin binding to
their respective receptors in direct (above) and indirect (bellow) binding

conditions. Direct binding occurs when tumour cells secret BK which, in
turn, is converted to its metabolite. Indirect binding is mediated by the
tumour microenvironment- cytokines and tumour cell hybrids influence
MSC behaviour and lead to the formation of the cancer mesenchymal
transition cells that make up the heterogenous tumour
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RMP-7 (a B2R antagonist), did not improve carboplatin effi-
ciency [134]. In the malignant F98 glioma rat model, dual
B1R and B2R activation provided enhanced blood–brain bar-
rier permeability after carboplatin drug delivery [99]. The ad-
vancement of kinin receptor antagonists into the clinics in
some tumours [92] highlights the importance of continued
research also in the highly invasive GBM, where the role of
kinins in aggressive tumour progression needs to be better
identified in respect to GBM microenvironment.

Icatibant, a B2R inhibitor, was tested in rat glioma models
and has been shown to be effective in reducing glioma cell
invasion of cerebral parenchyma, ultimately resulting in a
smaller tumour mass [135] . Other BK antagonists that play
an important role in cancer are: B-9870, B-10054 and M-516
(listed in the Table 1) [92, 134]. B9870 is the most studied
BK antagonist dimer as anti-cancer agent. This dimer is se-
lectively cytotoxic for many types of cancer cells and acts at
very low concentrations, not damaging normal cells [133].
Interestingly, this group has shown that B1R knockout of
B1R (KOB1R) mice have revealed an uncontrolled tumour
growth in SSR240612 (antagonist of B1R)-treated mice,
which was blunted by B2R blockade with HOE-140, suggest-
ing a crosstalk between B1R and B2R in tumour growth [94].
Combined treatment with B1R and B2R antagonists

normalized the upregulation of tumour B1R and decreased
both tumour size and mitotic index, and has been shown in
double knockout receptors (KOB1B2R). In F98 rat glioma
transient BTB disruption was promoted by activation of B1R,
causing COX metabolites concentration increase, and thereby
transient BTB disruption. On the other hand, B1R and B2R
agonists may be used as selective BTB modulators of in-
creased local delivery of various therapeutic agents to
(peri)tumoural sites [99].

In conclusion, it is imperative to study the role of kinin
receptors as well as the B1R-B2R cross-talk compensation
mechanism in the regulation of cell-cell adhesion, which could
induce cell fusion and proliferation. The complex interaction
between stromal cells and tumour cells in the tumour microen-
vironment increases the tumour non-autonomous heterogeneity
and delays or alters response to therapy. Thus, understanding
homotypic and heterotypic cell fusion, cell migration and tu-
mour permeability that is regulated by kinin receptors in tu-
mour microenvironment can be useful to design treatment pro-
tocols. Particularly ones related to potential MSC therapy ap-
plication with engineered MSCs. These are suggested to be
genetically modified to carry the “killing weapons,” inducing
programmed cell death [54]. The summary of most relevant
findings in this matter are presented in Table 1.

Table 1 Kinin receptors in glioblastoma and other types of cells: Potential functionality in cancer progression

Target Cell type Kinin receptor expression Associated function References

B1 receptor C6 Mouse glioma B1R expression and activity Cell migration by COX and AP-1 activa-
tion

[89]

B1 receptor Human microglia B1R upregulation in response
to activation

Cell motility and chemotaxis of
BK-induced microglial migration is
mediated by B1R but not by B2R

[105]

B2 receptor D54 human GBM Receptor expression not
verified

Glioma invasion is stimulated by DBK to
amoeboid type of migration

[136]

B1 receptor U87 human GBM B1R expression stimulated by
bradykinin

Increase in 3D cell invasion after
co-culture with MSCs

[21, 100]

B1 and B2 receptor U138 and U251 human
GBM

Endogenous expression of
both B1R and B2R

Both B1R and B2R are involved in
glioma cell proliferation

[94]

B1 and B2 Receptors PC3 prostate cancer Endogenous expression of
both B1R and B2R

B1R and B2R activation is required for
the proliferation of
androgen-independent prostate cancer
cells

[137]

B1R- carboxipeptidase
M (CPM) heterodi-
mers

HEK human embryonic
kidney

B1R activity and CPM
expression

CPM and B1 receptor mediates BK or
KD stimulation of B1R signalling,
independent of the enzymatic activity
of CPM

[138]

B1R-CPM heterodimers HEK human embryonic
kidney

B1R and B2R activity and
CPM expression

CPM expression is required to generate a
B1R-dependent [Ca2+]i increase by
kallidin or bradykinin

[139]

B2 receptor Adipose–derived
human MSCs
(ADSCs)

B1R and B2R endogenous
expression

BK induced α-Smooth Muscle Actin ex-
pression in hADSCs by
TGF-β1-Smad2 signalling pathway

[111]

B2 receptor 3 T3 fibroblasts B2R endogenous expression
and activity

Bradykinin promotes formation of
peripheral actin microspikes and
filopodia in fibroblasts

[140]
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