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Abstract

As an important component of the immunosuppressive tumor microenvironment (TME), it has been established that
mesenchymal stem cells (MSCs) promote the progression of tumor cells. MSCs can directly promote the proliferation,
migration, and invasion of tumor cells via cytokines and chemokines, as well as promote tumor progression by regu-
lating the functions of anti-tumor immune and immunosuppressive cells. MSCs-derived extracellular vesicles (MSCs-
EVs) contain part of the plasma membrane and signaling factors from MSCs; therefore, they display similar effects on
tumors in the immunosuppressive TME. The tumor-promoting role of macrophage migration inhibitory factor (MIF)
in the immunosuppressive TME has also been revealed. Interestingly, MIF exerts similar effects to those of MSCs in
the immunosuppressive TME. In this review, we summarized the main effects and related mechanisms of tumor-
associated MSCs (TA-MSCs), TA-MSCs-EVs, and MIF on tumors, and described their relationships. On this basis, we
hypothesized that TA-MSCs-EVs, the MIF axis, and TA-MSCs form a positive feedback loop with tumor cells, influencing
the occurrence and development of tumors. The functions of these three factors in the TME may undergo dynamic
changes with tumor growth and continuously affect tumor development. This provides a new idea for the targeted
treatment of tumors with EVs carrying MIF inhibitors.

Keywords: Immunosuppressive tumor microenvironment, TA-MSCs, Extracellular vesicles, Macrophage migration
inhibitory factor, Anti-tumor immune cells, Immunosuppressive cells

Introduction metabolic changes in cellular components and continu-

The tumor microenvironment (TME) comprises cellu-
lar and non-cellular components of the tumoral niche,
such as immune inflammatory cells, myofibroblasts,
extracellular matrix (ECM) and vascular networks [1].
Formation of TME is a constantly changing complex
dynamic process involving remodeling of tumor cells,
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ous alterations of ECM [2]. During tumor progression,
immune inflammatory cells are stimulated by tumor cells
and recruited to the tumor site, thus inducing immune
responses that continuously affects tumor growth, lead-
ing to the formation of immunosuppressive TME [3]. In
most cases, immunosuppressive TME does not inhibit
tumor growth, but instead promotes tumor progression.
Numerous studies have confirmed that tumor progres-
sion is inseparable from the supporting effects of immu-
nosuppressive TME on tumor cell proliferation, survival
and invasion [4].

Mesenchymal stem cells (MSCs), a cellular component
of TME, are critical for cancer growth and metastasis [5].

©The Author(s) 2022. 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 http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-5483-8111
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-022-03528-y&domain=pdf

Zhang et al. Journal of Translational Medicine (2022) 20:320

Bone marrow is the main established source, but with
more comprehensive research, MSCs have been suc-
cessfully isolated from other tissues and organs, such as
adipose tissue, umbilical cord blood, placenta, liver, and
pancreas [6]. MSCs are a non-hematopoietic cell type
with multiple characteristics, including multi-directional
differentiation potential [7], directional migration [8]
and immunomodulatory effects [9]. Under chemokine
regulation, MSCs home from the blood circulation to
TME and are transformed into tumor-associated MSCs
(TA-MSCs) following tumor cell education. Although
the specific role of MSCs in tumor development remains
controversial, TA-MSCs have been extensively shown to
promote tumor cell proliferation, migration and survival
directly or indirectly by secreting bioactive factors and
EVs in TME [10].

Extracellular vesicles (EVs) are particles naturally
released by cells that are delimited by lipid bilayers and
cannot replicate, including exosomes, microvesicles,
membrane vesicles, and apoptotic bodies and other types
of membrane vesicles [11]. EVs contain various bioac-
tive substances, predominantly small molecular nucleic
acids, proteins and lipids that can regulate the biological
functions of recipient cells [12].As one of the cell types
with the strong ability to secrete EVs [13], MSCs exert
significant effects on other cellular components in TME.
MSCs-derived extracellular vesicles (MSCs-EVs) contain
part of the membrane and signaling factors from MSCs
and therefore display similar cell surface markers and
ability to home to TME as their parent cells [14]. MSCs-
EVs not only participate in cell-cell communication
and signal transduction but also affect gene and protein
expression patterns of tumor cells, in turn, affecting the
formation of immunosuppressive TME and tumor cells
metabolism [15]. Notably, the effects of EVs on tumors
are similar to those of MSCs.

Macrophage migration inhibitory factor (MIF), a
multifunctional cytokine with unique tautomerase and
oxidoreductase activities, is widely expressed in differ-
ent tissues, organs and TME. Originally, MIF was pro-
posed to be a cytokine released by activated T cells to
inhibit random movement of macrophages [16]. MIF
is a non-cellular component of TME involved in tumor
development [17]. Accumulating research has revealed
significant upregulation of MIF in various cancer types,
including cervical cancer, breast cancer, prostate cancer,
hepatoma, neuroblastoma, colorectal cancer, pancreatic
cancer and lymphocytic leukemia [18]. Furthermore,
MIF promotes tumor proliferation, migration, invasion,
angiogenesis and chemotherapy resistance via bind-
ing to different receptors, including CD74, C-X-C motif
chemokine receptor 2 (CXCR2), CXCR4, and CXCR7
[19]. In this review, the tumor-promoting effects and
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related mechanisms of TA-MSCs, TA-MSCs-EVs and
MIF as well as their potential interrelationships are com-
prehensively summarized.

Tumor-promoting effects and related mechanisms
of TA-MSCs, TA-MSCs-EVs and MIF

Tumor-promoting activity of TA-MSCs, TA-MSCs-EVs

and MIF

Analysis of the literature indicates that both MSCs and
TA-MSCs can promote tumor progression (Tables 1 and
2).

It can be found from the table that the effects of MSCs
from different normal tissues on tumors are different.
For example, some studies have found that UC-MSCs
can promote the progression of gastric cancer and lung
cancer [20, 21], but some studies have reported that UC-
MSCs-EVs can inhibit the metastasis of melanoma [22].
Similar differential results were reported in both BM-
MSCs [23] and AD-MSCs [24]. The reasons for these dif-
ferent results may include individual differences in cell
host sources and different experimental conditions in dif-
ferent research groups.

MSCs are educated to evolve into a tumor-promot-
ing TA-MSC phenotype in TME. This process triggers
alterations in the protein and gene expression profiles of
MSCs, in turn, promoting tumor cell proliferation and
invasion [25]. For instance, MSCs derived from normal
lung tissue stimulated by TME are transformed into TA-
MSCs expressing high levels of gremlin 1 (GREM1), lysyl
oxidase-like 2 (LOXL2), integrin a 11 (ITGA11), which
promote invasion and metastasis of lung cancer cells via
stromal pro-metastatic signaling [26]. Similarly, prostate
cancer cells educate MSCs to evolve into non-carcinoma-
associated fibroblasts (CAFs) phenotype TA-MSCs with
increased Fibroblast growth factor 2 (FGF2), osteopon-
tin (OPN) and interleukin-8 (IL-8) levels and reduced
secretion of soluble fms-like tyrosine kinase-1 (sFlt-1),
promoting tumor cells migration [27]. TA-MSCs-derived
extracellular vesicles (TA-MSCs-EVs) could also promote
tumor growth and metastasis by regulating the functions
of cellular and non-cellular components and directly
interacting with tumor cells, augmenting epithelial-mes-
enchymal transformation (EMT) [28] and angiogenesis
[29] with concomitant inhibition of tumor apoptosis [30].
Extensive evidence supports a stimulatory role of MIF in
tumor progression although a few studies have described
an inhibitory effect [31]. After binding to target cell sur-
face receptors, MIF could directly promote tumor cell
proliferation, migration and invasion by activating down-
stream signaling pathways [32, 33]. In addition to direct
effects, MIF is reported to facilitate tumor progression
by enhancing angiogenesis and chemotherapy resistance
(34, 35].
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Table 1 The effects of MSCs and MSCs-EVs on tumors
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Species Cell source Type of tumor Effects on tumor experimental type Reference numbers
Human BM-MSCs-EVs PC Inhibition In vitro and vivo [23]

Human BM-MSCs MM Inhibition In vitro [41]

Human AD-MSCs oC Inhibition In vitro [24]

Human UC-MSCs HCC Inhibition In vitro [253]

Human UC-MSCs LC Inhibition In vitro [254]

Human UC-MSCs BC Inhibition In vitro and vivo [255]

Human UC-MSCs Melanoma Inhibition In vitro and vivo [22, 256]
Human NLT-MSCs LC Promotion In vitro and vivo [26, 37]

Human BM-MSCs MM Promotion In vitro and vivo [91]

Human BM-MSCs BC Promotion In vitro and vivo [75,92,99, 194]
Human BM-MSCs Neuroblastoma Promotion In vitro and vivo [43]

Human AD-MSCs BC Promotion In vitro and vivo [76,77,88, 257]
Human hESC-MSCs BC Promotion In vitro [222]

Human AD-MSCs Melanoma Promotion In vitro and vivo [102]

Human BM-MSCs CRC Promotion In vitro and vivo [78,101, 208]
Human UC-MSCs LC Promotion In vitro [20]

Human UC-MSCs BC Promotion In vitro and vivo [223]

Human UC-MSCs GC Promotion In vitro and vivo [21]

Human BM-MSCs CML Promotion In vitro and vivo [86]

Human BM-MSCs PCa Promotion In vitro and vivo [100, 113]
Human BM-MSCs GC Promotion In vitro and vivo [196, 199, 208, 218]
Human BM-MSCs (ON) Promotion In vitro and vivo [225,231]
Human BM-MSCs Glioma Promotion In vitro [227]

Human BM-MSCs Sacoma Promotion In vitro and vivo [230]

Human Oral-MSCs KS Promotion In vitro and vivo [232]

Human AD-MSCs-EVs BC Promotion In vitro [44]

Human BM-MSCs-EVs NPC Promotion In vitro and vivo [50]

Human BM-MSCs-EVs BC Promotion In vitro and vivo [52,92]

Human BM-MSCs-EVs CLL Promotion In vitro [67]

Human BM-MSCs-EVs LC Promotion In vitro and vivo [81]

Human BM-MSCs-EVs CRC Promotion In vitro and vivo [101]

Human UC-MSCs-EVs GC Promotion In vitro and vivo [80, 89]

Human UC-MSCs-EVs LC Promotion In vitro [20 }

Mouse BM-MSCs LC Promotion In vitro and vivo [114, 158, 206]
Mouse BM-MSCs MM Promotion In vivo 7 ]

Mouse BM-MSCs Glioma Promotion In vitro and vivo [224]

Rabbit BM-MSCs PCa Promotion In vitro and vivo [197]

Rat BM-MSCs Glioma Promotion In vitro and vivo [226]

Tumor-promoting mechanisms of TA-MSCs, TA-MSCs-EVs
(Fig. 1) and MIF (Fig. 2)

TA-MSCs and TA-MSCs-EVs suppress the anti-tumor
immune response by not only inhibiting the functions
of T cells [36], natural killer cells (NK) [37] and den-
dritic cells (DCs) [38] but also increasing the num-
ber and function of immunosuppressive cells, such as
tumor-associated macrophages (TAMs) [39], CAFs

[29], and myeloid-derived suppressor cells (MDSCs)
[40], leading to tumor immune escape. In addition,
TA-MSCs influence the formation of immunosup-
pressive TME by secreting tumorigenic cytokines
and inflammatory factors [41]. MIF can also promote
tumor progression by similar mechanism, the mecha-
nisms by which TA-MSCs, TA-MSCs-EVs and MIF
promote tumor development are described below.
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Table 2 The effects of TA-MSCs and TA-MSCs-EVs on tumors
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Species Cell source Type of tumor Effects on tumor experimental type Reference numbers

Human GA-MSCs Glioma Promotion In vitro and vivo [48, 98]

Human UC-MSCs Liver cancer Promotion In vitro [25]

Human LC-MSCs LC Promotion In vitro and vivo [26, 37]

Human BM-MSCs PCa Promotion In vitro [27]

Human PCa-MSCs PCa Promotion In vitro [113]

Human CRC-MSCs CRC Promotion In vitro and vivo [28, 65]

Human BC-MSCs BC Promotion In vitro [30]

Human CeCa-MSCs CeCa Promotion In vitro [36]

Human GC-MSCs GC Promotion In vitro and vivo [39,49,79, 151, 167,
183,204, 217,218,
258]

Human AML-MSCs AML Promotion In vitro and vivo [115, 165, 259, 260]

Human CML-MSCs CML Promotion In vitro [40, 47]

Human ALL-MSCs ALL Promotion In vitro and vivo [201]

Human MM-MSCs MM Promotion In vitro and vivo [41,66,90,91,131]

Human NB-MSCs NB Promotion In vitro and vivo [43]

Human OC-MSCs 0oC Promotion In vitro and vivo [87,96,97,174]

Human BC-MSCs-EVs BC Promotion In vitro and vivo [122]

Human MM-MSCs-EVs MM Promotion In vitro and vivo [90]

Human ATRT-MSCs-EVs ATRT Promotion In vitro and vivo [45]

Human OSCC-MSCs-EVs 0OSCC Promotion In vitro [46]

Human CLL-MSCs-EVs CLL Promotion In vitro [67]

Mouse BC-MSCs BC Promotion In vitro and vivo [184]

Mouse MM-MSCs-EVs MM Promotion In vitro and vivo [91]

Direct effects of TA-MSCs, TA-MSCs-EVs and MIF on tumor
Enhancement of proliferation, migration, and invasion
of tumor cells MSCs from multiple myeloma (MM)
(MM-MSCs) patients are reported to activate mitogen-
activated protein kinase (MAPK) (extracellular signal-
regulated kinase (ERK1/2) and c-jun N-terminal kinase
(JNK)) signal transduction, which stimulates translation
initiation (TI) factors (eukaryotic translation initiation
factor 4E (eIF4E) and eIF4GI) and subsequent upregula-
tion of eIF4E/elF4GI-dependent protein targets, includ-
ing hypoxia-inducible factor 1a (HIFla), mothers against
decapentaplegic homolog 5 (Smad5), nuclear factor-«xB
(NF-xB), c-Myc and cyclin D1, promoting proliferation,
migration, invasion, survival and chemotherapy resist-
ance of MM cells [41]. A similar mechanism has been
confirmed for MSCs derived from lung cancer (LC-MSCs)
[42]. Other studies report that TA-MSCs secrete various
cytokines, such as platelet-activating factor (PAF), asporin
(ASPN), and IL-6, which enhance proliferation, migra-
tion and invasion properties of tumor cells via activation
of multiple critical downstream pathways, including sig-
nal transducer and activator of transcription 3 (STAT3),
protein kinase B (PKB/AKT), janus kinase 2 (JAK2) and
ERK1/2 [29, 42, 43].

In terms of the effects of TA-MSCs-EVs, breast can-
cer-derived MSCs-EVs (BC-MSCs-EVs) activate the
WNT signaling pathway in vitro, leading to cancer
cell migration [44]. Furthermore, TA-MSCs transport
microRNAs (miR) into tumor cells, such as miR-155,
miR-8485, miR-221, miR-1587, which enhance prolif-
eration, migration and invasion directly or indirectly
by targeting downstream genes or proteins associated
with tumor growth and metastasis (SMARCA4, BCR-
ABL1 and transforming growth factor B1(TGF-B1))
[45-49]. In addition, TA-MSCs-EVs have the ability to
transport other small molecule bioactive compounds.
MSCs-EVs molecules have been shown to transfer
FGF19 to nasopharyngeal cancer cells, in turn, activat-
ing a FGF19-FGFR4-dependent ERK signaling pathway
that stimulates cancer cell proliferation and migra-
tion [50]. Similarly, chronic myelomonocytic leuke-
mia-derived MSCs-EVs (CML-MSCs-EVs) transfer
tissue factor (TF) to hematopoietic stem cells (HSCs)
to facilitate tumor progression [51]. Proteomic analy-
sis has revealed more than 150 different proteins in EVs
secreted by human serum-derived MSCs (SD-hMSCs),
the majority of which support tumor growth, including
platelet-derived growth factor receptor p (PDGERp),
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Fig. 1 ATA-MSCs promote immunosuppressive cells by secreting EVs and cytokines to indirectly promote tumor progression. B TA-MSCs inhibit
anti-tumor immune cells by secreting EVs and cytokines to indirectly promote tumor progression. C TA-MSCs directly promote tumor progression
by promoting tumor cells proliferation, migration, invasion. EMT and drug resistance, and inhibiting apoptosis. D TA-MSCs indirectly promote tumor
progression by promoting tumor stem cells formation, tumor angiogenesis, fusion with tumor cells and spontaneous malignant transformation

tissue inhibitor of metalloproteinase-1 (TIMP-1) and
TIMP-2 [52].

Similar with TA-MSCs and TA-MSCs-EVs, MIF can
also activate multiple signaling pathways via binding to
different receptors on the tumor cell surface and affects
the expression of a range of downstream proteins and
genes, in turn, influencing the proliferation, migration
and invasion of tumors.

High expression of MIF in tumors activates the PI3K/
AKT pathway via interactions with CD74 and CXCR7
[53], thereafter inhibiting NR3C2 [32], p53 [33] and p27
[54] expression and upregulating downstream targets,
including cyclin D1, cyclin-dependent kinase (CDK),
MMP-7, c-Myc, c-Jun, MMP-9 and VEGF [55-57], thus
promoting tumor growth, metastasis and survival while
inhibiting apoptosis.

MIF activates the MEK/ERK pathway [58] to promote
tumor cell proliferation, survival and metastasis in a
dose-dependent manner by downregulating p53 [33] and
upregulating BCL2 and CD74 [57].

MIF has additionally been shown to activate the sig-
nal transduction of lysophosphatidic acid (LPA) asso-
ciated with the Rho-dependent pathway, resulting
in focal adhesion kinase (FAK) phosphorylation and

LPA-induced integrin Bl and MMP-13 expression,
which drive invasion and metastasis of colon cancer
[59]. Similarly, MIF promotes cervical cancer (CeCa)
cell proliferation through increasing cyclin D, p16 and
c¢-Myc and decreasing cyclin E expression in tumor
cells and upregulates Src and FAK expression to pro-
mote tumor cell migration [60].

MIF also induces NF-kB activation [55, 61] through
interactions with CD74 and enhances NF-«kB target
gene expression, including cellular inhibitors of apop-
tosis 2 (c-IAP2), Bcl-xl, MMP-2, uridylyl phosphate
adenosine (uPA) and HIF-1q, facilitating the prolifera-
tion and migration of tumor cells [62, 63].

Importantly, MIF overexpressed in brain tumor-ini-
tiating cells (BTIC) could transform benign glial cells
into BTIC through interactions with p53 and further
promote BITC proliferation by direct inhibition of p53,
resulting in initiation and progression of malignant
brain tumors [64].

The collective studies clearly demonstrate that TA-
MSCs, TA-MSCs-EVs and MIF drive proliferation,
migration and invasion of tumor cells through direct
information exchange between cells.
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Inhibition of tumor cell apoptosis TA-MSCs protect
tumor cells from spontaneous and chemotherapy-induced
apoptosis, thus enhancing survival [43]. Recent research
suggests that colorectal cancer (CRC)-MSCs inhibit CRC
cell senescence via the p53-p21 pathway, leading to stimu-
lation of CRC development in vivo [65]. MM-MSCs pro-
tect MM cells from chemotherapy-induced apoptosis via
activation of NF-kB and its downstream pathways [66].
In addition, MSCs-EVs isolated from chronic lympho-
cytic leukemia (CLL) patients (CLL-MSCs-EVs) could
additionally protect CLL B cells from spontaneous and
drug-induced apoptosis in a dose-dependent manner,
enhancing their survival and tumor progression through
pathways related to activation of B-cells receptors [67].

In an earlier study, MIF gene knockout was shown to
enhance the expression of apoptosis-related proteins,
including Bcl-2, p-caspase-3 and Bax, in hepatoma cells
[68]. Consistently, MIF expression is significantly corre-
lated with susceptibility of colon cancer cells to hypoxia-
induced apoptosis [69]. Follow-up studies indicate that
lung injury induces an increase in MIF expression, which
protects lung cancer cells from apoptosis and promotes
tumor proliferation [70]. Lue et al. [71] demonstrated
that MIF protects tumor cells from apoptosis, promot-
ing survival through activating the PI3K/AKT pathway

mediated by CD74. More recent experiments provide
evidence that MIF activates NF-kB through binding to
CD74 to regulate mitochondrial dynamics and stability,
thus facilitating carcinogenesis via suppression of apop-
tosis [72]. Further studies have additionally confirmed
that MIF inhibits p53-mediated apoptosis. For example,
MIF downregulates p53 in ultraviolet B (UVB)-induced
non-melanoma skin cancer (NMSC) cells, leading to
stimulation of tumor cell proliferation [73]. Chronic UVB
exposure induces increased production of MIF, which,
in turn, inhibits apoptosis by suppressing p53 and its
downstream genes, Bax and p21, resulting in photocar-
cinogenesis [74]. It is not difficult to find that TA-MSCs,
TA-MSCs-EVs and MIF show a certain degree of similar-
ity in the mechanism of inhibiting tumor cell apoptosis,
which is reflected in the coincidence of signaling path-
way, tumor type and apoptosis-related proteins.

Promotion of tumor EMT EMT refers to the biological
process by which epithelial cells are transformed into the
mesenchymal phenotype. EMT is an important biologi-
cal process for tumor cells derived from epithelial cells to
acquire migration and invasion ability. Early studies have
shown that MSCs induce EMT in BC cells and destroy
intercell adhesion via activation of a disintegrin and metal-
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loproteinase 10 (ADAM10), promoting cancer cell migra-
tion [75]. Similarly, breast cancer derived MSCs (BC-
MSCs) promote EMT and maintain a stable mesenchymal
state of BC cells via paracrine mechanisms or induce BC
cells to autocrine TGF-f1, zinc finger E-box-binding pro-
tein 1(ZEB1)/miR-200 regulatory loop, TGF-B-Smad3
signaling pathway may be involved in this process [76, 77].
TNEF-a induces secretion of high levels of C—C chemokine
ligand 5 (CCL5) by MSCs, which interacts with its recep-
tor C—C chemokine receptor type 1 (CCR1) expressed
in colon cancer cells. EMT, proliferation and invasion of
cancer cells are subsequently enhanced through upregu-
lation of the CCL5/CCR1/B-catenin/slug pathway [78].
Furthermore, gastric cancer (GC)-MSCs-derived IL-15 is
reported to promote EMT of GC cells via STAT3 activa-
tion [79].

MSCs-EVs induce EMT of GC and lung cancer cells in
a manner dependent on activation of TGF-f1 and Akt
pathways [20, 80] and that of non-small cell lung cancer
(NSCLC) cells through miR-21-5p delivery [81].

Similar mechanisms have also been found in MIF and
tumor-related studies. High expression of MIF in salivary
adenoid cystic carcinoma (SACC) cells promotes migra-
tion and invasion via increasing EMT [82]. Similarly,
overexpressed MIF in PC cells enhances ZEB1/2 and
reduces miR-200b expression, in turn, inducing EMT,
tumor growth and metastasis in vivo [35]. In NSCLC,
ionizing radiation (IR) induces dissociation of the MIF-
ribosomal protein S3 (rpS3) complex and enhances MIF
expression, which activates the NF-kB signal and triggers
EMT of tumor cells [83]. MIF suppresses NR3C2 expres-
sion through upregulating miR-301b, thereby promoting
EMT in pancreatic cells. Furthermore, this regulatory
process potentially involves the PI3K/AKT pathway [32].
High expression of MIF and CXCR4 in glioblastoma cells
under hypoxia conditions is reported to promote EMT of
glioblastoma cells via a MIF-CXCR4-AKT pathway [84].
Interestingly, MIF also induces malignant MET of normal
fibroblasts via upregulation of the TERT gene, leasing to
enhanced tumorigenesis [85].

Induction of chemotherapeutic resistance MSCs medi-
ate protection of chronic myelocytic leukemia (CML)
cells from imatinib-induced apoptosis through reducing
the activity of caspase-3 and expression of anti-apop-
totic protein Bcl-xl via a CXCL12/CXCR4 axis [86].
Similar results have been reported for TA-MSCs. For
instance, oral carcinoma-MSCs induce IL-6/protein-
rich tyrosine kinase-2 (PYK2)-dependent chemotherapy
resistance via secretion of CCL2/CCL5 [87]. MM-MSCs
activate NF-«B signaling in MM cells in an autophagy-
dependent manner, which induces resistance to cell
cycle arrest and apoptosis caused by melphalan or doxo-
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rubicin [66]. STAT3 and ERK1/2 signaling are addition-
ally involved in TA-MSCs induced chemotherapy resist-
ance [43]. Furthermore, direct contact with MSCs leads
to activation of tyrosine kinase Src, loss of phosphatase
and tensin homolog (PTEN) and stimulation of the
phosphatidylinositol 3-kinase/protein kinase B (PI3K/
AKT) pathway in BC cells, which induces resistance to
trastuzumab [88].

Interestingly, a study by Crompot et al. [67] reported
that CLL-MSCs-EVs drive resistance of CLL B cells to the
common chemotherapy drugs fludarabine, ibrutinib, ide-
lalisib and venetoclax, etc.) [67]. GC-MSCs-EVs up-regu-
lated the expression of multi-drug resistance- associated
proteins, such as multidrug resistance protein (MRP)
and lung resistance protein (LRP), in GC cells by activat-
ing the kinase cascade of calcium/calmodulin-dependent
protein kinases (CaM-K) and Raf/MEK/ERK, inhibit
apoptosis caused by 5-fluorouracil (5-FU), and induce
resistance to 5-FU [89]. MM-MSCs-EVs molecules
transport PSMA3 and PSMA3-AS1 into tumor cells.
Consequently, resistance to proteasome inhibitors (PI)
mediated by the PSMA3-AS1/PSMA3 signaling path-
way is induced, resulting in lower progression-free and
overall survival [90]. Survival-related signaling pathways,
such as JNK, p38, p53, and Akt, are additionally involved
in MM-MSCs-EVs-induced bortezomib resistance [91].
Similarly, BC-MSCs-EVs containing miR-222/223 are
efficiently internalized by tumor cells, leading to cancer
cell dormancy and chemotherapy resistance and conse-
quently, poor prognosis and recurrence [92].

A close relationship between MIF and tumor drug
resistance has been established. MIF-deficient MM cells
are reported to develop sensitivity to chemotherapy upon
co-culture with BM-MSCs in vivo and in vitro. MIF inhib-
itors additionally increase the sensitivity of MM cells to
chemotherapy [85]. Overexpression of MIF enhances the
resistance of PC cells to gemcitabine through promoting
ZEB1/2 and reducing miR-200b expression, which con-
tributes to poor prognosis [35]. Subsequent experiments
suggest that MIF suppresses the sensitivity of PC cells to
gemcitabine through a MIF-miR-301b-NR3C2 pathway
[32]. Furthermore, MIF upregulates anti-apoptotic pro-
teins (Bcl-xl and Bcl-2) and downregulates pro-apoptotic
proteins, such as Bax and Bad, through the RAS/MAPK
pathway, promoting chemotherapeutic resistance of BC
cells in vivo and in vitro [93]. High expression of MIF in
KRAS mutant CRC cells activates STAT3 and MAPK,
which upregulate cyclin D1 expression and reduce cas-
pase 3 activity, resulting in resistance of CRC cells to the
MEK blocker refametinib [94].

In terms of promoting tumor drug resistance, TA-
MSCs, TA-MSCs-EVs and MIF can promote tumor
drug resistance by activating the same signaling
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pathway and regulating similar related protein expres-
sion, such as STAT3, MAPK, Bcl etc.

Promotion of the formation and function of cancer stem
cells (CSCs) MSCs enhance the formation and func-
tion of CSCs, which also play an important role in
tumor progression [95]. Several cytokines and func-
tional proteins expressed by TA-MSCs, such as IL-6,
bone morphogenetic protein 2 (BMP2) and BMP4,
drive CSCs formation [42, 96]. Coffman et al. [97] dem-
onstrated that BMP4 derived from OC-MSCs upregu-
lates Hedgehog (HH) expression in ovarian cancer
cells. IL-6 secreted by MSCs promotes the expression
of CD133 and activation of JAK2 signal transducer and
activator of STAT3 pathway in CRC cells, thus enhanc-
ing cancer progression by increasing the number of
CSCs [28]. Similar results have been reported from
studies on glioma and BC whereby TA-MSCs-secreted
IL-6 increased the number of CSCs in tumor tissue
and promoted proliferation and self-renewal of tumor
cells through activating the STAT3 signal pathway [98,
99]. Prostate cancer-derived MSCs (PCa-MSCs) down-
regulate androgen receptor (AR) signaling in prostate
cancer cells by expressing high levels of CCL5, which
induce an increase in the prostate CSCs population,
resulting in upregulation of matrix metalloproteinase-9
(MMP-9), ZeB-1, CD133 and CXCR4 and enhanced
metastatic ability [100]. Li and co-workers showed that
MSCs-EVs promote colon cancer stem cell-like traits
and increase the population of CSCs via transfer of
miR-142-3p [101]. MSCs-EVs also facilitate acquisition
of a CSCs-like phenotype on MM cells and enhance
selective enrichment properties of CSCs [102].

Several studies have shown that MIF affects stem
cell differentiation and proliferation. For example,
MIF is reported to promote neural stem cell prolifera-
tion [103] and neuronal differentiation through acti-
vation of the Wnt/B-catenin pathway [104]. Recent
experiments suggest that MIF is significantly cor-
related with the proportion of CSCs in tumor tissues
[105]. CSCs-derived MIF enhances the immunosup-
pressive function of MDSCs in a CXCR2-dependent
manner, thereby promoting the proliferation, survival
and immune evasion of glioblastoma cells [106]. Fur-
thermore, MIF promotes CSCs differentiation, which
enhances the chemoresistance of MM cells [107].
Bitarte et al. [108] reported that miR-451 downregula-
tion directly targets MIF involved in COX-2 expression
that promotes Wnt activation to drive CSCs growth.

In conclusion, TA-MSCs TA-MSCs-EVs and MIF
effectively promote the occurrence and development
of cancer through interactions with CSCs.
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TA-MSCs, TA-MSCs-EVs and MIF regulate
the immunosuppressive properties of TME
TA-MSCs and TA-MSCs-EVs have stronger immuno-
suppressive effects than normal MSCs, including inhi-
bition of anti-tumor immune cells and promotion of
immunomodulatory cells, which effectively contribute
to malignant tumor progression. Notably, MIF can also
induce immunosuppression by regulating various cell
types in TME, including T cells, NK cells, DCs, MDSCs,
TAMs, and Tregs, triggering immune escape by not only
preventing tumor cells from being killed by anti-tumor
immune cells but also promoting formation of immuno-
suppressive cells or enhancing their function, and ulti-
mately, tumor progression.
TA-MSCs, TA-MSCs-EVs and MIF inhibit anti-tumor
immune cells T cells. T cells, an important component
of TME and the immune system, mainly exert anti-tumor
effects. Extensive studies suggest that MSCs inhibit both
T cells proliferation [109] by secreting Prostaglandin E2
(PGE2) and programmed death ligand-1 (PD-L1) [110]
and T cells anti-tumor immunity [38] by secreting immu-
nosuppressive cytokines, such as IL-4 and IL-10 [111],
which are not necessarily related to the MSC source.
TA-MSCs also promote the formation and maintenance
of immunosuppressive TME via inhibition of anti-tumor
T cells. For example, NB-MSCs have been shown to sig-
nificantly suppress proliferation of activated T cells [112].
Pancreatic cancer (PC)-MSCs and melanoma-MSCs exert
similar effects on T cells [38, 113]. In a previous study,
LC-MSCs reduced the number of CD4" T cells producing
IL-17 and cytotoxic CD8" T lymphocytes (CTLs) and sup-
pressed the expression of cytotoxic molecules (Fas ligand
(FasL), perforin (PFP) and CD107) in CTLs that mediate
anti-tumor immune responses [114]. Recent research has
disclosed that acute myeloid leukemia (AML)-MSCs are
able to block the production of leukemia-reactive CTLs
via a novel COX2/PG/NR4A/WNT signaling pathway,
resulting in attenuation of anti-tumor immunity [115].
CD39 and CD73 ectonucleotidases on the cervical can-
cer-derived MSC (CeCa-MSC) surface efficiently hydro-
lyze ATP, ADP and AMP nucleotides to generate adeno-
sine (Ado), which inhibits the proliferation and activation
of CTLs as well as anti-tumor immune responses [36].
Previous experiments clearly demonstrate that MSCs-
EVs molecules inhibit differentiation and activation of
T cells in addition to reducing T cells proliferation and
interferon-y (IFN-y) release [116]. Recently, MSCs-EVs
were shown to significantly suppress CD4% T cells pro-
liferation, IL-17 and IFN-y levels and enhance TGF-f and
IL-10 secreted by T cells [117], which could be attrib-
uted to miR-223 delivery [118]. MSCs-EVs also inhibit
T cells proliferation and infiltration [119] via TGF-f and
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adenosine signaling [120] concomitant with a decrease in
the percentage of CD41 and CD8" T cells subsets [121].
Furthermore, both BC-MSCs and BC-MSCs-EVs could
inhibit production of IFN-y by CD4*" and CD8" T cells,
thus thwarting the anti-tumor immune response [122].

MIF downregulates NKG2D to inhibit the antitu-
mor immunity of CD8" T cells [123], inducing immune
escape of glioma cells [124]. Furthermore, high levels
of MIFs protect BC cells from immunogenic cell death
(ICD) and inhibit the antitumor immune response medi-
ated by T cells producing IFN-y [125]. Similarly, neuro-
blastoma cells secreting MIF inhibit T cell proliferation
and induce cell death through an IFN-y pathway, which
eliminates activated T cells from TME, thus contribut-
ing to tumor cell escape from immune surveillance [126].
In an earlier study by Zhou and co-workers, production
of high amounts of MIF by neuroblastomas (NB) led to
a decrease in the number and infiltration of CD8" and
CD4" T cells, and ultimately, suppression of antitumor
immunity [127]. MIF has additionally been shown to
inhibit the activation of CD4", CD8" T cells and CTLs in
the tumor regions of cancer-bearing mice [128]. Down-
regulation of MIF in BC is associated with a significant
increase in infiltration and anti-tumor functions of CD4"
and CD8" T cells [129].

Above studies have shown that TA-MSCs, TA-MSCs-
EVs and MIF enhance the immunosuppressive activity of
tumor microenvironmentnot by inhibiting the number
and function of CD4" and CD8" T cells and reducing
the expression of IFN-y in T cells, which can significantly
inhibit the anti-tumor immune responses of T cells.

Nature killer (NK) cells. NK cells are major tumor
suppressor cells. The CD568" subsets play an immu-
nomodulatory role through secretion of cytokines and
CD564™ subsets exert cytotoxic effects through cell
degranulation [130]. Recent studies have reported nega-
tive effects of MSCs on NK cells proliferation. Condi-
tioned medium (CM) of MSCs has been shown to induce
a significant reduction in the number of NK cells in
metastatic tissues of lung cancer, leading to inhibition of
anti-tumor cytotoxicity [114]. TA-MSCs also inhibit NK
cells-mediated anti-tumor immunity through simultane-
ously suppressing immunomodulatory factor secretion
and degranulation of NK cells [131]. LC-MSCs induce a
decrease in NK cells number while significantly attenuat-
ing anti-tumor cytotoxicity in an NO- and indoleamine
2,3-dioxygenase (IDO)-dependent manner [114]. Fur-
thermore, by secreting IL-6 and PGE2, squamous cell
lung carcinoma-derived MSCs (SCC-MSCs) not only
regulate the immunomodulatory effects of CD56™ &
NK cells through inhibition of IFN-y and TNF-a secre-
tion but also downregulate NK cells-activating receptors
and block CD56%™-mediated NK cells degranulation
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to inhibit the cytotoxicity of NK cells [37]. MSCs-EVs
molecules additionally inhibit proliferation, activation,
and cytotoxicity of NK cells through activation of down-
stream TGF-B/Smad2/3 signaling mediated by latency-
associated peptide (LAP), thrombospondin 1 (TSP1) and
TGE-p delivery [132].

Besides, MIF inhibits antitumor immunity through
downregulating NKG2D on NK cells at the tran-
scriptional level, in turn, impairing NK cells
cytotoxicity towards ovarian cancer cells [123, 124]. Mel-
anoma-derived MIF suppresses NK cells-mediated killing
of uveal melanoma cells, thus maintaining an immuno-
suppressive TME [133]. A significant negative correla-
tion between serum MIF and NK cells levels has recently
been reported in ovarian cancer patients before and after
chemotherapy, suggesting that MIF inhibits the produc-
tion and activation of NK cells [134]. On the other hand,
Loyon et al. shown that IL-21-induced NK cells affect
CDA4™T cell priming by secreting MIF [135]. Additionally,
hypoxia is reported to promote secretion of MIF in NK
cells and induce apoptosis of leukemia target cells [136].
Current researchs show that TA-MSCs, TA-MSCs-EVs
and MIF inhibit NK cells cytotoxicity and degranulation,
but there are few studies on the specific mechanisms,
which need to be further elucidated.

Dendritic cells (DCs). DCs are the most powerful anti-
gen-presenting cells that activate anti-tumor immunity
through stimulating naive T cells and specific T cells pro-
liferation to inhibit tumor progression during the early
stages of tumorigenesis. LC-MSCs significantly reduce
the number of DCs by producing tumor necrosis factor
(TNF)-a [114]. Melanoma-MSCs suppress the expression
of cystathionase in DCs through the IL-10-STAT3 path-
way, thus blocking export of cysteine from DCs to T cells,
leading to reduced proliferation and effector function of
T cells [38, 137]. MSCs also inhibit maturation and typi-
cal functions of DCs (such as IL-12 production and the
ability to prime T cells) through release of PGE2 [138]
and TNFa-stimulating gene (TSG)-6 [139]. Regulatory
DCs (regDCs), a distinct DCs population differentiated
from mature DCs (mDCs), is characterized by limited T
cells proliferation, high endocytotic capacity, low immu-
nogenicity, and strong immunoregulatory function [140].
MSCs induce differentiation of mDCs into regDCs via
paracrine hepatocyte growth factor (HGF) [141]. Addi-
tionally, regDCs are generated by MSCs from hemopoi-
etic progenitor cells (HPCs) synergistically via the
Notch and TGF-f signaling pathways [142]. Zhao et al.
[143] showed that CML-MSCs induce differentiation
of mDCs into regDCs, which inhibit proliferation of T
cells through both TGF-B1 and production of Tregs or T
cells anergy. Shahir and co-workers [144] reported that
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MSCs-EVs inhibit DCs maturation and IL-6 release while
increasing IL-10 and TGF-f release.

A number of researchers suggest that MIF secreted by
glioblastoma inhibits migration and maturation of DCs,
suppressing the anti-tumor immune response [145].
MIF not only suppresses DCs maturation and activa-
tion but also significantly impairs their ability to activate
cytotoxic T cells killing function, facilitating metastatic
melanoma progression [146]. Furthermore, MIF has
been shown to inhibit migration of both immature DCs
(iDCs) and mDCs, meanwhile impair the expression of
co-stimulatory markers [145]. In a mouse model of BC,
MIF depletion led to an increase in the abundance and
activation of DCs, further confirming that MIF mediates
tumor growth promotion through DCs inhibition [125].
Interestingly, inhibition of MIF resulted in functional
reversion of MDSCs from an immunosuppressive to
immunostimulatory DCs-like phenotype [147].

TA-MSCs, TA-MSCs-EVs and MIF show similar inhib-
itory effects on DCs, they can inhibit DCs recruitment
into immunosuppressive TME, meanwhile suppress mat-
uration and activation of DCs, thus indirectly promoting
tumor progression.

T helper cells (Th). Th is one of the T cells subsets that
includes Thl, Th2 and Th17 (IL-17-producing effector
T cells). Thl and Th2 are often in a state of balance and
disruption of this equilibrium is proposed to affect tumor
progression. Th2 mainly plays a promote-tumor role
while Thl and Th17 exert anti-tumor effects [148, 149].
In an earlier study, in vivo injection of multipotent MSCs
derived from human-induced pluripotent stem cells
(huiPS-MSCs) significantly reduced Thl in mouse spleen
and peripheral blood mononuclear cells (PBMCs) [150].
Similarly, GC-MSCs show the ability to not only reduce
the Th17 level in PBMCs but also inhibit Th17 prolifera-
tion [151].

MSCs-EVs also promote transformation of Thl into
Th2 and reduce the ability of T cells to differentiate
into Th17 [152]. Another recent study has reported that
MSCs-EVs inhibit the differentiation of tumor-suppress-
ing Th1 and Th17 [117].

Multiple studies have demonstrated that the MIF level
in TME is positively correlated with Th2 and negatively
correlated with Thl, although the specific mechanisms
are yet to be clarified [153—155]. A high level of MIF in
TME is proposed to induce a change in the balance of
Th1/Th2 differentiation, leading from Th to Th2 pheno-
typic differentiation [154]. In addition, MIF significantly
enhances lymphocyte production of Th2 cytokines,
such as IL-2, after antigen stimulation [156]. In naso-
pharyngeal carcinoma, MIF promotes the formation and
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migration of Th17 cells mediated by the MIF-CXCR4 axis
and dependent on the mTOR pathway [157].

Studies have shown that TA-MSCs, TA-MSCs-EVs and
MIF affect the proportion balance of Th phenotype and
promote the transformation of Th into promote tumor
Th2 phenotype, however, the specific mechanism of
action remains to be elucidated.

TA-MSCs, TA-MSCs-EVs and MIF promote immuno-
suppressive cells Myeloid-derived suppressor cells
(MDSCs). MDSCs, an immunosuppressive cell type in
TME, inhibit anti-tumor immunity through a variety
of mechanisms. Zhao et al. [158] confirmed that MSCs
effectively facilitate accumulation of MDSCs to TME, as
reported for TA-MSCs. CML-MSCs enhance immuno-
suppressive MDSCs production and aggregation, promot-
ing tumor progression via upregulating immunomodula-
tory arginase-1 (Arg-1), IL-6, IL-13, COX-2, and TNF-«a
in MDSCs and inhibiting anti-tumor immunity [40].

By carrying high levels of TGF-f, Clq, BC-MSCs-EVs
not only enhance the immunosuppressive activity of
MDSCs and induce conversion to type M2 macrophages
expressing high levels of PD-L1, but also reduce PD-1
expression in infiltrating T cells through upregulation
of TGF-B in MDSCs, thus inhibiting the anti-tumor
immune response [122].

Huang et al. [159] demonstrated that MIF knockout inhib-
its not only recruitment of MDSCs but also tumor growth
and metastasis, supporting the theory that MIF promotes
tumor progression by exerting effects on MDSCs. MIF is
considered to be a determinant of melanoma MDSCs dif-
ferentiation and immune suppression [160]. MIF induces
differentiation and stimulates chemotaxis of MDSCs
through activating PI3K/AKT and p38/MAPK pathways in
head-and-neck squamous cell carcinoma (HNSCC) [161].
MyD88-dependent MAPK and NF-«kB pathways are also
involved in MIF-CXCR2-mediated recruitment of MDSCs
to bladder cancer TME [162]. A decrease in MIF in mouse
BC tissue results in significant reduction of circulating
MDSCs and its suppressive cytokines along with inhibition
of growth and metastasis of BC in vivo, further indicating
that MIF promotes tumor progression by regulating the
number and function of MDSCs [129]. Interestingly, MIF
secreted by CSCs is reported to enhance immunosuppres-
sion mediated by MDSCs through binding the CXCR2
receptor, which facilitates glioblastoma immune evasion
[106]. A further study suggests that MIF relies on its tau-
tomerase activity to promote myeloid cell differentiation
into mononuclear MDSCs (mMDSCs), promoting the
formation of immunosuppressed TME and consequently,
tumor growth and metastasis [163].
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The effects of TA-MSCs, TA-MSCs-EVs and MIF on
MDSCs are reflected in promoting the aggregation of
MDSCs in immunosuppressive TME and enhancing the
function of MDSCs by upregulating the expression of
immunoregulatory cytokines in MDSCs.

Regulatory T cells (Tregs). Tregs represent a special
subgroup of T cells that play a pivotal tumor-promoting
role. Tregs induce tumor progression by inhibiting anti-
tumor immunity and are linked to poor prognosis [164].
MSCs have the capacity to generate Tregs [111, 150]
and enhance their tumorigenic activity [110]. A recent
study indicates that AML-MSCs and myelodysplastic
syndrome (MDS)-MSCs efficiently induce Treg genera-
tion associated with sustained leukemic cell viability and
proliferation [165]. BC-MSCs and GC-MSCs induce gen-
eration of Tregs and their production of IL-10, IL-17 and
TGE-B, in turn, facilitating tumor cell progression [166,
167]. Mechanistically, IL-15 derived from GC-MSCs
stimulates Tregs through activation of STAT5 in CD4* T
cells and upregulation of PD-1 [79].

Several reports have confirmed that MSCs-EVs
enhance proliferation of Tregs and their immunosup-
pressive cytokines, including IL-10 [152, 168]. MSCs-EVs
are reported to promote proliferation and immunosup-
pressive capacity of Tregs via upregulating IL-10 and
TGEF-P1 secreted from PBMCs [169]. Although the issue
of whether TA-MSCs-EVs affect Tregs remains to be
definitively established, findings to date clearly support
the theory that TA-MSCs-EVs promote immunosuppres-
sive TME formation by increasing the number and func-
tion of Tregs.

The use of exogenous MIF can increase the number of
IL-10-producing Tregs via Toll-like receptor 2 [170] in
the colon and peritoneal cavity of mice [171]. MIF pro-
motes tumor growth by increasing Tregs production
through modulation of IL-2 in a colon cancer model
mouse model [172]. Previous studies have identified a
role of MIF in recruitment of Tregs [173]. The use of MIF
receptor antagonists led to a significant reduction in the
number of Tregs in metastatic melanoma tissues in mice
[146], indicating that MIF promotes tumor development
via effects on Tregs.

Similar to the effect on MDSCs, TA-MSCs, TA-MSCs-
EVs and MIF promote the production and recruitment
of Tregs in immunosuppressive TME and enhance the
expression of immunomodulatory factors, thus enhanc-
ing the tumor-promoting effect of Tregs.

Tumor-associated macrophages (TAMs). TAMs pre-
sent in TME are influenced by various factors. These
macrophages are usually induced and polarized to the
tumor-promoting M2 phenotype. A number of stud-
ies indicate that TA-MSCs affect the quantity and func-
tion of TAMs. For example, GC-MSCs secrete IL-6 and
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IL-8 to activate the JAK2/STAT3 signaling pathway
in TAMs and promote polarization to M2 phenotype,
leading to enhanced proliferation and metastasis of GC
cells [167]. In turn, EVs isolated from GC cells facili-
tate TAMs recruitment by activating NF-kB signaling in
GC-MSCs while enhancing the phagocytic function of
TAMs, upregulating IL-6 and IL-8 secretion, indicating
the existence of a feedback loop between tumor cells and
TA-MSCs [167]. Chemokines secreted by ovarian cancer
(OC)-MSCs promote polarization of TAMs to M2 phe-
notype and chemotherapy resistance of OC cells [174].
Melanoma-MSCs have also been shown to induce TAMs
polarization to M2 phenotype, stimulating angiogenesis
and tumor progression [175].

Consistent with the above findings, MSCs-EVs have
been shown to promote TAMs M2 polarization mediated
by miR-21-5p [81]. Interestingly, MSCs-EVs could be effi-
ciently internalized by TAMs, eliciting a switch from M1
to M2 phenotype [176]. In addition, BC-MSCs-EVs pro-
mote the polarization of MO to M2 phenotype, upregu-
lation of PD-L1 expression in M2 macrophages, and
ultimately, growth and metastasis of BC [122].

Research on metastatic melanoma shows that MIF
interacts with CD74 on TAMs, which triggers activa-
tion of AKT, ERK and downstream signal pathways and
increases the expression of immunosuppressive factors
in TAMs, including TGF-B, IL-10, IL-6, arginase-1 and
PD-L1, enhancing their tumor-promoting effects [146].
MIF also triggers TAMs polarization into M2 tumor-pro-
moting phenotypes via CD74 and CXCR7 signal trans-
duction, which not only increases the pro-angiogenic
potential of TAMs but also promotes MM cell survival,
proliferation, tumor growth and metastasis [177]. Simi-
lar results have been obtained in lung cancer [178] and
melanoma [179]. In addition, MIF promotes the recruit-
ment and infiltration of macrophages in mice [151],
potentially mediated by the MIF-dependent chemokines
monocyte chemotactic protein-1 (MCP-1), CXCL10, and
macrophage inflammatory protein 2 (MIP2) [180]. Con-
versely, a study on CLL mice reported that the absence
or inhibition of MIF reduced the number and migratory
activity of TAMs, leading to changes in their distribu-
tion, concomitant with increased apoptosis of CLL cells
[181]. The promotor effect of macrophage recruitment is
proposed to be related to the tautomerase activity of MIF
[182].

These studies suggest that TA-MSCs and TA-MSCs-
EVs promote the polarization of TAMs to the tumor-
promoting M2 phenotype and increase the expression of
immunosuppressive cytokines, MIF may play a role as a
mediator in this process.

Neutrophils. Interactions of TA-MSCs with neutro-
phils are also reported to stimulate tumor progression.
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IL-6 secreted by GC-MSCs induces neutrophils chemo-
taxis by activating the STAT3-ERK1/2 signal cascade.
Activated neutrophils promote expression of IL-8, TNF-«a
and CCL2, which protect against spontaneous apop-
tosis [183]. Furthermore, activated neutrophils induce
MSCs to differentiate into CAFs, enhancing the growth
and metastasis of GC [183]. Similarly, smoldering MM
(SMM)-MSCs activate neutrophils and induce an immu-
nosuppressive phenotype through TLR4 signaling. Acti-
vated neutrophils not only recruit immunosuppressive
Tregs but also induce CD8™ T cells apoptosis via upregu-
lation of reactive oxygen species (ROS), which promotes
immunosuppressive TME formation and tumor pro-
gression [131]. Furthermore, BC-MSCs recruit CXCR2™"
neutrophils into TME, inducing a significant increase in
expression of metastasis-related genes (CXCR4, CXCR7,
MMP12, MMP13, IL-6 and TGF-f) in tumor cells and
consequent metastasis [184].

MSCs-EVs molecules have protective effects on neu-
trophils phagocytosis capacity and lifespan [185] as well
as ROS production, along with inhibitory effects on neu-
trophils apoptosis [186].

The ability of MIF to promote neutrophils recruit-
ment is documented in the literature [187]. MIF is highly
expressed in head-and-neck cancer (HNC) and stimu-
lates functions of neutrophils by enhancing their CXCR2-
dependent recruitment and survival and release of CCL4
and MMP?Y, in turn, promoting tumor progression [188].
Neutrophils infiltration could also be induced by MIF
produced by leukemia cells [189]. In an in vivo study,
MIF-deficient mice showed markedly reduced neutro-
phils infiltration, tumor incidence and angiogenesis upon
chronic UVB exposure [73]. Clinically, MIF and neutro-
phils counts are significantly positively correlated in vari-
ous tumors, such as HCC [190] and GC [191], indicating
that MIF in TME is potentially responsible for neutro-
phils recruitment. In addition, MIF has been shown to
significantly inhibit neutrophils apoptosis via interacting
with CXCR2 [192].

TA-MSCs, TA-MSCs-EVs and MIF mainly promote the
recruitmention in TME, survival and secretory function
of neutrophils, which not only inhibits the spontaneous
apoptosis of neutrophils but also suppresses the killing of
tumor cells by other anti-tumor immune cells.

Cancer-associated fibroblasts (CAFs). CAFs are
involved in almost all stages of tumor progression and
contribute significantly to tumor invasion, angiogenesis,
regulation of TME metabolism, immune cell recruit-
ment and reprogramming as well as chemotherapy
resistance [193]. TA-MSCs can be induced to differen-
tiate into CAFs by tumor cells or other components of
TME to promote tumor progression. For example, in
BC and CRC, MSCs are specifically recruited into TME
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where they are induced to differentiate into CAFs via
paracrine pathways, such as TGF-3 and PDGFR-p [194,
195]. Tumor-educated blood platelets (TEP) also induce
MSC:s differentiation into CAFs via stimulation of TGF-
expression [196]. In bladder cancer, TGF-1 receptor and
Smad2 are involved in differentiation of MSCs to CAFs,
in turn, promoting tumor growth in vivo [197]. TGF has
therefore been identified as the key signal in transforma-
tion of MSCs into CAFs. Lactate secreted by pancreatic
cancer (PC) cells facilitates transformation of MSCs to
CAFs by inducing an increase in 5-hydroxymethylcyto-
sine (5hmC) levels [198]. Hepatoma-derived growth fac-
tor (HDGF) secreted by GC cells infected with H. pylori
recruits MSCs and induces their differentiation into
CAFs, leading to enhanced survival and invasive abil-
ity [199]. In addition, EVs derived from MM cells induce
transformation of MSCs into CAFs with increased IL-6
secretion via delivery of miR-21 and miR-146a [200].
Chemotherapy agents, such as cytarabine and daunoru-
bicin, are also reported to promote phenotypic transition
from MSCs to CAFs [201].

TA-MSCs, TA-MSCs-EVs and MIF promote tumor devel-
opment through regulation of other factors Tumor
angiogenesis. Tumor angiogenesis is a necessary condi-
tion for rapid tumor growth and metastasis. An earlier
study utilizing high-resolution isoelectric focusing-cou-
pled liquid chromatography tandem mass spectrometry
(HiRIEF LC-MS/MS) achieved full characterization of
1927 proteins in MSCs-EVs, including several potential
paracrine factors related to angiogenesis, such as PDGE,
epidermal growth factor (EGF), FGF and NF-kB signaling
pathways [202]. LC-MSCs promote tumor angiogenesis
by secreting various pro-angiogenic factors (ASPN, Clus-
terin, vascular endothelial growth factor (VEGEF), IL-8,
Ang and PDGF-BB) [42]. Thyroid hormones additionally
upregulate angiogenesis-related factors, such as Ang and
insulin-like growth factor 1 (IGF1), and stimulate VEGF
signaling in hepatocellular carcinoma (HCC)-MSCs via
alpha(V)beta(3) integrin (avb3), which promotes tumor
angiogenesis in vivo and in vitro [203]. Moreover, the pro-
angiogenic effect of GC-MSCs is mediated by the NF-«B/
VEGF pathway, which may also be involved in regulation
of VEGF expression in tumor cells [204].

MSCs can additionally promote tumor vasculogenesis
through generation of pericytes. For instance, PDGF-B
derived from BC and PC cells promotes the transforma-
tion of MSCs into mature pericytes via interactions with
neuropilin-1 (NRP-1) in MSCs [205]. Similarly, stromal
cell-derived factor (SDF)-la and PDGEF-B released by
tumor cells bind CXCR4 and PDGFR-} on MSCs, respec-
tively, resulting in differentiation into pericytes, leading
to vasculogenesis and tumor recurrence [206].
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MSCs-EVs also transport angiogenic miRNA to vas-
cular endothelial cells, which can promote angiogen-
esis [207]. Other studies have reported that MSCs-EVs
increase VEGF expression in tumor cells by activating
ERK1/2 [208] and NF-kB pathways [202], driving angio-
genesis and tumor progression.

The serum MIF level in patients with esophageal squa-
mous cell carcinoma (ESCC) is associated with that of
VEGF and vascular density in tumor tissue [209]. MIF
level in BC tissue is also positively correlated with IL-8
expression and tumor microvessel density (MVD) [34].
Furthermore, co-expression of MIF and its receptor
CD74 in NSCLC is associated with greater tumor angi-
ogenesis and angiogenic CXC chemokine levels [210].
Consistent with these findings, MIF is reported to pro-
mote tumor angiogenesis by upregulating VEGF in UVB-
induced NMSC cells [73]. Additional studies showed that
exogenous MIF induces BC cells to secrete VEGF and
IL-8 [34]. Subsequently, similar results were reported in
human rhabdomyosarcoma (RMS) [211] and intestinal
tumor [212]. Importantly, inhibition of MIF expression in
melanoma stroma decreases the response of tumor cells
to hypoxia, suppressing VEGF expression and MVD in
tumor tissue [213]. These results support the theory that
MIF facilitates tumor growth by inducing angiogenesis.

Mechanistically, overexpression of MIF in NSCLC
increases the phosphorylation level of JNK, c-Jun, and
subsequent activity of the transcription factor AP-1 in a
CD74-dependent manner, which promotes tumor angio-
genesis by increasing expression of the angiogenic factors
CXCL8 and VEGF [214]. MIF enhances tumor angio-
genesis through activating the MAPK signal pathway by
enhancing phosphorylation of p38-MAPK and p44/42
and expression of VEGF-C in BC cells [215]. MIF also
promotes vasculogenic mimicry (VM) formation through
the CXCR4-Akt-EMT pathway in glioblastoma to sup-
port malignant tumor progression [84].

The above studies indicate that TA-MSCs, TA-
MSCs-EVs and MIF are correlated in promoting tumor
angiogenesis. Both TA-MSCs and TA-MSCs-EVs can up-
regulate the expression levels of angiogenic cytokines in
tumor cells, MIF may play an important role in the pro-
cess because it also upregulates angiogenic cytokines by
binding to CD74 receptors and activating related signal-
ing pathways.

PD-1 and PD-L1. PD-L1, one of the most important
immune checkpoints, continuously inhibits the activa-
tion, proliferation and anti-tumor functions of T cells
after binding PD-1, making it impossible to effectively
recognize and kill tumor cells and resulting in tumor
immune escape. Both PD-L1 and PD-1 are expressed
in MSCs, although differences in expression levels in
MSCs from different sources have been reported [111,
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216]. TA-MSCs inhibit the killing effect of T cells on
tumor cells via downregulating PD-1 and upregulating
PD-L1 expression in TME, leading to tumor progres-
sion. PCa-MSCs significantly enhance PD-L1 expression
under stimulation of IFN-y and TNF-a, leading to inhi-
bition of T cells proliferation and function [113]. Pro-
inflammatory cytokines secreted by CD4" T cells also
upregulate PD-L1 in GC-MSCs through activation of the
STAT3 pathway [217]. IL-8 secreted by GC-MSCs has
been shown to upregulate PD-L1 in GC cells through the
STAT3/mTOR-c-Myc axis, enhancing the cytotoxicity of
CD8™ T cells against GC cells [218].

In addition, TGF-p and Clq contained in BC-MSCs-
EVs induce upregulation of PD-L1 in MDSCs and M2
macrophages along with downregulation of PD-1 in infil-
trating T cells, which maintains the immunosuppressive
TME, thus overcoming the T cells-mediated anti-tumor
immune response [122].

MIF interacts with its receptor CD74 to activate the
IFNY-JAK-STAT pathway, resulting in significant upregu-
lation of PD-L1 in melanoma cells, which aids in tumor
cell escape from the immune response and maintenance
of immunosuppressive TME [219]. Data from a recent
study indicate that MIF secreted by MM cells augments
CD84 expression in TME, leading to upregulation of
PD-L1 on MDSCs and suppression of T cells function,
consequently promoting MM progression [220]. Neu-
tralization of MIF is reported to inhibit PD-L1 expression
in colon cancer-bearing mice, thereby suppressing tumor
progression [128].

In terms of mechanism, TA-MSCs, TA-MSCs-EVs and
MIF reduce the expression of PD-1 in immunosuppres-
sive TME and PD-L1 in tumor cell and immunosuppres-
sive cell, thereby inhibiting anti-tumor immunity and
promoting tumor cell immune escape.

Fusion of MSCs and tumor cells. Multiple studies have
shown that self-fusion and allogeneic fusion of tumor
cells potentially give rise to the metastatic phenotype by
generating widespread genetic and epigenetic diversity,
which provides novel therapeutic opportunities [221].
Early reports have demonstrated the spontaneous forma-
tion of heterotypic hybrids between MSC and BC cells
in vitro with predominantly mesenchymal morphologi-
cal characteristics, mixed gene expression profiles and
tumorigenicity in immunodeficient mice [222]. Although
fusion of MSCs and BC cells is a rare event, hybrid
cells exhibit stronger telomerase activity and prolifera-
tion ability, significant regulation of genes involved in
EMT and increased expression of metastasis-associated
S100A4 genes relative to parental cells. These results
have been further confirmed in vivo [223]. Polyethylene
glycol (PEG) stimulates fusion of human umbilical cord
MSCs (UC-MSCs) and GC cells in vitro. The hybrid cells
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express high levels of stemness factors OCT4, Nanog,
SOX2 and Lin28, resulting in enhanced migration, pro-
liferation, and growth of gastric xenograft tumors in vivo
[21]. Co-cultured MSCs and glioma stem cells can also
fuse in vitro and these hybrid cells have been shown to
promote tumor angiogenesis in vivo and ex vivo and
tumorigenicity in vivo [224].

Malignant transformation of TA-MSCs. TA-MSCs pro-
mote tumorigenesis through spontaneous or malignant
transformation induced by tumor cells or TME. Numer-
ous studies have confirmed that after malignant trans-
formation, TA-MSCs acquire tumor cell characteristics,
such as increased proliferation, invasion/migration and
pro-angiogenesis abilities, suppression of cellular senes-
cence, and upregulation of protein and mRNA levels of
tumor-related markers (glial fibrillary acidic portein
(GFAP), CD133, Nestin and c-Myc) [225-227]. Malig-
nant transformation of MSCs is affected by multiple fac-
tors, including microRNAs, oncogene expression, and
methylation status [225, 228, 229].

In terms of the underlying mechanisms, Vishnubalaji
et al. [230] showed that the Lin28b/let-7 axis is involved
in the malignant transformation of hBM-MSCs. Akt,
STAT3 and Wnt-B-catenin pathways are addition-
ally associated with malignant transformation of MSCs
[225, 226]. Moreover, low Rb and high c-Myc expression
induce the expression of osteosarcoma-related mark-
ers, such as alkaline phosphatase (ALP), osteonectin and
osteocalcin, which are related to malignant transforma-
tion of BM-MSC:s into osteosarcoma (OS) cells [225]. The
OS phenotype triggered by malignant transformation of
hMSCs may be linked to overexpression of the activa-
tor protein-1 (AP-1) complex [231]. MSCs infected by
Kaposi’s sarcoma-associated herpesvirus (KSHV) could
induce malignant transformation into Kaposi sarcoma
cells by promoting mesenchymal-to-endothelial transi-
tion (MET) [232]. Malignant transformation of MSCs is
also related to hypermethylated in cancer 1 (HIC1) and
Ras-association domain family member 1A (RassF1A)
methylation, which leads to decreased expression of
tubulin [229].

Potential relationships among TA-MSCs,
TA-MSCs-EVs and MIF in tumors

As described above, TA-MSCs, TA-MSCs-EVs exert
similar tumor-promoting effects via similar mechanisms
as MIF. However, the potential associations between
TA-MSCs, TA-MSCs-EVs and MIF are yet to be fully
elucidated.

MIF mediates signal transduction mainly through
CXCR2, CXCR4 and CD74 receptors. All three receptors
are expressed on MSCs, indicating that MIF affects MSCs
activity via interactions with different surface receptors
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[233-235]. MIFs secreted by AML cells promote IL-8
expression in TA-MSCs through CD74 receptors, sup-
porting AML cell survival [236]. MIF-CXCR4 has been
identified as the dominant chemotactic axis that drives
MSCs homing to tumors. For example, MIF is reported
to activate MAPK and its downstream signals via binding
to CXCR4 on MSCs, inducing tumor homing of MSCs
[237]. The other main effects of MIF on MSCs are anti-
senescence and anti-apoptosis. MIF protects MSCs from
spontaneous and hypoxia-induced senescence by reduc-
ing ROS production through regulation of AKT signaling
[238, 239]. Separate experiments have shown that MIF
reduces the effect of doxorubicin-induced cell senes-
cence on MSCs by activating the PI3K/AKT pathway,
which not only improves the proliferation, survival and
activity of MSCs but also enhances the paracrine capac-
ity of VEGE, bFGF, HGF and IGE, in addition to telomere
length and telomerase activity [240]. Moreover, MIF acti-
vates the Wnt/[3-catenin pathway by inhibiting lincRNA-
p21, which suppresses the activities of caspase 3/7 and
caspase 8 and reduces oxidative stress, thereby protecting
BM-MSCs against hypoxia/serum deprivation-induced
apoptosis [241].

MIF is expressed in MSCs from various tissue sources
[242], including TA-MSCs [243]. Zhang et al. [244] dem-
onstrated that MSCs suppress Dox-induced reactive
oxidative stress and cardiomyocyte apoptosis by secret-
ing high levels of MIFE. MSCs cultured under hypoxia
conditions upregulate MIF, which activates AKT sign-
aling, leading to reduced mRNA expression of senes-
cence-associated markers, maintenance of stemness and
delayed senescence of MSCs [245]. However, no studies
to date have explored the effects of MIF secreted by TA-
MSCs on tumors. In terms of establishing whether MIF
functions via EVs transport, Costa-Silva and colleagues
reported that MIF is highly expressed in pancreatic ductal
adenocarcinoma (PDAC)-derived EVs and its blockade
prevents liver pre-metastatic niche formation and metas-
tasis [246]. MIF is also expressed in EVs derived from
MSCs and its EVs expression level is directly related to
that in cells [247]. MIF affects the expression levels of
genes and proteins in MSCs-EVs and inhibits apoptosis
induced by oxidative stress through regulating the EVs-
IncRNA-NEAT1/miR-142-3p/FOXO1 signaling pathway
[248]. In turn, MSCs-EVs have been shown to affect MIF
expression in cells and tissues, although the exact mecha-
nisms remain unclear at present [249].

In a recent study, MIF was successfully upregulated in
MSCs-EVs via plasmid transfection. MSCs-EVs with high
MIF expression could significantly restore myocardial
function in rats with myocardial infarction and inhibit
mitochondrial division caused by hypoxia and serum
deprivation by activating the AMPK signal pathway,
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leading to suppression of cardiomyocyte injury and apop-
tosis [247]. These findings suggest that TA-MSCs per-
form their tumor-promoting function through EVs MIF
activity. However, consultation of abundant literature
revealed no relevant research. Preliminary experiments
by our group suggest that TA-MSCs secrete high levels of
MIF in PC cells that play an important tumor-promoting
role, which could be reversed by treatment with the EVs
inhibitor GW4869 (unpublished data), confirming the
above hypothesis.

Discussion

In this review, we have comprehensively described
the specific roles and mechanisms of action of MSCs,
MSCs-EVs and MIF in TME. Notably, these molecules
exert similar effects on tumor progression were similar,
suggestive of potential interrelationships among MSCs,
MSCs-EVs and MIFE. In the previous table (Table 1), we
summarized the effects of MSCs from different nor-
mal tissues on different types of tumors. It is not dif-
ficult to find that the effects of MSCs from different
sources on tumors are different to varying degrees,
which may be due to the fact that the protein and gene
profiles of MSCs are partially changed by different cell
microenvironments.

This review focuses on TA-MSCs derived directly from
tumor tissue or induced differentiation by tumor micro-
environment, based on the literature we have collected,
almost all the relevant articles report that MSCs differen-
tiate into TA-MSCs after being educated by tumor cells
or TME, which drive tumor development. EVs clearly
play a critical role in the tumor-promoting function of
TA-MSCs. The experimental results we have conducted
but have not yet published also confirmed that TA-MSCs
have a significant promoting effect on pancreatic can-
cer, and this promoting effect is more obvious than BM-
MSCs from normal tissues. Furthermore, the majority
of studies support a tumorigenic role of MIF in TME. In
view of the similarities in their effects and mechanisms of
action, we speculate that TA-MSCs, TA-MSCs-EVs and
MIF act cooperatively to promote tumor progression.
We present a theoretical model based on the hypothesis
that highly expressed MIF in tumors and stroma induce
MSCs homing to tumors, which are subsequently edu-
cated by tumor cells and TME to differentiate into TA-
MSCs. TA-MSCs transport MIF to tumor cells via EVs,
facilitating tumor development. Our preliminary findings
have partially confirmed this theory. During this pro-
cess, high levels of MIF in TME not only induce MSCs
to home to tumors and promote their transformation to
TA-MSCs but also protect TA-MSCs from senescence
and apoptosis and trigger their spontaneous malignant
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transformation. In addition, TA-MSCs secrete and trans-
fer MIF to tumor cells via EVs, which directly activates
the signaling pathways related to tumor progression.
These proposed pathways may explain the comparable
tumor-promoting functions of MSCs, MSCs-EVs, and
MIF. Meanwhile, stress conditions (e.g., hypoxia) and
cytokines (including tumor-derived MIF) in TME could
induce TA-MSCs to secrete high levels of MIF, leading
to upregulation of MIF in tumor cells that affects TA-
MSCs function. Accordingly, TA-MSCs and tumor cells
form a positive feedback loop of intercellular interac-
tions through MIF that continuously promotes malignant
progression (Fig. 3.). The potential associations among
MSCs, MSCs-EVs and MIF provide promising therapeu-
tic opportunities. As can be found from the previously
summarized table (Table 1), MSCs that can inhibit tumor
mainly come from human normal umbilical cord tissue,
and existing studies have also found that UC-MSCs-EVs
can inhibit metastasis of melanoma. Therefore, using UC-
MSC:s as a tool for tumor treatment is an idea supported
by theoretical basis but yet to be further verified. The
essence of EVs is a membranous vesicle-like structure, its
formation and release are regulated by various enzymes.
Some studies have found that GW4869 can inhibit the
synthesis and release of EVs by cells, and GW4689 is
a kind of neutral sphingomyelinase (N-SMase) inhibi-
tor [250, 251]. Therefore, the development of an agonist
that can enhance the activity of N-SMase may promote
the synthesis and release of EVs. Drugs that cause MSCS
to release large amounts of EVs and then collect them
and inject them into the body may be used as a way to
treat tumors. 4-IPP, a specific suicide substrate for MIF
that binds covalently and irreversibly to MIF to inhibit
its biologic activity [252]. This inhibitor is a small mole-
cule with strong specificity that may be effectively loaded
into MSCs-EVs by engineering techniques such as elec-
troporation. Current studies have confirmed that MSCs
have the homing property to tumor, MSCs-EVs may with
similar tumor chemotaxis properties as MSCs, these
EVs may home to the tumor site after entering the body.
MSCs-EVs loaded with small-molecule inhibitors may
be preferentially taken up by both TA-MSCs and tumor
cells. Following ingestion, MIF small-molecule inhibitors
suppress the functions of TA-MSCs and tumor cells by
blocking MIF signaling and the positive feedback loop,
thus inhibiting tumor progression.

Conclusion

The activities of TA-MSCs, TA-MSCs-EVs and MIF in
TME are potentially correlated. EVs, MIF axis and TA-
MSCs form a positive feedback loop with tumor cells,
which influences the occurrence and development of



Zhang et al. Journal of Translational Medicine (2022) 20:320

Page 16 of 23

() Y Ny Y

NN

MSCs
{5 S T T Y A V| NV
(+) A
»  Homing
A v B
. 4
MIF . ——
B MSCs
MIF
(+) '
Tumor cells Proliferation, invasion, migration >
TA-MSCs-Evs

oo

ep N
Vasculature

MIF

D protect

TA-MSCs

Secrete
(+) Promote
(=) Inhibit

Fig. 3 A Highly expressed MIF in tumors and stroma induce MSCs homing to TME. B After homing to tumor, MSCs are subsequently educated
by tumor cells and TME to transform into TA-MSCs. C TA-MSCs-EVs promote the proliferation, migration and invasion of tumor cells through MIF
transport, thus promoting tumor progression. D High levels of MIF in TME protect TA-MSCs from senescence and apoptosis

tumors. The functions of these three factors in TME may
undergo dynamic changes with tumor growth and con-
tinuously affect tumor development.
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