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Abstract

Background Lung cancer is one of the most challenging diseases to treat. In the past decades standard therapy including surgery,
chemo- and radiation therapy, alone or in combination has not changed the high mortality rate and poor prognosis. In recent years,
mesenchymal stem cells (MSCs) have emerged as putative therapeutic tools due to their intrinsic tumor tropism, anti-tumor and
immunoregulatory properties. MSCs release biomolecules that are thought to exert the same beneficial effects as their cellular
counterparts and, as such, they may offer practical possibilities of using MSC-secreted products. Owing to their innate affinity to
home to tumor sites, MSCs have also gained interest as selective vehicles for the delivery of anti-cancer agents. However, MSCs
are also known to confer pro-oncogenic effects, rendering them into double-sword weapons against neoplastic diseases.
Conclusions Here, we present published data on the cell- and secretome-based therapeutic competences of MSCs, as well as on
their potential as engineered delivery vectors for the treatment of lung cancer. Despite the controversial role of MSCs in the
context of lung cancer therapy, current findings support hopeful perspectives to harness the potential of MSC-based regimens that
may augment current treatment modalities in lung cancer.

Keywords Lung cancer - Lung cancer therapy - Mesenchymal stem cells - Mesenchymal stem cell secretome -
Anti—/pro-tumorigenic effect

1 Introduction Mesenchymal stem cells (MSCs) are non-hematopoietic

stromal cells having properties of self-renewal and differenti-

Every year, worldwide 1.8 million people are diagnosed with
lung cancer and 1.6 million die because of this disease [1]. The
two major subtypes of lung cancer are non-small-cell lung
cancer (NSCLC), comprising ~85% of all cases, and small-
cell lung cancer (SCLC), comprising ~15% of all cases.
Despite advances that have been made in early detection and
therapy, the prognosis for lung cancer remains poor [2].
Hence, a more effective therapeutic approach is mandatory
to improve current disease management regimens.
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ation into mesodermal lineages, and they can be easily isolated
and cultured in vitro [3]. Although originally isolated from
bone marrow [4], MSCs can also be isolated from umbilical
cord blood [5], adipose tissues [6], fetal liver, lungs and bone
marrow [7], amniotic fluid [8], placenta [9] and peripheral
blood [10]. The International Society for Cellular Therapy
defines a human MSC by the following criteria: its plastic
adherence, its cellular phenotype: CD14", CD19, CD34 ,
CD45 , HLA-DR™, CD73", CD90", CD105%, and its capacity
to differentiate into three lineages: chondrocytes, osteoblasts
and adipocytes [11].

Initially, it was thought that MSCs exert their beneficial
effects through their ability to locally engraft and differentiate
into a variety of cell types and, subsequently, replace injured
tissues. Current findings advocate that most implanted cells do
not survive, and that the beneficial benefits of MSC-based
therapy may be accounted for by a plethora of bioactive mol-
ecules secreted by the cells that play an essential regulatory
role in major biological processes [12]. These bioactive mol-
ecules, including cytokines, chemokines and growth factors,
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are defined as the MSC secretome and may be collected as
conditioned medium (CM) [13].

MSCs have been recognized as potential tools in cancer
therapy, particularly because an anti-tumor capacity has been
observed in different neoplasms, including lung cancer
[14-18]. Importantly, however, MSCs have also been found
to be implicated in cancer progression, and they have the
ability to migrate towards primary tumors and metastatic sites,
exhibiting a local tumor-sustaining capacity. Because of their
innate capacity to migrate and home to tumor sites, MSCs
have been engineered to deliver anti-cancer agents for the
specific targeting of neoplastic cells, thereby providing a nov-
el option of cell-mediated gene therapy [19]. MSCs are in
focus of cancer research because of their multi-facetted ac-
tions in malignant settings as well as their putative therapeutic
effects. Current lung cancer research is challenged to harness
the unique features of MSCs to develop and augment lung
cancer treatment strategies with hopeful perspectives.

2 Simultaneous pro-and anti-tumor
properties of MSCs in lung cancer

MSCs have been found to exhibit diverse biological functions
under in vitro and in vivo conditions. Their pro- and anti-
tumor abilities may be partly explained by the type of tumor
being investigated, the isolation methods used to obtain MSCs
and the cell density used in experiments [20]. Indeed, some
studies have reported contrasting effects of MSCs. Human
umbilical cord MSC-conditioned medium (hUCMSC-CM)
has, for instance, been found to be able to promote
epithelial-mesenchymal transition (EMT), invasion and mi-
gration, but at the same time to inhibit proliferation and pro-
mote apoptosis of lung cancer cells [21]. According to this
study, the EMT-promoting ability of MSCs was derived from
MSC exosomes, which can be abrogated by the inhibition of
exosome release. In addition, it was found that expression
knockdown of TGF-f1 in MSCs can reverse the EMT-
inducing effect to enhance the anti-proliferative and pro-
apoptotic efficacies of MSCs on lung cancer cells via MSC-
exosomes, suggesting a method by which MSCs may be used
safely in lung cancer treatment. The team of Volcano [22] has
noted that Wharton jelly-derived MSCs (WJMSCs) can exert
contrasting effects on lung cancer stem cells (LCSCs) isolated
from adenocarcinoma (AC) and squamous cell carcinoma
(SCC). WIMSCs were found to restrict the growth of SCC-
LCSCs, to increase the pre-G1 cell cycle phase indicating the
induction of apoptosis and to reduce the expression of the
putative cancer stem cell (CSC) markers ALDH and CD133.
Conversely, they found that WIMSC-CM increased the pro-
liferation of AC-LCSCs and the levels of ALDH and CD133
in AC- and SCC-LCSCs. Under in vivo conditions, they
found that combined AC-LCSCs/WJMSCs evoked the
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formation of larger tumors, whereas combined SCC-LCSCs/
WIMSCs had no effect on tumor size. Tian et al. [23] also
noted a discrepancy in the outcome of human MSCs (hMSCs)
on tumor growth. Using co-culture systems, they found that
hMSCs and hMSC-CM inhibited the proliferation and inva-
sion of human A549 lung adenocarcinoma and Eca-109
esophageal carcinoma cells, arrested the tumor cells in the
G1 phase of cell cycle and induced apoptosis. Intriguingly,
they found that in vivo hMSCs promoted tumor formation
and growth associated with an increase in vessel formation.
Human adipose tissue-derived MSCs (hATMSCs) have also
manifested dual effects on A549 lung and H-29 colorectal
adenocarcinoma xenograft models, i.e., hAATMSCs suppressed
the growth of A549 xenografts while promoting that of HT-29
xenografts. The expression of a significant number of genes
was found to be altered during the observed anti-tumor effect
of hATMSCs on A549 xenografts, whereas no such effect was
detected after hATMSC-promoted growth of HT-29 xeno-
grafts [24].

3 Tumor-suppressing effects of MSCs
and MSC-CM in lung cancer

Numerous reports have provided evidence that MSCs and/or
MSC-CM may confer suppressive actions on lung cancer.
Early work of Maestroni et al. [25] reported that adherent bone
marrow stromal cells inhibited primary tumor growth and me-
tastasis formation in mice inoculated with Lewis lung carci-
noma or B16 melanoma cells, which was apparently caused
by soluble factors(s) secreted by the stromal cells. In another
study, it was found that human bone marrow-derived MSCs
(hBMMSCs) restrained the proliferation of SKMES-1 and
A549 lung adenocarcinoma cells under co-culture conditions,
and induced apoptosis of the tumor cells via soluble factors.
The authors also found that pretreatment of the tumor cells
with hBMMSC-derived CM suppressed tumorigenesis and
angiogenesis in a murine model, and that VEGF may be im-
plicated in the observed decrease in tumor vessel formation,
thus supporting a soluble factor-based capacity of MSCs [14].
Previously, we found that human lung mesenchymal stem
cell-derived CM (hLMSC-CM) elicited significant inhibitory
effects on cell proliferation and viability, as well as on the
elimination of cisplatin-resistant sphere forming cells in H28
malignant pleural mesothelioma, thereby uncovering a
paracrine-based response of hLMSC-CM [17]. Wang and col-
leagues [26] found that human bone marrow-derived MSC-
CM inhibited the migration, invasion and cell cycle progres-
sion, and promoted the MET pathway in lung adenocarcino-
ma (LAC) cells. In this study, oncostatin M (OSM), a
differentiation-promoting cytokine, was found to be elevated
in MSC-CM and to exert the same effect as MSC-CM, indi-
cating a principal role of OSM in the above-mentioned effects
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on LAC cells. An additional xenograft model showed that
OSM per se could suppress tumor formation and metastasis
of LAC cells, thereby substantiating the notion that OSM
plays a major role in MSC-dependent inhibition of tumorige-
nicity in LAC cells.

Co-culture studies of hBMMSC-CM and NSCCL cells
have revealed deleterious effects on NSCLC cell proliferation,
viability and migration. These co-cultures also reduced the
levels of eukaryotic translation initiation factor 4E (elF4E)
and 4G1 (elF4G1), which have been associated with tumor
progression. These results thus showed that there is a direct
dialogue between the BMMSC-CM secretome and NSCLC
cells altering translation initiation, which markedly impinges
cell fate [27]. Another co-culture and CM experiment revealed
a paracrine-based inhibitory effect on NSCLC cell prolifera-
tion, apoptosis and migration by suppressing elF4E via the
MAPK pathway, indicating that MSCs are able to manipulate
translation initiation in NSCLC cells and, by doing so, to
modify their fate [28].

Umbilical cord-derived MSCs (UCMSCs) have been
found to inhibit H1299 adenocarcinoma cell invasion and to
induce apoptosis, whereas no suppressive effect was observed
on their proliferation and cell cycle progression [29]. The au-
thors also found that the expression of key kinases (AKT,
phosphoinositide 3-kinase [PI3K], signal transducer and acti-
vator of transcription 3 [STAT3] and target of rapamycin
[TOR]) were significantly decreased in the H1299 cells, indi-
cating that the signaling circuit of these kinases is implicated
in the UCMSC-mediated regulation of H1299 cell behavior.

In a murine model of luciferase-positive mouse adenocar-
cinoma cells (TSA-Luc"), inoculation of hMSCs resulted in
decreased tumor growth owing to a decline in tumor cell pro-
liferation, probably because of a broad modification of tumor
angiogenesis. Although it was found that the hMSCs induced
a significant remodeling of the tumor vasculature, no major
effect was noted in the amount of hemoglobin delivered into
the tumors or metastases [30]. Using a similar approach, la-
belled rat MSCs (rMSCs) were instilled into genotoxic-
induced lung cancers in female rats to investigate the effect
of MSCs on their development. It was found that 80% of the
non-rMSCs treated rats developed tumors, while none of
those in the rMSCs treated groups developed tumors, thereby
revealing a tumor-inhibiting property of the rMSCs.
Interestingly, however, no difference in cell proliferation was
noted between the two groups [31].

A possible mechanism by which MSCs may evoke tumor
suppressing actions has recently been reported [32]. High den-
sity (40,000 cells/cm?) cultured adipose tissue-derived MSCs
(40 K-ASCs) were found to express interferon (IFN)-8 and
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL). The expression of these cytokines was also found
to be induced under serum-deprived cell culture conditions.
The washing step required for transplantation purposes of

normal-density (5000 cells/cm?) cultured MSCs (5 K-ASCs)
was also found to increase the level of IFN-B, but not that of
TRAIL. A profound death of H460 lung cancer cells was
noted under co-culture conditions with 40 K-ASCs, and inoc-
ulation of 5 K-ASCs or 40 K-ASCs into a H460-derived can-
cer mouse model substantially reduced tumor weight, suggest-
ing implication of IFN-f3 and/or TRAIL in the execution of the
tumor suppressive activity of ASCs.

In another study, MSCs were found to fuse spontaneously
with lung cancer cells, after which the latter were
reprogrammed to a slow growth, a stem-like phenotype and
a more benign state, indicating that MSC fusion does not
enhance the intrinsic malignancy of lung cancer cells [33].
An overview of the tumor-suppressing activities of MSCs is
depicted in Table 1.

4 Tumor-sustaining effects of MSCs
and MSC-CM in lung cancer

MSCs do not only have an intrinsic property of tropism for
tumors, but they also take part in the development of neoplas-
tic tissues. Using a Lewis lung carcinoma model (LL3), it was
found that inoculation of BMMSCs with LL3 cells signifi-
cantly accelerated tumor growth by inhibiting inflammation
induced by adenovirus Fas ligand (Ad-FasL), thus, preventing
their rejection [34]. In addition, it was found that MSCs di-
minished the subsequent expansion of tumor-specific T cells
in the treated hosts, indicating that MSCs within the tumor
environment may reduce the efficacy of immunotherapy by
establishing a functional barrier that hinders inflammation, T
cell priming and expansion, as well as the recruitment of ef-
fector cells.

Besides favoring tumor growth, MSCs have the capacity to
foster metastasis of lung cancer cells by suppressing antitumor
responses of the host cells. Gazdic et al. [35] reported that
MSCs can significantly enhance lung cancer metastasis, atten-
uate the concentration of proinflammatory cytokines and in-
crease the levels of immunosuppressive IL-10, nitric oxide
(NO) and kynurerine. They also found that MSC-CM ham-
pered the cytotoxicity of natural killer (NK) cells against tu-
mor cells. Carnet and coworkers [36] demonstrated how
BMMSCs can promote tumor growth and metastasis in mice.
According to these authors, the pro-invasive effect of
BMMSCs was conveyed by a juxtacrine action of
BMMSCs, leading to trans-shedding of amphiregulin
(AREG) from the tumor cell membrane by virtue of the tumor
necrosis factor-a-converting enzyme released from the
BMMSC plasma membrane. The soluble AREG thus gener-
ated by the tumor cells may activate and promote the inva-
siveness of the tumor cells. Hence, an AREG activation loop
initiated by MSCs and tumor interactions may be a potential
therapeutic approach to halt cancer development and invasion.
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Table 1 Tumor-suppressing actions of MSCs/MSC-CM in lung cancer

Type of MSC Experimental method Effect Reference

BMMSCs LLC/B16 mouse model Inhibit primary tumor growth and formation of metastasis Maestroni et al. [25]

hBMMSCs Co-culture assays Suppress cell proliferation; induction of apoptosis in lung AC cells Lietal. [14]

BMMSC-CM Murine model Suppress tumorigenesis and angiogenesis

hBMMSC-CM In vitro/co-culture assays  Inhibit cell migration, invasion and cell cycle progression; Wang et al. [26]
promote MET pathway

BMMSCs Xenograft model OSM-dependent inhibition of tumorigenesis

hMSCs TSA-Luc + mouse model  Decrease tumor growth Kéramidas et al. [30]

MSCs In vitro assays Induce slow growth and more benign state of lung cancer cells Wei et al. [33]

hLMSC-CM In vitro assays Inhibit cell proliferation and sphere formation of H28 mesothelioma  Cortes-Dericks et al.
cells [17]

hBMMSC-CM Co-culture assays Inhibit cell proliferation, viability and migration; reduction of Attar-Schneider
translation initiation factors, elF4G1 and elF4E in NSCLC cells et al. [27]

rBMMSCs Genotoxic-induced lung  Inhibit carcinogen-induced tumor formation Liu et al. [31]

cancer rat model

hUCMSCs In vitro assays Inhibit cell invasion and apoptosis; decrease expression levels of Chai et al. [29]
AKT, PI3K, STAT3, and TOR in H1299 lung AC cells

MSC-CM Co-culture/scratch assays  Inhibit cell proliferation, apoptosis and migration of NSCLC cells Pan et al. [28]

40K-ASCs Co-culture assays Increase necrotic cell death in H460 lung AC cells Jung et al. [32]

40K-ASCs/5 K-ASCs H460-derived mouse

model

Reduce tumor weight

Abbreviations: ZBMMSCs human bone marrow mesenchymal stem cells, BMMSC-CM bone marrow mesenchymal stem cell-conditioned medium,
hMSCs human mesenchymal stem cells, h2UCMSCs human umbilical cord mesenchymal stem cells, 40 K-ASCs high density (40,000 cells/cm? ) cultured
adipose tissue-derived MSCs, 5 K-ASCs normal-density (5000 cells/cm? ) cultured adipose tissue-derived MSCs, ALMSC-CM human lung mesenchymal
stem cell-conditioned medium, OSM oncostatin M, e/F4G1 eukaryotic translation initiation factor 4 gamma 1, e/F4E eukaryotic translation initiation
factor 4E, AKT protein kinase B, PI3K phosphoinositide 3-kinase, STAT3 signal transducer and activator of transcription 3, TOR target of rapamycin,
NSCLC non-small cell lung cancer cell, LLC Lewis lung cancer (mouse), AC adenocarcinoma: TSA-Lu+, luciferase-positive mouse adenocarcinoma

cells

Mouse adipose-derived stem cells (ADSCs) have been
found to promote malignant characteristics of LLC1 cells,
including their growth and cancer stem cell properties
in vitro [37]. In this study, ADSCs were found to enhance
tumor formation and growth in mice. The interaction between
ADSCs and LLC1 cells was found to increase the secretion of
interleukin-6 (IL-6) primarily from ADSCs, acting in a para-
crine circuit on LLC1 cells to augment their malignant pheno-
type. Equally important, ADSC-induced IL-6 was found to
activate the JAK2/STAT3 pathway in LLC1 cells. Hsu and
colleagues [38] additionally found that MSCs can increase
sphere formation, drug resistance and overexpression of
pluripotency markers via activation of the IL-6/ JAK2/
STAT3 pathway in A549 and CL1-5 lung cancer cells.
MSCs were also found to intensify the in vivo tumorigenicity
of A549 and CL1-5 cells in immunodeficient mice.

MSCs have been shown to promote autophagy, ROS (re-
active oxygen species) formation and EMT, as well as to in-
crease invasion and migration of A549 adenocarcinoma cells
[39]. The authors found that inhibition of autophagy restricted
MSC co-culture-mediated EMT and reduced lung cancer cell
migration and invasion, indicating that MSC-induced signal-
ing may be a potential target for blocking these phenomena.
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Another study showed that MSC-derived stanniocalcin
(STC1) enhanced the survival of A549 lung cancer cells by
uncoupling oxidative phosphorylation, decreasing ROS and
shifting metabolism towards a more glycolytic profile, sug-
gesting that MSCs can modulate cell survival by regulating
mitochondrial respiration via STC [40].

Co-culture of human ADSCs and H358 lung cancer cells
has led to differentiation of ADSCs into myofibroblasts ex-
pressing x-SMA (x-smooth muscle actin) and a strong attach-
ment of the H358 cells to ADSCs, indicating that ADSCs may
differentiate into tumor stroma, which in turn may play a col-
lateral role in tumor development [41]. An interesting study of
Ampollini and co-workers [42] reported that mesenchymal
stem cells derived from NSCLC (hlcMSCs) biopsies may ex-
ert a supportive role in cancer development. They found that
subcutaneous injection of Calu-3 cells in the presence of
hLcMSCs into BALB/nude mice doubled the size of the
Calu-3 xenografts, indicating that hLcMSCs may provide an
inducive microenvironment for the growth of lung cancer.
Equally striking, they found that conditioned medium from
A549 lung adenocarcinoma cells (A549-CM) induced the ex-
pression of periostin, an extracellular matrix protein, in human
adipose-derived MSCs (hAMSCs). In a xenograft model of
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A549 cells, co-injection of hAMSCs was found to promote
the growth of A459 cells in vivo, and these co-transplanted
hAMSCs were found to express both periostin and x-SMA, a
marker of cancer-associated fibroblasts (CAFs) [43].

A recent study has shown that the property of MSC
secretomes to promote lung cancer progression is largely de-
pendent on where the MSCs were derived from [44]. It was,
for instance, found that MSCs obtained from lung tumor ad-
jacent sites (pathological niche) exerted worse effects com-
pared to those derived from healthy lung tissues in terms of
enhancing NSCLC expression of translation initiation signals,
proliferation, migration, induction of EMT and autophagy.
These observations underscore that MSCs derived from dif-
ferent tissues, such as primary (healthy) and pathological
(tumor) niches, may exert different effects on the tumorigenic
state. A summary of the tumor-sustaining abilities of MSCs is
depicted in Table 2.

5 Engineered MSCs as drug vehicles in lung
cancer therapy

The intrinsic property of MSCs to migrate to tumor sites ren-
ders these cells particularly suited for the delivery of anti-
cancer molecules [45]. Since MSCs exhibit low expression
levels of MHC1 and MHC11 and do not possess the co-
stimulatory molecules CD80 and CD86 [46], they do not
cause immunological reactions and/or rejection after inocula-
tion into allogenic systems [47]. MSCs also have the ability to
integrate into tumor niches and to track down microscopic
metastases when inoculated intravenously, highlighting their
ability to deliver anti-cancer agents [48].

MSCs have been found to express transgenes efficiently for
a long period without alterating their stem cell properties [49].
Indeed, Sadhuka and coworkers [50] could show that incor-
poration of nanoparticles in MSCs did not affect their viability,
differentiation and/or migration potential. They showed that
human MSCs treated with drug-loaded polymeric nanoparti-
cles elicited a dose-dependent cytotoxicity in A549 lung ade-
nocarcinoma cells and MA 148 ovarian tumor cells. Using an
orthotopic A549 tumor model, they also noted a non-specific
biodistribution of nanoparticles, with a pronounced accumu-
lation in the liver and spleen. Nano-engineered MSCs showed
a selective accumulation and retention in lung tumors, indicat-
ing the utility of nano-engineered MSCs loaded with anti-
cancer agents without affecting their tumor-targeting or drug
resistance properties.

Layek and coworkers [51] found that nano-engineered
MSCs carrying the anti-cancer drug paclitaxel (PTX) homed
to tumors and generated cellular drug depots that released the
drug load over several days in an A549 orthotopic lung tumor
model. These nano-engineered MSCs significantly showed a
good survival and inhibited tumor growth despite low doses of

PTX, indicating that these MSCs can function as an efficient
carrier for tumor-specific drugs that can improve the efficacy
of standard chemotherapy. In another study, PTX-primed BM-
MSCs were also found to markedly inhibit in vitro prolifera-
tion of NCI-H28 human mesothelioma cells, warranting fur-
ther in vivo investigation of these initial findings [52].

Yao et al. [53] tested the efficacy of nano-engineered doxo-
rubicin (DOX) MSCs for the systemic treatment of pulmonary
metastasis of breast cancer cells. These DOX-loaded MSCs
were found to exhibit multifunctional properties, such as
stemness and migration of MSCs, stability of drug loading,
acid sensitive release and cytotoxicity against 4 T1 breast
cancer cells. In vivo, DOX-loaded MSCs were found to reside
for a long period of time in the lungs where the foci of meta-
static tumors were located, resulting in inhibition of tumor
growth and metastasis in the lungs, and a prolonged life span
of the tumor-bearing mice.

Under co-culture conditions, human adipose-derived
MSCs (hAMSCs) transduced with IL-12 have been found to
prevent the growth and invasiveness of A549 adenocarcinoma
cells [54]. IL-24-transduced umbilical cord MSCs (IL-24-
MSCs) also restrained the growth of A549 cells, and inocula-
tion of IL-24 MSCs hampered xenografted tumor growth [55].

TNF-related apoptosis-inducting ligand (TRAIL) is known
to exert high anti-tumor properties, particularly by inducing
apoptosis in tumor cells while sparing normal cells [56]. Mohr
and colleagues [57] conducted a first study to explore the
potential therapeutic utility of adenoviral vector expressing
TRAIL (Ad.TR)-transduced MSCs in lung cancer. They
found that Ad.TR-loaded MSCs are able to block tumor
growth in an A549 xenograft mouse model and to induce
apoptosis in TRAIL-resistant A549 lung carcinoma cells.
The Ad.TR-transduced MSCs did not induce T cell prolifera-
tion, which may have led to cytotoxic T cell-mediated apopto-
sis induction in the Ad.TR-transduced MSCs. Remarkably,
these authors found that Ad.TR-transduced MSCs inhibited
apoptosis in A549 lung cancer cells in the presence of physi-
ological concentrations of white blood cells (WBCs), erythro-
cytes and sera from human donors that normally inhibit or
neutralize adenovirus-mediated transgene therapy, indicating
the stability of this vector in a blood environment. Another
pioneering study of Loebinger and co-workers [58] demon-
strated the ability of inducible TRAIL-transduced MSCs to
significantly diminish metastatic tumor burden with a frequent
eradication of metastasis in a murine lung metastasis model.
Under co-culture conditions, these TRAIL-transduced MSCs
induced apoptosis in lung (A549), squamous (H357), breast
(MDA-MB-231) and cervical (Hela) cancer cells. In murine
subcutaneous xenograft and pulmonary metastasis models,
TRAIL-engineered MSCs were found to cause a profound
reduction in tumor growth and a clearance of metastatic dis-
ease, respectively, indicating a broad therapeutic potential for
both primary tumors and their metastases, and probably as an
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Table 2 Tumor-sustaining properties of MSCs/MSC-CM in lung cancer
Type of MSC Experimental method Effect Reference
hAMSCs A549 lung AC xenograft Co-injection of hAMSCs potentiates xenograft tumor growth Heo et al. [43]
model
MSCs In vitro assays Increase sphere formation, drug resistance and overexpression Hsu et al. [38]
of pluripotency markers in lung cancer cells
NOD/SCID model Intensify tumorigenicity of A549 and CL1-5 lung cancer cells
MSCs In vitro assays MSC-derived stanniocalcin enhances survival of A549 lung AC cells  Ohkouchi et al. [40]
ADSCs In vitro/co-culture assays Induce EMT-like phenotype in H358 lung cancer cells Park et al. [41]
hLcMSCs Calu-3 lung AC xenograft ~ Co-injection of hLcMSCs increases tumor size of Calu-3 Ampollini et al. [42]
mouse model xenograft tumors
BMMSCs In vitro Juxtacrine action of BMMSCs leads to trans-shedding of AREG Carnet et al. [36]
by tumor cells; AREG activates and promotes invasiveness of
lung cancer cells
BMMSCs Mouse model Accelerate tumor growth; reduce efficacy of immunotherapy Modiano et al. [34]
ADSCs In vitro Promote cell growth and in vitro cancer stem cell characteristics Luetal. [37]
of LLC1 cells
LLC1 mouse model Mediate tumor growth; augment the malignant phenotype of LLC1
cells via IL-6/JAK2/STAT3 pathway
MSC-CM In vitro assays Hamper cytotoxicity of NK cells against tumor cells Gazdic et al. [35]
MSCs LLC1 mouse model Enhance lung cancer metastasis by suppression of anti-tumor
immune response
MSCs In vitro assays Promote autophagy, ROS and EMT formation; increase invasion Luo et al. [39]
and migration of lung AC cells
Healthy/pathological In vitro assays Pathological lung-derived MSCs exert higher tumor-promoting Attar-Schneider

lung-derived MSCs

properties compared to healthy lung-derived MSCs

et al. [44]

Abbreviations: BMMSCs bone marrow mesenchymal stem cells, mMSCs mouse mesenchymal stem cells, #LcMSCs human lung cancer-derived
mesenchymal stem cells, ZAMSCs human adipose tissue-derived mesenchymal stem cells, ADSCs adipose-derived mesenchymal stem cells, MSC-
CM mesenchymal stem cell-conditioned medium, LLCI Lewis lung carcinoma cell line (mouse), AC adenocarcinoma, AREG amphiregulin, /L-6
interleukin 2, JAK?2 Janus kinase 2, STAT3 signal transducer and activator of transcription protein 3, NK natural killer cell, ROS reactive oxygen species,

EMT epithelial-mesenchymal transition

adjuvant therapy for the prevention of micro-metastatic dis-
ease following primary tumor resection. Further studies also
revealed that IFN-Y-modified hBMMSCs expressing TRAIL
induced apoptosis in H460, H1299 and A549 lung tumor
cells, and in MCF-7 breast cancer cells via TRAIL-
mediated caspase-3 activation within the co-cultured tar-
get cells. The IFN-Y-secreting hBMMSCs were also
found to suppress the growth of a lung carcinoma xeno-
graft model [59].

The combination of cytosine deaminase-uracil
phosphoribosyltransferase protein (CDA/UPRT)-transfected
adipose tissue-derived MSCs (ATMSCs) and lysomustine
chemotherapy has shown a superior effect in a murine lung
carcinoma model compared to monotherapy-based treatment
with either transfected ATMSCs or lysomustine alone. As
reported by Krassinova and colleagues [60], the observed ef-
fect may be caused by a synergistic effect between the CDA/
UPRT-expressing ATMSCs and lysomustine.

Matsuzuka et al. [61] investigated the supposedly potent
anti-tumor effect of interferon-beta (IFN-3) on
bronchioloalveolar-derived cells. Co-culture of IFN—f3
transfected human umbilical cord-derived MSCs
(hUCMSCs) and H358 or SW1573 cells attenuated the
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growth of both carcinoma cell types significantly. IFN-[3-
hUCMSC-CM also showed a profound growth-inhibiting ef-
fect on the two cells types. Systemic administration of [FN-[3-
hUCMSCs remarkably decreased the growth of orthotopic
H358 bronchioloalveolar carcinoma xenografts in SCID mice
by increasing apoptosis, indicating a potential of IFN-f3-
hUCMSC:s as a cytotherapeutic tool for this type of carcino-
ma. Genetically modified BMMSCs with pigment epithelium-
derived factor (PEDF) were found to reduce the growth of
LLC tumors and to prolong survival in murine models.
MSC-PEDF-treated tumors displayed a high degree of apo-
ptosis and a decreased microvessel density, suggesting a po-
tential of MSCs as effective vehicles for therapeutic gene de-
livery in LLC tumors [62].

The anti-oncogenic ability of apoptin, a potential tumor-
selective apoptosis-inducing protein, has been tested in lung
carcinoma cells by transduction of MSCs with lentiviral vec-
tors encoding apoptin. In vitro, apoptin-modified MSCs were
found to enter the target cancer cells and to mediate apoptosis
via activation of caspase-3. Injection of apoptin-modified
MSCs into nude mice inhibited the growth of lung carcinoma
cells, showing the potential of MSCs as cellular vehicles for
apoptin-based cancer therapy [63]. The immune-stimulatory
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chemokine CX3CL1 (fractalkine), when transduced into
mouse MSCs, has also been found to strongly inhibit the de-
velopment of lung metastases and to prolong the survival of
C26 and B16F10 lung metastasis-bearing mice [64]. An over-
view of the different actions of engineered MSCs in lung
cancer is depicted in Table 3.

6 Conclusions and perspectives

6.1 MSC-based anti-tumor modalities: Benefits
and drawbacks

The direct administration of anti-tumor agents may be limited
due to their short half-life and their toxicity to non-cancerous
cells [65]. The unique ability of MSCs to home to tumors and
to directly transport anti-cancer agents to neoplastic niches
renders them into potential therapeutic vehicles for lung can-
cer. The above reviewed studies provide compelling evidence
that MSCs can be genetically engineered to deliver anti-tumor
drugs (PTX, DOX) and immunomodulatory factors (IL-12,
IL-24, IFN-Y, IFN-3, TRAIL, PEDF, apotin, CDA/UPRT
and CX3CL1) to target cells, thereby conferring anti-tumor/
anti-metastatic actions. In the different lung cancer models
used, modified MSCs were able to home to tumors and to
accumulate in neoplastic tissues, to reside for long periods in
the foci of metastatic regions and, importantly, to inhibit tumor
growth and metastatic disease. In vitro, engineered MSCs
showed an ability to enter target cells, to provide stable drug
loading and release, to inhibit cancer cell growth and to induce
apoptosis. Of note, none of these studies revealed any signif-
icant adverse effects of the modified MSCs under different
experimental conditions. Among the engineered MSCs, those
expressing TRAIL have shown a particular anti-tumor poten-
tial in multiple pre-clinical cancer models, including metasta-
tic lung cancer and mesothelioma [46, 58, 66, 67]. These pre-
clinical findings have led to a Phase I/II clinical trial to assess
the safety and anti-tumor efficacy of TRAIL-expressing
MSCs in combination with cisplatin and pemetrexed in met-
astatic NSCLC patients (ClinicalTrial.gov Identifier:
NCT03298763). This trial may provide crucial information
on the clinical competence of MSCs as delivery vectors for
anti-tumor agents in lung cancer (https:/clinicaltrials.gov/ct).

In contrast to the anti-oncogenic actions of modified
MSCs, administered MSCs have shown bi-directional effects
in lung cancers. The publications reviewed above revealed an
equal number of studies affirming the tumor suppressive and
supporting potentials of native MSCs from different origins.
MSC:s are able to induce apoptosis, and to suppress tumor cell
proliferation and sphere formation of putative cancer stem
cells. In the murine models of lung cancer, native MSCs and
MSC-CM exhibited inhibiting effects on tumorigenesis and
metastasis. Conversely, it has been found that injected MSCs

can also potentiate tumor growth, augment the malignant phe-
notype of lung cancer cells and enhance metastasis. Pro-
oncogenic effects such as the promotion of drug resistance,
survival of lung cancer cells and induction of cancer stem cell
characteristics, including the inhibition of cytotoxicity of NK
cells, have also been observed in different in vitro settings.
Substantial differences may very well emerge in MSC fitness
and functionality based on their tissue of origin, culture
methods and expansion levels. Other variables such as han-
dling at the point of care, thawing, route of delivery and dos-
ing may represent critical functionalities [68]. Because no sin-
gle factor can determine the fate of tumor cells exposed to
MSCs due to the complex cross-talk between MSCs, stroma
components and cancer cells [69], it is essential to understand
the biology of every type of MSC and its potential mode of
action within a given tumor environment to harness its bene-
ficial effects.

6.2 Clinical impact

Despite the progress that has been made in lung cancer ther-
apy, this tumor remains the leading cause of cancer-related
death worldwide. NSCLC is a heterogeneous disease that re-
quires personalized treatment depending on the clinical profile
that may include (i) surgery alone in case of localized cancer
[70], (i1) multimodality treatment including surgery, chemo-
therapy and radiotherapy in case of locally advance lung can-
cer without metastasis [71, 72], or (iii) definitive chemo- and/
or radiotherapy, immunotherapy or molecular targeted therapy
[73]. Although chemotherapy is preferentially indicated in
most of the non-small cell lung cancers, molecular targeted
therapy, immunotherapy and mesenchymal stem cell drug
loading and delivery represent alternative options to tradition-
al chemotherapy [74]. The main problem with current chemo-
therapy is its toxicity accompanied by common side effects of
pronounced gastrointestinal upset, such as nausea and
vomiting, as well as bone marrow suppression causing sus-
ceptibility to infection and, in some cases, even death [46].
Nanovectors of anti-cancer agents as well as mesenchymal
stem cells potentially harbor and protect therapeutic com-
pounds before they reach the target site, hence enhancing tu-
mor drug uptake and reducing drug interactions with normal
cells, thereby reducing clinical toxicity [74].

MSC-based gene treatment in conjunction with chemother-
apy is currently under evaluation and, as such, it may provide
a rationale for improving the efficacy of anti-tumor drugs [46,
75]. This approach has been used in a combined CDA/UPRT-
transfected ATMSC and lysomustine chemotherapy regimen,
resulting in a superior therapeutic effect in a murine lung car-
cinoma model compared to monotherapy-based treatment
with either transfected ATMSCs or lysomustine alone. A syn-
ergistic effect between CDA/UPRT-transfected ATMSCs and
lysomustine may have caused the improved therapeutic effect
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Table 3  Engineered MSCs with anti-tumor effects
Engineered MSC Experimental method Effect Reference

CX3CLI1-transduced mMSCs

Ad.TRAIL-transduced
human MSCs

TRAIL-transduced human MSCs

IFN-f-transfected hUCMSCs
/TIFN-3- hUCMSCs-CM

PEDF-transduced mBMMSCs

1L-24-transduced hUCMSCs

MSCs containing drug-loaded
polymeric nanoparticles

IFN- ~+-modified hBMMSCs
expressing TRAIL

Apoptin-transduced MSCs

1L-12 transduced hMSCs

CDA/UPRT- transfected
ATMSCs

Nano-engineered DOX MSCs

PTX-primed MSCs

Nano-engineered PTX MSCs

C26/B16F10 lung metastasis
mouse model
In-vitro assays

A549 lung AC xenograft model
Co-culture assays

MDAMB231 breast carcinoma
xenograft model

Pulmonary metastasis mouse
model

Co-culture assays

Bronchioloalveolar
orthotopic model
In vitro assays

LLC mouse model

In vitro assays
Lung AC xenograft model

In vitro assays

A549 lung AC orthotopic model
Co-culture assays

Lung AC xenograft model

In vitro assays

Mouse lung AC model
Co-culture assays

Murine model

In vitro assays

Lung metastasis mouse
model of breast cancer

In vitro

A549 lung AC orthotopic model

Inhibit lung metastasis

Induce apoptosis in A549 lung cancer cells
Suppress tumor growth
Mediate cancer cell apoptosis and death

Reduce tumor growth

Localize to lung metastasis and clear metastatic
disease
Attenuate bronchioloalveolar cell growth

Decrease growth of orthotopic xenograft tumors

Increase apoptosis, decrease microvessel density

Reduce size of LLC tumors; prolong survival of
tumor-bearing mice
Inhibit A549 lung AC growth

Suppress xenograft tumor growth

Dose-dependent cytotoxicity in lung AC and ovarian

tumor cells

Selective retention and accumulation in lung tumors

Induce apoptosis in lung and breast tumor cells

Inhibit growth and development of xenograft tumors
Enter target cells; mediate apoptosis; activate caspase-3

Inhibit growth of lung AC
Inhibit growth and invasiveness of A549 lung AC

CDA/UPRT-MSCs + lysomustine chemotherapy exert

better effect compared to monotherapy

Stable drug loading and release; preserve stemness

and migration of MSCs; exert cytotoxicity in breast

cancer cells

Reside in foci of metastatic tumors in the lungs; inhibit
tumor growth and metastasis; prolong life span of

tumor-bearing mice

Inhibit cell proliferation of H28 malignant
mesothelioma cells

Generate cellular drug depots; home to tumors;
inhibit tumor growth

Xin et al. [64]

Mokhr et al. [57]

Loebinger et al. [58]

Matsuzuka et al. [61]

Chen et al. [62]

Zhang et al. [55]

Sadhukha et al. [50]

Yang et al. [59]

Du et al. [63]

Li et al. [54]

Krassikova et al.
[60]

Yao et al. [53]

Petrella et al. [52]

Layek et al. [51]

Abbreviations: MSCs mesenchymal stem cells, mMSCs mouse mesenchymal stem cells, MSC-CM mesenchymal stem cell-conditioned medium,
hUCMSCs human umbilical cord mesenchymal stem cells, ABMMSCs human bone marrow mesenchymal stem cells, ATMSCs adipose tissue-
derived mesenchymal stem cells, AC adenocarcinoma, Ad.TRAIL adenoviral vector-expressing TRAIL, IFN- ~ interferon gamma, LLC Lewis lung
carcinoma cell line (mouse), DOX doxorubicin, /L-12 interleukin 12, /L-24 interleukin 24, [FN-/3 interferon beta, /FN- ~ interferon gamma, PEDF
pigment epithelium-derived factor, PTX paclitaxel, TRAIL TNF-related apoptosis- inducing ligand, CDA/UPRT cytosine deaminase-uracil

phosphoribosyltransferase protein

[60]. In line with this, an increased anti-oncogenic potential of
a combination of cisplatin and TRAIL-modified MSCs rela-
tive to cisplatin or TRAIL-engineered MSCs alone has been
observed in a hepatocellular carcinoma xenograft mouse mod-
el [76], an approach that may also be applicable to lung cancer.
MSCs are relatively resistant to cytostatic and cytotoxic drugs
[65], which facilitates a nano-engineering strategy allowing
the incorporation of small molecules such as PTX [50], which
is an effective anti-lung cancer agent [77, 78]. Encouraging
preclinical data have shown a true active targeting potential of
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nano-engineered MSCs loaded with a low dosage of PTX, as
these MSCs exhibited a profound effectivity in suppressing
lung cancer growth compared to PTX and PTX nanoparticles
alone. These PTX-loaded MSCs actively migrated to tumor
sites where they remained for several days, facilitating
targeted delivery of chemotherapeutic drugs and inhibition
of tumor development [51].

Although a vast number of experimental studies attested
the capability of modified MSCs as therapeutic vehicles to
deliver anti-cancer agents to target tissues, optimizing this



The therapeutic potential of mesenchymal stem cells in lung cancer: benefits, risks and challenges

735

~
S

S — ~—
\{ [T =

B —

b

~
R = S —
~b

~b
~b

——

MSCs from different sources

¥

MSCs and/or MSC-CM
* Tumor-sustaining abilities

MSCs and/or MSC-CM
* Anti-tumor properties

. Specnﬁc homing in the lungs

Engineered MSCs
Effective delivery of anti-cancer agents

7

| dh

e el @ Clinical/translational é
research

Fig. 1 Beneficial MSC properties in lung cancer therapy. MSCs and/or
MSC-CM possess innate anti-oncogenic properties, and can be
engineered to home and deliver specific anti-cancer agents to tumor sites.
On the other hand, they are capable of promoting tumor development,
which must be taken into serious consideration to avoid putative

approach in combination with standard chemotherapy needs
to be addressed. The deliberate use of methodologies with a
standardized reporting system will promote accurate compar-
isons across studies and facilitate a fast and efficient transla-
tion of the platforms that will most likely bring success in the
clinic [79].

Another application of MSCs may be in adjuvant settings
for localized treatment of residual disease following surgery or
radiotherapy. Site-directed delivery to neoplastic regions may
bypass limitations implicated with homing efficiency, and the
high level of safety observed in clinical trials using MSCs in
other settings makes this a feasible strategy [79]. To date, no
principle can be applied in deciding which MSC-based ap-
proach to choose that will assure improved lung cancer man-
agement. Although pre-clinical data provide a good under-
standing of MSC biology and therapeutic strategies, clinical
trials need to be initiated to prove the beneficial effects and
resolve all critical aspects of MSC-based therapy in lung can-
cer. Phase I clinical trials have already shown a safe use of
MSCs in chronic lung diseases such as chronic obstructive
pulmonary disease (COPD), mild to moderate idiopathic

MSC-based lung
cancer therapy

devastating effects. To harness the therapeutic potential of MSCs, a
multi-functional collaboration between basic and clinical research groups
is necessary to provide a deeper understanding of the “hows” and “whys”
of the biological behavior of MSCs within a given tumor, which will
facilitate the use of MSC-based regimens in the treatment of lung cancer

pulmonary fibrosis (IPF), acute respiratory distress syndrome
(ARDS), advanced pulmonary sarcoidosis and severe emphy-
sema (reviewed in [80]), but none yet in the setting of lung
cancer.

The “hows” and “whys” of the cellular and molecular be-
havior of MSCs within the tumor niche are likely the key
parameters to be considered to harness the potential of these
cells. This knowledge may provide detailed insight into the
intricate associations between MSCs and cancer cells and,
consequently, pave the way for the use of MSCs in lung can-
cer therapy (Fig. 1).
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