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Abstract: The main aim of antineoplastic treatment is to maximize patient benefit by augmenting the drug accumulation

within affected organs and tissues, thus incrementing drug effects and, at the same time, reducing the damage of non-

involved tissues to cytotoxic agents. Mesenchymal stromal cells (MSC) represent a group of undifferentiated

multipotent cells presenting wide self-renewal features and the capacity to differentiate into an assortment of

mesenchymal family cells. During the last year, they have been proposed as natural carriers for the selective release of

antitumor drugs to malignant cells, thus optimizing cytotoxic action on cancer cells, while significantly reducing

adverse side effects on healthy cells. MSC chemotherapeutic drug loading and delivery is an encouraging new area of

cell therapy for several tumors, especially for those with unsatisfactory prognosis and limited treatment options

available. Although some experimental models have been successfully developed, phase I clinical studies are needed to

confirm this potential application of cell therapy, in particular in the case of primary and secondary lung cancers.

Abbreviations
MSC Mesenchymal stromal cells
PDAC Pancreatic ductal adenocarcinoma
GCB Gemcitabine
GBM Glioblastoma multiforme
PM Pleural mesothelioma
MM Multiple myeloma

Introduction

The main aim of antineoplastic chemotherapy is to maximize
patient benefit by augmenting the drug accumulation in the
target organs and tissues, thus incrementing therapeutic
efficacy and, at the same time, reducing the exposure of
healthy tissues to cytotoxic agents. Nanomedicines significantly
condition the tissue delivery of antineoplastic drugs, thereby
significantly decreasing the dose-limiting negative effects while
retaining or even enhancing their efficacy [1].

Several methods have been described for selective drug
loading and delivery: bacteria, viruses, cells, polymer-based or

synthetic lipid carrier systems as well as extracellular vesicles
[2]. Mesenchymal stromal cells (MSC) represent a family of
undifferentiated multipotent adult cells presenting wide self-
renewal features and the capacity to differentiate into an
assortment of mesenchymal lineage cells [3,4]. They show
wide-ranging anti-inflammatory and immunomodulatory
effects on the immune system and-after transplantation-are
able to cross-talk with the local microenvironment,
stimulating tissue restoring and regeneration. MSC have been
extensively employed in the area of regenerative and
reparative medicine, both in experimental and clinical
settings [5,6]. During the last year, they have been proposed
as natural vectors for the targeted release of antineoplastic
drugs to malignant cells, thus optimizing the cytotoxic action
on cancer cells, while significantly reducing adverse side
effects on healthy cells [7].

In this review, we focus onMSC drug loading and delivery
as a possible new instrument in daily clinical practice for
oncologists, with a dedicated overview of the most commonly
used antineoplastic drugs like paclitaxel, gemcitabine, and
pemetrexed, in particular in thoracic oncology.

Mesenchymal Stromal Cells

MSC are multipotent non-differentiated adult cells described
as plastic-adherent, fibroblast-like cells presenting extensive
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self-renewal characteristics and the in vivo and in vitro ability
to differentiate into chondrogenic, osteogenic and adipogenic
lineages when properly cultured in dedicated inducing
media [8].

MSC show an immune phenotype escaping the host
immune system, thus permitting allogenic transplantation
without the need for immunosuppression [8]. They are
described as major histocompatibility complex II negative
cells, lacking costimulatory molecules and having an
immune phenotype which permits them to escape the host
immune system, thus allowing allogenic transplantation
without the need for immunosuppression.

The anti-inflammatory and immunomodulatory
properties of MSC have been extensively explored and
applied in the gastrointestinal tract, in particular in the case
of inflammatory bowel disease and graft versus-host disease.
Moreover, it has recently been reported that MSC deriving
from Crohn’s patients disclose indoleamine 2,3-dioxygenase
mediated immune suppression. After transplantation into
host organs and tissues, MSC are able to interconnect with
the local microenvironment, thus promoting wound healing
and tissue repair by cross-talking with other cell populations
within the injured tissues [9]. MSC were initially found in
bone marrow but now it is well known that they can be
easily isolated from a heterogeneous range of adult and fetal
tissues like amniotic fluids and placenta, umbilical cord,
periosteum, adipose tissue, dental pulp, tendon, cornea,
spleen, thymus, liver, brain and synovial fluid. MSC can
additionally differentiate into cells from mesodermal,
endodermal and ectodermal lineages such as skeletal
myocytes, cardiomyocytes, tenocytes, hepatocytes, endothelial
cells, insulin-producing cells, neuronal cells, photoreceptor
cells, renal tubular epithelial cells and epidermal and
sebaceous duct cells [10]. Interestingly, MSC can scatter to
sites of damage and engraft into injured tissues, reacting to
cytokines, chemokines and growth factors and producing on-
site restorative effects by paracrine secretion of anti-
inflammatory molecules and wound-healing factors [11]. For
this reason, MSC have been advocated as an experimental
treatment for several diseases, by acting via the secretion of
paracrine mediators which can reduce loco-regional
inflammation, interact with the immune system and
stimulate the host repair pathways. In addition, it has been
recently observed that MSC are able to produce extracellular
vesicles and exosomes, inducing significant therapeutic
modifications within the injured host tissues [12].

Drug Loading and Drug Delivery

New techniques of cell-based delivery of antineoplastic
drugs have recently been widely studied to maximize the
concentration in neoplastic tissues and minimize adverse side
effects in healthy non neoplastic organs and tissues. As MSC
are able to migrate to neoplastic tissues and engraft after
intravenous injection, they have been recently advocated as a
further tool for selective antineoplastic drug loading and
delivery [13]. In fact, when exposed to high doses of
antineoplastic drugs, MSC disclose intracellulary accumulation
of the drug and subsequent delivery without any genetic
impairments, thus reducing cancer proliferation [14].

Several techniques for drug loading and delivery have been
proposed in the last years, among which immuno-conjugates
for selecting cancer-specific antigens, genetically modified
stem cells and nanoparticles are the most relevant. With
regard to stem cell modifications, glycoengineering protocols
to produce exhibition of non-natural azide groups on the
external part of MSC-without conditioning their viability or
cancer-homing properties-have been described, and nano-
engineered MSC were obtained by conditioning human MSC
with drug-loaded polymeric nanoparticles [15–18].

Nevertheless, MSC probably represent the ideal option
for antineoplastic drug delivery as they promptly comply
with culture variables and migrate to neoplastic tissue when
injected in vivo, presenting intrinsic antitumoral properties.
However, it should be clearly emphasized that this
technique–at the moment–represents only a preclinical
experimental approach since only experiments on laboratory
animals or cell lines have been performed, although with
encouraging results. An additional property that makes
MSC even more attractive, is the ability to cross the blood-
brain barrier, thus playing a possible additional role in adult
and pediatric central nervous system neoplasms [19,20].
Many theses have been advocated to demonstrate MSC
antintumoral activity, ranging from the blocking of
proliferation-related signaling pathways to angiogenesis and
cell cycle inhibition [21]. On the other hand, some doubts
still exist about the potential risk of tumor boost by MSC
instead of tumor suppression, thus making the shift from
bench to bedside even more difficult [22]. The
antineoplastic drugs that are most effectively loaded by MSC
are gemcitabine and paclitaxel; in addition, although
pemetrexed has disclosed encouraging in vivo results for
pleural mesothelioma treatment, it is not properly
internalized by the cells and, for this reason, cannot at the
moment benefit from this approach.

Drugs that Can Be Delivered by MSC

Pemetrexed: this acts by inhibiting folate-dependent enzymes
and stopping DNA and RNA replication by nucleobase
biosynthesis. The inhibitors of folate metabolism play a
crucial role, particularly in the treatment of hematologic and
solid tumours.

Paclitaxel: this is a plant-derived drug extracted from
Taxus brevifolia and it is used in a wide range of neoplasms;
it mainly acts by conditioning the depolarized/polarized
equilibrium.

Gemcitabine: this is a nucleoside analogue resulting from
the combination of a deoxy-difluorinated D-ribose and a
pyrimidine base (cytosine). It acts by inhibiting
ribonucleotide reductase and DNA synthesis and has shown
antineoplastic activity against many types of solid tumors.

Other drugs: during the last few years several other
antineoplastic drugs have been studied as potential carriers
by MSC; in a preclinical study by Kosaka et coll., concurrent
administration of 5-fluorocytosine and MSC bound to
cytosine deaminase led to significant survival improvement
in rats with gliomas [23]; similarly, Ryu et coll. disclosed
that thymidine kinase loaded MSC by herpes simplex I virus
improved overall survival in a similar population of mice
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[24]. Xiao et al. reported that silica nanorattle-doxorubicin
compounds can be fixed to MSC in nanoparticulate patches
which are able to migrate towards U251 tumor cells both in
vivo and in vitro [25]. Rachakatla et coll. disclosed that
neural progenitor cells–embedded with magnetic
nanoparticles and distributed to mice affected by
melanoma–were able to significantly reduce tumor volume
after the application of an alternating magnetic field [26].

Future Perspectives and Potential Clinical Scenarios

Pancreatic ductal adenocarcinoma (PDAC): this is the most
frequent cancer of the pancreas and it is the fourth cause of
death due to neoplastic disease in the USA [27]. It shows a
strong resistance to radiotherapy and chemotherapeutic
approaches, thus resulting in an extremely poor overall 5-
year survival of 5% [28]. Standard first-line therapy for
locally advanced and metastatic PDAC is a combination of
gemcitabine (GCB) and 5-fluorouracil, with a significant
clinical response in about 10% of cases, indicating that
innovative treatments are urgently required [29]. It has been
shown that GCB-loaded MSC are able to incorporate into
the cancer mass and release much higher concentrations of
drugs than those delivered by intravenous infusion, thus
playing as a “Trojan horse” for drug delivery into the
tumor. More specifically, MSC might enhance tumor growth
by migrating from the bone marrow to blood vessels of
pancreatic cancer after the hypoxia-induced secretion of
several growth factors; being loaded with an antitumoral
agent, they could be integrated into the tumor mass and
deliver the drug in situ at much higher concentrations than
those obtained by intravenous injection [13].

Glioblastoma multiforme (GBM): it represents about
15% of all brain tumors and it is the central nervous system
tumor with the worst prognosis. Standard treatment of GBM
is represented by surgical resection and postoperative chemo-
radiotherapy; however, despite the multimodality approach,
it frequently recurs with overall 5-year survival rate of less
than 5% and a survival time after diagnosis ranging from 12
to 15 months [30]. In experimental preclinical settings on
small animals, MSC have been shown to migrate and engraft
into GBM neoplasms xenografts, both in the case of
intravenous administration or local intracerebral injection.
The interaction between implanted MSC and local tumor

microenvironment resulted in longer overall survival, tumor
volume decrease as well as tumor cell proliferation and
vascularization impairment, thus supporting the hypothesis
of a potential contribution of MSC in neuro-oncology [30].

It should be emphasized that different glioblastoma
cancer cells disclose contradictory behavior after treatment
with adipose derived MSC. In fact, in several cancer lines,
adipose derived MSC inhibits cell proliferation [31,32] while
in some other tumor cells, MSC enhances cell proliferation
thus stimulating invasion and migration [33,34].

Melanoma: This is a malignant tumor arising from
melanocytes of the skin or other districts. Surgical excision
represents the best therapeutic option for local diseases, while
chemotherapy, biologic therapy, immunotherapy and
radiotherapy play a pivotal role in metastatic disease,
although the 5-year overall survival rate remains poor in this
setting. Immunotherapy in melanoma obtained excellent
overall survival results, in particular in metastatic patients
and boosted immunotherapy research in other solid tumors;
however, overall survival data remain globally poor and new
therapeutic options are constantly explored. Paclitaxel-loaded
MSC disclosed effective lung metastase inhibition in a
murine melanoma model, thus representing a further
therapeutic option for lung metastases from melanoma [35].

Multiple myeloma (MM) is a tumor that suppresses
osteoblastogenesis by bone marrow-derived MSC. The
potential contribution of MSC to MM treatment is
somewhat controversial because of the unclear results about
the MSC property of inhibiting or boosting tumor growth.
MSC might be used as carriers for selective delivery of
antitumoral drugs into bone marrow. In fact, it has been
experimentally shown that paclitaxel-loaded MSC are able
to suppress myeloma cell growth by acting on the
proliferation cell cycle of human myeloma cell lines [36].
Moreover, it has recently been demonstrated that apoptotic
MSC are able to interiorize externally included nanoparticles
into apoptotic vesicles with an elevated loading capacity.
When nano-bortezomib is encapsulated into apoptotic
vesicles, the resulting compound discloses a synergistic
combination effect of bortezomib and apoptotic vesicles,
thus improving multiple myeloma in a mouse model [37].

Pleural mesothelioma (PM) is a neoplastic disease due to
asbestos exposure which mainly affects professionally exposed
workers who have worked with asbestos for long periods. At

TABLE 1

MSC key findings for each cancer type

Tumor MSC administration MSC role

Pancreatic ductal
adenocarcinoma

Gemcitabine loaded MSC To blend into the cancer mass and release much higher local concentrations

Glioblastoma
multiforme

MSC injection (intravenous or
intracerebral)

Tumor cell proliferation and vascularization impairment

Melanoma Paclitaxel-loaded MSC Lung metastases inhibition in mice melanoma model

Multiple myeloma Paclitaxel-loaded MSC To suppress neoplastic cell growth by acting on the proliferation cell cycle of
human myeloma cell lines

Pleural mesothelioma Paclitaxel-loaded MSC To suppress MPM cell proliferation
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the moment, the standard first-line therapy is a platinum-
based doublet including a third-generation antifolate such as
raltitrexed or pemetrexed; although immunocheckpoint
inhibitors have shown promising results in certain clinical
settings, there is no officially approved therapy for second-
line approach to PM and its prognosis remains very poor;
an alternative therapeutic option is thus urgently needed.

The first experimental approaches disclosed that
pemetrexed or raltitrexed was not properly internalized by
MSC, thus not representing an effective innovative option
for this disease; on the other side, paclitaxel-loaded MSC
disclosed a good capacity to suppress MPM cell
proliferation, thus representing a possible further option for
second line treatment of PM (Table 1). More in-depth, our
group recently demonstrated that PMX–which still
represents the first line treatment-together with platinum–
for PM, might not be internalized and released by MSC and
so, supported by our previous results of PTX priming of
MSC, we tested the inhibition efficacy of PTX-loaded MSC
on biphasic PM cell proliferation. We observed that MSC
loaded with PTX disclosed a superb ability to block PM cell
proliferation, thus currently representing the best “in vitro”
combination for MPM treatment.

Conclusions

MSC chemotherapeutic drug loading and delivery is an
encouraging new area of advanced cell therapy for
neoplastic diseases, especially for those with a poor
prognosis and limited available treatment options [38–41].
Although some experimental models have been successfully
developed [42,43], phase I clinical studies are needed to
confirm this potential application of cell therapy [37]. As
MSC have been shown to absorb and then discharge several
types of drugs (e.g., gemcitabine, paclitaxel, doxorubicin for
oncologic purposes), we believe that MSC could boost their
basal antineoplastic properties once loaded with
chemotherapy agents. Whether this cell therapy approach
could represent a new adjuvant treatment to standard
existing therapies–including surgery-for some tumors
remains to be further investigated by clinical trials with
large-scale production in bioreactors, according to the good
manufacturing practice requested by the international
regulatory agencies.
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