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ABSTRACT

Macroautophagy/autophagy occurs at basal levels in all eukaryotic cells and plays an important role in
maintaining bio-energetic homeostasis through the control of molecule degradation and organelle turn-
over. It can be induced by environmental conditions such as starvation, and is deregulated in many
diseases including autoimmune diseases, neurodegenerative disorders, and cancer. Interestingly, the
modulation of autophagy in mesenchymal stem cells (MSCs) represents a possible mechanism which,
affecting MSC properties, may have an impact on their regenerative, therapeutic potential. Furthermore,
the ability of MSCs to modulate autophagy of cells in injured tissues/organs has been recently proposed to
be involved in the regeneration of damaged tissues and organs. In particular, MSCs can affect autophagy
in immune cells involved in injury-induced inflammation reducing their survival, proliferation, and function
and favoring the resolution of inflammation. In addition, MSCs can affect autophagy in endogenous adult
or progenitor cells, promoting their survival, proliferation and differentiation supporting the restoration of
functional tissue. This review provides, for the first time, an overview of the studies which highlight
a possible link between the therapeutic properties of MSCs and their ability to modulate autophagy, and it
summarizes examples of disorders where these therapeutic properties have been correlated with such
modulation. A better elucidation of the mechanism(s) through which MSCs can modulate the autophagy
of target cells and how autophagy can affect MSCs therapeutic properties, can provide a wider perspective
for the clinical application of MSCs in the treatment of many diseases.

Abbreviations: 3-MA: 3-methyladenine; AD: Alzheimer disease; ATG: autophagy-related; BECN1: beclin
1; BM: bone marrow; CD: cluster of differentiation; EAE: experimental autoimmune encephalomyelitis; IL:
interleukin; INF: interferon; LAP: LC3-associated phagocytosis; MAP1LC3/LC3: microtubule associated
protein 1 light chain 3; MSCs: mesenchymal stem cells; MTOR: mechanistic target of rapamycin kinase;
PD: Parkinson disease; PtdIns3K: class Il phosphatidylinositol 3-kinase; ROS: reactive oxygen species; SLE:
systemic lupus erythematosus; SQSTM1: sequestosome 1; TBI: traumatic brain injury; TGF: transforming
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Autophagy
Definition and state of the art

Autophagy is the main cellular mechanism for degrading
and recycling intracellular proteins and organelles under
different physiological and pathological conditions. Three
different general types of autophagy have been identified in
mammals: microautophagy, chaperone-mediated autophagy,
and macroautophagy, each depending on the mechanism
that mediates the delivery of cytoplasmic cargo to lysosomes
for degradation [1]. Microautophagy degrades cytosolic
cargo incorporated into lysosomes through small vesicles
formed from invagination of the lysosomal membrane. In
chaperone-mediated autophagy, proteins that expose
a targeting pentapeptide motif in their amino acid sequence
are selectively recognized by cytosolic chaperones and trans-
located into the lysosome through LAMP2 (lysosomal

associated membrane protein 2), where they are rapidly
degraded. Macroautophagy (referred to hereafter as autop-
hagy), is the best-known autophagy process and has been
suggested to be the one that contributes more efficiently to
lysosomal degradation [2]. In the canonical form of macro-
autophagy, cytoplasmic components are sequestered within
double-membrane vesicles, named autophagosomes. The
formation of the autophagosome is a multistep process that
includes the nucleation of the vesicle or phagophore, fol-
lowed by its elongation and closure. Previous studies identify
different membrane pools that contribute to the formation
of the phagophore such as the plasma membrane, mitochon-
dria, endoplasmic reticulum, and Golgi complex [3]. After
autophagosome formation, the outer membrane of the
autophagosome fuses with a lysosome membrane, forming
the autolysosome, where digestion takes place and the cargo
contents are recycled [4] (Figure 1).
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Figure 1. The steps of autophagy. The figure depicts the multistep process leading to autolysosome formation and the main proteins/enzymes involved. It also

reports defective autophagy in specific diseases. Abbreviations: AD: Alzheimer

disease; ATG: autophagy-related; BECN1: beclin 1; HD: Huntington disease; LAMP:

lysosomal associated membrane protein; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; PD: Parkinson disease; PE: phosphatidylethanolamine;
PtdInsK3: class lll phosphatidylinositol 3-kinase; SLE: systemic lupus erythematosus; TBI: traumatic brain injury.

ATG (autophagy-related) genes and ATG proteins are iden-
tified as the core machinery for autophagosome biogenesis. They
were initially discovered and characterized in yeast [5] and their
homologs were subsequently identified in mammals and shown
to possess similar mechanisms [6]. During autophagosome
nucleation, the macromolecular complex comprised of the
class III phosphatidylinositol 3-kinase (PtdIns3K) and BECN1
(beclin 1), involved also in the localization of many of the other
autophagy-related proteins to the phagophore membrane [7], is
recruited. Successively, in the elongation of phagophore mem-
brane, 2 ubiquitin-like systems are involved, including the
ATGI12-ATG5-ATG16L1 complex and MAP1LC3/LC3 (micro-
tubule associated protein 1 light chain 3). LC3 is cleaved by
ATG4 to form cytosolic LC3-1. LC3-I is covalently bound to
phosphatidylethanolamine through the action of ATG7, ATG3
and the ATG12-ATG5-ATG16L1 complex generating LC3-II
(Figure 1). LC3-II is tightly associated with the phagophore
and autophagosome membrane and it serves as a typical marker
of the completed autophagosome, therefore LC3-II protein is
widely used as an indicator of autophagy [8,9].

Non-canonical autophagy pathways have also been described
that lead to autophagosomal degradation through variants of the
canonical pathway. Different forms of non-canonical autophagy
have been identified such as BECNI-independent autophagy

that does not involve proteins involved in phagophore nuclea-
tion (such as BECN1) or others that do not involve proteins used
in phagophore elongation and closure (such as ATG5, ATG7
and LC3). Among the forms of non-canonical autophagy some
authors described LC3-associated phagocytosis (LAP) [10]. In
LAP, differently from canonical autophagy, LC3 is conjugated to
phosphatidylethanolamine directly on the phagosome-sealed
membrane using only a part of the canonical autophagy machin-
ery (such as ATG5, ATG7, ATG12 and ATGI6L1 for LC3
lipidation). Lipidated LC3-II then facilitates lysosomal fusion
and cargo destruction. LAP also affects immune cells; it is
present in phagocytic cells, including macrophages, where it
plays a crucial role in the clearance of extracellular particles
(such as cellular debris) and pathogens.

Physiological and pathological role of autophagy

Autophagy occurs at basal levels in all eukaryotic cells and
plays an important role in maintaining bio-energetic home-
ostasis through the control of molecule degradation and orga-
nelle turnover [11]. In this scenario, autophagy targets
misfolded proteins and dysfunctional organelles for degrada-
tion, preventing the accumulation of detrimental components
that can lead to cell damage and death. It is not surprising that
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defects in the autophagy signaling pathway are associated with
many human diseases. Numerous studies demonstrate that
deregulated autophagy is linked to neurodegenerative disor-
ders [12], cystic fibrosis [13], myopathies [14] and cardiomyo-
pathy [15]. Interestingly, most of these pathologies are
associated with reduced BECN1 levels that could cause an
impairment of the early phases of autophagy.

Conversely, autophagy can be rapidly upregulated in
response to environmental stress, such as oxidative stress, star-
vation, hypoxia, inflammation, and infection, each of which has
the potential to cause or aggravate cell injury. In this context,
activated autophagy constitutes a stress adaptation pathway that
promotes cell health and survival; however, paradoxically, exces-
sive stimulation of autophagy can contribute to cell damage
[16,17]. More specifically, exacerbated autophagy can lead to
a non-apoptotic form of programmed cell death, also called
type 2 cell death or autophagic cell death. Autophagic cell
death has been reported in Kaposi sarcoma cells treated with
imatinib [18] and in prostate cancer cells treated with the pro-
teasome inhibitor MG132 [19]. It is of note that, in the literature,
many of the original affirmations of ‘autophagic cell death’ have
been revised and reformulated as ‘cell death with autophagy’
because the main support for autophagy involvement in many of
these cases was the observation of autophagic vacuoles in the
dying cell, which often result in a block of the autophagic flux
[20]. Autophagic flux is a measure of autophagic activity, and
a number of methods are currently utilized to assess it.
Autophagic activity is usually investigated by measuring LC3-II
levels, but this should be associated with the analysis of the
degradation of substrates (e.g., SQSTM1/p62 [sequestosome
1]). In addition, genetic manipulations (e.g., short interfering
RNA for ATG genes), pharmacological inhibitors such as
3-methyladenine (3-MA) and chloroquine, and/or inducers
such as rapamycin, could be used to further confirm alterations
in autophagic flux [21].

Examples of altered autophagy in diseases

It is now clear that alterations in the autophagic process can
contribute to disease pathogenesis [22] (Figure 1). Among the
disorders with autophagic dysfunction, neurodegenerative disor-
ders have received particular attention. Autophagy dysfunction
due to reduced lysosomal function or autophagosome-lysosome
fusion and consequent autophagosome accumulation (with
increased LC3-II levels), has been observed in Alzheimer disease
(AD), Parkinson disease (PD), and Huntington disease [23-25].
Autophagic impairment causes the aggregation of abnormal and
misfolded proteins (such as amyloid-beta in AD, SNCA/alpha-
synuclein in PD, and mutant HTT [huntingtin] in Huntington
disease) leading to neuronal toxicity and dysfunctions such as
deregulated transcription and altered axonal transport [26].
Similar to neurodegenerative disorders, the pathogenesis of myo-
degenerative [27] and cardiac [28] diseases may also involve either
the failure of autophagosomes to fuse with lysosomes or protein
aggregation that exceeds autophagic clearance capacity.
Insufficient autophagy activation (with decreased LC3-II
expression and other autophagy-linked proteins) is involved
in fibrogenic tissues [29] leading to a reduction of degradation
of misfolded proteins and defective organelles. For example,

accumulated dysfunctional mitochondria that trigger reactive
oxygen species (ROS) production and oxidative stress are
observed in fibrotic hepatocytes [30]. Furthermore, in vitro
experiments on idiopathic pulmonary fibrosis models demon-
strate that the profibrotic mediator TGFB (transforming
growth factor beta) is likely responsible for decreased autop-
hagy [31].

Upregulated expression levels of BECN1 and LC3-II are
observed in conditions of autophagic stress associated with
exacerbated autophagy in murine lupus T and B cells [32] and
in human systemic lupus erythematosus (SLE) T lymphocytes
[33] notoriously characterized by energy deficit and oxidative
stress [34,35]. A link between LAP defects and the establishment
of a lupus-like autoimmune disease in mice has recently been
reported [36]. More specifically, macrophages from LAP-
deficient animals (lacking Cybb/Nox2, or Rubcn/Rubicon), fail
to digest engulfed dying cells, leading to elevated inflammatory
cytokine production and high levels of anti-double-stranded
DNA and anti-nuclear antibodies, and other antibodies against
autoantigens commonly associated with SLE [36].

Excessive autophagy is considered a hot topic involved in
cell death after traumatic brain injury (TBI). Numerous
autophagosomal vacuoles and secondary lysosomes are ultra-
structurally detected in mice post-TBI [37] and, furthermore,
it is also demonstrated that inhibition of autophagy can
attenuate TBI damage and neuronal functional deficits [38].

Interestingly, autophagy activation has been recognized to
have a dual role in cancer: on the one hand it diminishes
malignant transformation [39], but on the other hand favors
tumor progression [40-42] in a disease- and stage-specific
manner. It has been proposed, indeed, that in the early stages
of cancer development, quality control by autophagy inhibits
tumorigenesis conferring a pathway with anti-oncogenic func-
tions. In contrast, in the late stages of oncogenesis, autophagy
is a crucial process for cancer cell survival. Autophagy ame-
liorates the energy state for rapidly dividing cancer cells and
contributes to quality control to eliminate intracellular
damage caused by the aggressive tumor microenvironment
and by anti-oncogenic activities [43].

Role of autophagy in the therapeutic potential of
mscs

MSC therapeutic potential

MSCs, defined as an adherent fibroblast-like population with
the ability to self-renew [44], were first identified in human
bone marrow [45] and have been the most widely studied
MSC population. MSCs can be isolated from many other
human tissues, including adipose tissue [46], liver [47], syno-
vial membrane [48], umbilical cord blood and Wharton’s jelly
[49,50], periosteum [51], dental pulp [52], salivary glands
[53], peripheral blood [54], placental tissue [55,56], amniotic
fluid [57], tendon [58], and menstrual blood [59]. MSCs
express mesenchymal markers such as ENG/CD105, NT5E/
CD73, and THY1/CD90, and lack hematopoietic markers
such as PTPRC/CD45, CD34, CDI14, ITGAM/CDl1b,
CD79A, CD19, and HLA-DR (major histocompatibility com-
plex, class II, DR) [56,60].



Many in vitro and preclinical studies robustly document the
therapeutic potential of MSCs when applied as a treatment for
different pathological conditions such as inflammatory/autoim-
mune disorders, diabetes, neurodegenerative diseases, ischemia-
reperfusion injuries, and kidney, liver and lung fibrosis [61,62]. It
was initially hypothesized that MSC therapeutic action depends
on their ability to differentiate toward a variety of cell lineages and
replace damaged cells [60]. However, the controversial ability of
MSCs to differentiate in vivo [63,64], as well as the low survival
and engraftment in host tissues after transplantation [65], have
strongly suggested that MSCs could exert trophic actions on tissue
resident cells present in the injured area, or on immune cells
recruited to the injury site. Specifically, through cell-to-cell contact
and the secretion of growth factors, cytokines, and the release of
extracellular vesicles (containing peptides/proteins, mRNA, and
micro RNA) [64], MSCs create a reparative environment, which
suppresses the activation/function of inflammatory cells, prevents
apoptosis and promotes survival of damaged tissue cells [66-69],
reduces oxidative injury often involved in tissue damage [70], and
favors angiogenesis/arteriogenesis [71].

In detail, MSCs exert immunosuppressive action by: 1) inhibit-
ing the activation/proliferation of immune cells such as T and
B cells [61,72-76]; 2) inhibiting maturation toward effector
immune cells (cells which actively respond to an immunogenic
stimuli) both in vitro [77-81] and in vivo [82,83]; 3) favoring the
expansion of immune cells with regulatory activities (which act as
suppressors of the immune response) in vitro [84,85] and in vivo
[82,83,86-90]; 4) limiting the secretion of pro-inflammatory cyto-
kines and chemokines (IL1B [interleukin 1 beta], IL2, TNF
[tumor necrosis factor], and IFNG [interferon gamma]) involved
in the propagation of the immune/inflammatory response, and 5)
promoting the production of anti-inflammatory factors (IL10,
TGFB) [89,91].

The promising findings obtained from preclinical studies pro-
vide a strong rationale for investigating MSCs as a potential inno-
vative therapy in humans. Many clinical trials, carried out by
academic groups and industry, have indeed investigated and are
currently investigating the feasibility and efficacy of MSCs for the
treatment of a variety of diseases (https://clinicaltrials.gov). These
include hematological diseases, graft-versus-host disease, diabetes,
autoimmune diseases (such as Crohn disease, rheumatoid arthri-
tis), neurodegenerative diseases (such as PD and AD), and diseases
in the liver (including liver fibrosis), kidneys, and lungs, as well as
ischemic diseases (such as myocardial ischemia, ischemic stroke,
and critical limb ischemia) [92-94]. The therapeutic use of MSCs
and MSC-based products could receive a strong advancement
through an improved understanding of the mechanisms through
which transplanted MSCs can promote tissue repair under differ-
ent pathological conditions. In this regard, an underexplored
mechanism is the role of autophagy in MSC actions; its under-
standing could establish a new therapeutic action of MSCs and
expand the spectrum of their clinical applications.

Evidence for the involvement of autophagy in MSC
therapeutic potential

Recently it has been proposed that autophagy may be associated
with MSC activities, playing a dual role: i) modulation of autop-
hagy in MSCs may consequently affect MSC functions; ii) MSCs
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may modulate the autophagy of immune and other cells
involved in disease pathogenesis. Both of these mechanisms
ultimately affect the therapeutic properties of MSCs.

Autophagy modulation in MSCs affects MSC functions
Autophagy modulation in MSCs may affect their ability to
differentiate toward a variety of cell lineages and to affect the
proliferation, activation, and functions of immune cells.

At first, we will illustrate the evidence supporting a functional
interplay between MSC autophagy and differentiation potential.
The first observation suggesting a pivotal role of autophagy in
MSC differentiation was that undifferentiated MSCs contain
more autophagosomes than differentiated cells [95]. More
recently, Nuschke and collaborators [96] confirmed the autop-
hagosome accumulation in undifferentiated bone marrow
(BM)-MSCs and, by using tandem fluorescent reporters that
allow for the assessment of the fusion of autophagosomes with
lysosomes, they observe an impairment of autophagosome-
lysosome fusion leading to the blockage of autophagosome
degradation. When they expose MSCs to osteogenic differentiat-
ing conditions, they observe a transient autophagy activation
leading to a rapid degradation of accumulated autophagosomes
that are likely to supply cells with the energy and anabolic
precursors needed to support the morphological, structural
and metabolic remodeling requested by cellular differentiation.

Transient induction of autophagy (detected as increased
expression of autophagosome-bound LC3-II and of the pro-
autophagic protein BECN1, and reduced SQSTM1/p62 levels),
is also observed in dental pulp-derived MSCs under osteo-
genic differentiation [97] and in BM-MSCs under adipogenic
differentiation [98].

Other authors investigated the interplay between autophagy
and other types of MSC differentiation. For example, Li and
collaborators [99] observe that the expression of neuron-specific
markers in BM-MSCs cultured in neuronal differentiation con-
ditions increases in rapamycin-treated MSCs (inducer of autop-
hagy), whereas neuronal markers are reduced when BM-MSCs
are treated with autophagy inhibitors.

Activation of the autophagic machinery (increased expres-
sion of BECN1, ATG5 and LC3-II with the concomitant
decrease of the expression of BCL2) was also observed by
Park and collaborators [100] in human tonsil-derived MSCs
upon stimulation of skeletal muscle differentiation. However,
whereas the autophagy inhibitor bafilomycin A; decreases the
expression of myogenic markers, the induction of myogenic
differentiation by 5-azacytidine, although associated with
increased expression of myogenic markers, is not associated
with increased expression of LC3-II.

To our knowledge, only one study examined the pathway-
(s) involved in the activation of autophagy after differentia-
tion stimuli [97]. In this study, the authors use gene
knockdown and pharmacological inhibition to demonstrate
that differentiation (in this case osteogenic)-induced autop-
hagy correlates with the early MTOR (mechanistic target of
rapamycin kinase) inhibition mediated by 5 AMP-activated
protein kinase (AMPK) activation and the late activation of
AKT/PKB-MTOR signaling [97].

Recent findings also outline the important role of mito-
chondria in MSC differentiation, showing that there are fewer,
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active mitochondria in undifferentiated MSCs compared to
MSCs cultured in adipogenic and osteogenic differentiation
stimuli [101]. Some authors even propose a link between
mitochondria-selective autophagy (mitophagy) and higher
cellular mitochondrial turnover [102]. Although the findings
reported above lack in demonstrating a mechanistic link
between the activation of autophagy and MSC differentiation,
and it remains to be elucidated whether these pathways are
different among MSC sources and/or differentiation stimuli
applied, these data strongly suggest an involvement of autop-
hagy activation in MSC differentiation.

Very few studies instead explored a possible link between
MSC autophagy and MSC ability in modulating the functions
of immune cells. The scarce studies lead to controversial
results and are limited to examine how the modulation of
MSC autophagy may change the suppressive action of MSCs
on T-cell proliferation.

A study performed by Dang and collaborators [103] sug-
gests that inhibition of autophagy increases the immunosup-
pressive action of mouse BM-MSCs transplanted in an
autoimmune disease model of experimental autoimmune ence-
phalomyelitis (EAE). The authors observed that Becnl knock-
down in MSCs (short hairpin BecnI-MSCs) improves their
therapeutic and immunomodulatory effect in EAE mice with
respect to control MSCs. Indeed, after treatment with short
hairpin BecnI-MSCs, the authors find a stronger reduction in
both CD4" and CD8" T cells and in the proliferation of MOG
(myelin oligodendrocyte glycoprotein)-specific CD4"™ T cells,
without changes in T cell polarization. Similar results are
found when EAE mice are transplanted with MSCs that have
been pre-treated with the autophagy inhibitor 3-MA [103].

In contrast, other authors propose that MSC immuno-
suppressive actions correlate with MSC autophagy levels.
The study from Gao and collaborators [104] compares
MSCs with activated autophagy (rapamycin pretreated),
and MSCs with inhibited autophagy (3-MA pretreated),
for their ability to suppress the proliferation of peripheral
blood mononuclear cells stimulated in vitro with anti-CD3
and anti-CD28 antibodies. The authors, by evaluating
autophagy flux either by western blot analysis of LC3-II:
LC3-I and SQSTM1/p62 expression or by the presence of
green puncta in MSCs transfected with green fluorescent
protein-LC3-II, find that co-culture with rapamycin-
pretreated MSCs significantly reduces T-cell proliferation
with respect to co-culture with untreated-MSCs, whereas
T-cell proliferation is enhanced by co-culture with 3-MA-
pretreated MSCs. The authors associate the higher ability of
rapamycin-treated MSCs to suppress T-cell proliferation
with increased secretion of TGFBI.

Other authors instead suggest a lack of association between
autophagy modulation and MSC immunosuppressive proper-
ties. In their study, Chinnadurai and collaborators [105]
demonstrate that pre-treatment with INFG increases MSC
ability to inhibit T-cell proliferation with concomitant upre-
gulation of the mRNA expression of BECNI, and of other
genes involved in autophagy such as ATGI2, ATGS5,
ATGI6L1, ATG7, and LC3. Although these findings suggest
a mechanistic link between autophagy activation and poten-
tiation of MSC immunosuppressive activity, when the authors

applied a commercial fluorescent-based technique to monitor
autophagy, they did not observe any increased fluorescent
staining (indicative of autophagosome formation) nor in
MSCs cultured in the presence of IFNG, nor in MSCs treated
with the autophagy inducer rapamycin. Furthermore, the
authors did not observe any changes in MSC immunosup-
pressive ability when they pre-treated MSCs with an autop-
hagy inhibitor (3-MA). All together, these data suggest the
absence of a functional link between MSC autophagy and
MSC immunosuppression.

Modulation of MSC autophagy is also proposed as
a possible strategy to favor MSC-induced T cell polarization
toward regulatory cells. MSCs derived from adipose tissue
pre-treated with rapamycin are shown to be more effective
than untreated MSCs in suppressing in vitro expansion of
T helper 17 cells and in reducing the mortality and clinical
severity of acute graft versus host disease induced in mice. In
vivo benefits are associated with a reduction of T helper 17
cells and an increase in regulatory T cells [106]. The authors
correlate the potentiation of immunoregulatory MSC function
with the activation of the autophagic machinery, given that
they observe increased mRNA expression of some autophagy
genes such as ATG5, and LC3; increased protein expression of
BECN1, ATG5, ATG7, and LC3-1I; and concomitant suppres-
sion of the expression of MTOR and MTOR components
(RICTOR and RPTOR) [106].

A very recent study suggests that the modulation of autop-
hagy may also affect the secretion capacity of MSCs conse-
quently affecting their functions. Indeed, the subcutaneous
injection of MSCs pre-treated with the autophagy inducer
rapamycin enhances the wound healing ability of MSCs and,
in contrast, MSCs silenced for BECNI (i.e., early blockage of
the autophagic machinery) display a decreased therapeutic
action [107]. Because the authors observe higher secretion of
VEGF (vascular endothelial growth factor) from MSCs with
rapamycin-induced autophagy, they propose that MSC wound
healing properties could be related to promotion of angiogen-
esis driven by autophagy-induced secretion of VEGF.

The discrepancies observed in the outcomes from these few
studies can be in part attributable to differences in species
from which MSCs were obtained (mice and humans), in cell
culture conditions, and also in the inflammatory microenvir-
onment surrounding MSCs. Therefore, the conclusion that
some authors have proposed that the modulation of autop-
hagy can represent a strategy to increase the therapeutic
properties of MSCs, still has to be convincingly demonstrated
and still represents a stimulating field of research.

MSCs modulate autophagy of immune and other cells
involved in disease pathogenesis

Several studies strongly indicate the involvement of autophagy in
the regulation of proliferation, survival, antigen-presentation,
maturation/polarization, and cytokine production of cells of
innate and adaptive immunity [108].

For example, autophagy machinery participates in elimi-
nating pathogens, a process driven by autophagic macro-
phages [109]. The activation of autophagy is highly relevant
for the proliferation of activated T lymphocytes. It has been
suggested to assure an efficient ATP production for rapid



cellular proliferation and cytokine production by switching
the energetic metabolism from mitochondrial oxidative phos-
phorylation (typical of naive, memory, and regulatory T cells)
to glycolysis [110,111]. Autophagy induction is also required
for the survival of activated T cells by increasing the rate of
degradation of specific pro-apoptotic proteins, such as
BCL2L11/BIM and cysteinyl aspartate proteinases CASP3
(caspase 3) and CASP8 [112].

Given the key role played by autophagy in regulating
survival and function of innate and adaptive immune cells,
it is plausible that MSCs may affect immune cell functions
through the modulation of the autophagic machinery. Very
few studies have been performed to investigate this topic. One
of these shows that treatment with MSCs from umbilical cord
reduces exacerbated autophagy and apoptosis observed in
T cells from SLE patients [113]. The authors suggest that
umbilical cord derived-MSCs regulate T cell autophagy by
transferring functioning mitochondria to T cells with
a positive impact on their survival. However, the connection
between T cell apoptosis and overregulated autophagy, and
their relevance in lupus pathology, remain to be fully eluci-
dated [33].

Furthermore, the involvement of autophagy in the ability
of MSCs to affect macrophage functions and macrophage
autophagy was investigated in an experimental model of sili-
cosis [114]. Treatment of silicotic animals with BM-MSCs is
reported to decrease the expression of autophagy-related pro-
teins (LC3 and BECNI) in alveolar macrophages and also
mitigate the cellular damage associated with this disorder.
The authors suggest a connection between these findings;
however, the main challenge is to establish whether the
changes/alterations observed in the autophagic flux of
immune cells observed after MSC treatment are instrumental
to immunosuppressive MSC ability or rather are an indirect
consequence of MSC benefits exerted on other pathways
associated with disease pathogenesis.

Other studies suggest that MSCs exert their therapeutic
actions through managing the autophagic machinery of tissue
cells involved in the pathogenesis of disease/injury. To this
regard, the anti-apoptotic and pro-survival effects exerted by
MSCs in various experimental models has been recently pro-
posed, but not always convincingly demonstrated, to be corre-
lated with their ability to activate autophagy in tissue resident
cells. For example, BM-MSC treatment reduces apoptosis and
promotes survival of pulmonary cells in in vitro and in vivo
models of ischemia-reperfusion-injury [115]. The authors
observe that in both models, BM-MSC treatment activates the
autophagic machinery, monitored through increased LC3-II:
LC3-1, decreased SQSTM1/p62 levels and autophagosomes
detection using transmission electron microscopy.

The observed increase of class III phosphoinositide 3-kinase
(PI3K) and decrease of class I PI3K in lung tissues treated with
BM-MSCs, along with the in vitro observation of a reversion of
BM-MSC-induced autophagy in presence of PI3K inhibitor
altogether brought the authors of this study to suggest a role of
PI3K-AKT signaling in BM-MSC pro-autophagy activity.
However, given that they used a pan-PI3K inhibitor, which
may also inhibit the class IIT PtdIns3K, the implication of PI3K-
AKT pathway remains to be demonstrated. In addition, the
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authors did not investigate how modulation of autophagy
could affect cell apoptosis.

In a model of hydrogen peroxide-induced injury in H9C2
cardiomyocytes, induction of apoptosis concomitant with
induction of autophagy is observed in cardiomyocytes [116].
The treatment with MSC-derived exosomes reduces hydrogen
peroxide-induced production of ROS and cell apoptosis with
a concomitant further enhancement of autophagy. Although
the authors associate the anti-apoptotic and anti-oxidative
stress effects of MSC-derived exosomes with the upregulation
of autophagy, in the presence of the autophagy inhibitor
bafilomycin A;, the effect of exosomes on autophagy is not
reversed as expected, but rather potentiated [116].

The possible connection between induction of autophagy
and decline of apoptosis following MSC treatment has also
been investigated in in vitro and in vivo models of diabetes. In
this study, beta-pancreatic cells cultured under chronic high-
glucose conditions show increased autophagy [117]. The co-
culture with BM-MSCs produces a further increase in autop-
hagosome and autolysosome formation with a concomitant
decrease in beta-cell apoptosis and improvement of their
function. The addition of autophagy inhibitors (3-MA and
chloroquine) to the culture decreases cell survival and par-
tially abolishes the suppressing effects of BM-MSCs on ROS
levels. Considering that impaired mitochondria lead to sig-
nificant production of ROS, the authors suggest that enhanced
autophagy, induced by BM-MSC treatment in beta-cells, con-
tributes to the clearance of dysfunctional mitochondria [117].
The same authors find a preservation of the number and
functionality of beta-cells, in diabetic rats transplanted with
BM-MSCs, which they associate with the enhanced autopha-
gic activity of these cells.

BM-MSC:s are also shown to stimulate autophagy in diseased
neurons exposed to toxic protein aggregates, increasing neuronal
survival. In an in vitro model of AD generated by treating SH-SY
5Y cells (a human neuroblastoma cell line) with amyloid beta
peptides, the amyloid beta-treated cells show accumulation of
autophagic vacuoles not fused with lysosomes, indicating
a blockage of the autophagic machinery [118]. The treatment
with MSCs markedly increases the number of autophagosomes
fused with lysosomes leading to a re-activation of the autophagic
machinery, and degradation of intracellular amyloid beta aggre-
gates with a consequent higher neuronal survival. Similar find-
ings on the activation of autophagy, enhancement of aggregate
degradation, and higher neuronal survival are also confirmed in
an in vivo model of amyloid beta-treated animals [118].

A very recent study uses red fluorescent protein-green
fluorescent protein-LC3 transgenic mice (which allows the
monitoring of autophagosome and autolysosome formation
[119]), to demonstrate that MSC-derived exosomes reduce
cell death in ischemic cardiomyocytes, and this is associated
with the reduction of autophagy induced by ischemia [120].
The authors observe in vitro that MSC exosomes inhibit
autophagy independently of MTOR and AMPK activity,
while stimulating TRP53/p53 and BNIP3 (BCL2 interacting
protein 3) signaling (increased mRNA and protein levels of
TRP53 and BNIP3) via the exosomal transfer of Mir125b-5p
from MSCs to cardiomyocytes. This study is the first to
investigate autophagy in transgenic mice, and further studies
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Figure 2. Role of autophagy on MSC functions. Autophagy plays a dual role in MSC activities. (a) Stress signals or pharmacological agents can modulate autophagy in
MSCs. (b) MSCs may modulate autophagy of tissue-resident and recruited cells (target cells) involved in disease pathogenesis. Both actions affect MSC functions and
have an impact on the therapeutic potential (either directly a or indirectly b) by influencing survival, vascularization, immunomodulation, and cell differentiation.

that use these models [119] to monitor autophagy during
different stages of disease will be of crucial importance to
advance our understanding on the involvement of autophagy
in the therapeutic potential of MSCs.

Conclusions

The evidence reported herein strongly indicates that modula-
tion of autophagy in MSCs and by MSCs may represent
a strategy that can play an important role in reducing inflam-
mation, apoptosis, and oxidative stress of cells involved in
disease pathology, ultimately contributing to the therapeutic
action exerted by MSCs.

Many open questions remain concerning the ability of MSCs
to respond to the tissue microenvironment, and to either induce
or inhibit autophagy in other cells in order to contribute to
amelioration of the disease. Among these, what are the sensors
that guide MSCs toward autophagy-enhancing or -inhibiting
pathways, and how do these ultimately contribute to efficacy?
What are the mechanisms through which MSCs modulate
autophagy, and is the modulation of autophagy a direct effect
by MSCs, or is it an indirect consequence whereby MSCs induce
other mechanisms that ultimately affect autophagy?

A better elucidation of the mechanism(s) through which
MSCs can modulate autophagy of target cells and how autop-
hagy can affect MSC therapeutic properties, can provide
a wider perspective for the clinical application of MSCs in
the treatment of many diseases. New MSC-based therapies
designed to modulate autophagy signaling pathways might
represent an innovative and attractive strategy in regenerative
medicine.
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