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1 | INTRODUCTION

Abstract

Cell-to-cell communication and information exchange is one of the most important
events in multiple physiological processes, including multicellular organism develop-
ment, cellular function regulation, external stress response, homeostasis mainte-
nance and tissue regeneration. New findings support the concept that subcellular
component delivery may account for the beneficial effects of mesenchymal stem cell
(MSC)-based therapy-mediated protection against acute kidney injury (AKI). Through
the secretion of extracellular vesicles (EVs), formation of tunnelling nanotubes (TNTs)
and development of cellular fusions, a broad range of subcellular components, includ-
ing proteins, nucleic acids (NRNA and miRNA) or even organelles can be transferred
from MSCs into injured renal cells, significantly promoting cell survival, favouring
tissue repair and accelerating renal recovery. In this review, we outline an extensive
and detailed description of the regenerative consequences of subcellular component
delivery from MSCs into injured renal cells during AKI, by which the potential mecha-

nism underlying MSC-based therapies against AKI can be elucidated.
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million people per year.>* Patients that develop AKI also bear a high

risk of poor prognosis and the development of chronic kidney dis-

Acute kidney injury (AKI) is a relatively common clinical syndrome,
defined as an abrupt decline in glomerular filtration accompanied by
complications, such as heart failure, dysregulation of electrolytes
and even multi-organ failure.! AKI remains a worldwide public health
issue due to its increasing incidence, significant mortality and lack of
specific target-orientated therapy.? It has been estimated that this
disorder may affect more than 20% of patients in hospital settings,

whereas the total occurrence all over the world can reach up to 13

ease (CKD).>¢ Despite the substantial morbidity and mortality and
regardless of the numerous underlying causes associated to this ill-
ness, beyond supportive measures and renal replacement therapy,
little can be done to facilitate healing of the compromised kidney in
humans. Therefore, exploring for a new therapeutic intervention to
facilitate tissue repair during AKl is an urgent need.

Recent studies have documented that mesenchymal stem cells

(MSCs) are promising candidates for kidney repair.” MSCs are
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fibroblast-like, multipotent progenitor cells that can be easily iso-
lated from various adult tissues, including bone marrow, adipose
tissue and the umbilical cord; characteristically, they are capable of
differentiation, regeneration and immunomodulation.® It has been
confirmed in several different experimental AKI models that the ad-
ministration of MSCs can significantly improve kidney histologic and
functional recovery.” ! It has also been shown that the apoptosis of
renal tubular epithelial cells (RTECs) is common during AKI. Whereas
the administration of MSCs displays a significant renoprotective ef-
fect by diminishing RTEC apoptosis.'?2 Meanwhile, Zhang et al found
that MSCs could accelerate the proliferation of endothelial cells,
promoting angiogenesis and preventing microvascular dropout.!*
In terms of inflammatory cells, MSCs have the ability to reduce
the infiltration of both neutrophils and macrophages,13 decrease
the proliferative and cytotoxic activity of NK cells,** suppress the
maturation and differentiation of dendritic cells,” regulate T and B

cells, '

and turn macrophages from a pro-inflammatory phenotype
M1 to an anti-inflammatory phenotype M2.18 By interacting with
various types of injured cells during AKI, MSCs showed that they
have a role in minimizing injury, promoting regeneration, eliciting an
immunological balance and, finally, contributing to the alleviation of
renal injury. However, how these beneficial signals are transferred is
still not well clarified.

Mainly, two hypotheses prevailed over the past decades related
to the major repair mechanism underlying the protective effects of
MSC-based therapies for AKI (Figure 1). The first one suggested
that injected MSCs migrated into the injured kidney, where they
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proliferated, engrafted and differentiated into normal kidney cells,
promoting renal recovery. The second one proposed that the para-
crine/endocrine activity of MSCs was responsible for their regener-
ative effects. However, the realization that the transient presence
of MSCs within the injured kidney could neither account for cell
differentiation nor for cell replacement led to an acceptance of the
paracrine/endocrine-dependent mechanism by most investigators.19
Commonly, it was thought that MSCs had the capacity to secrete
a series of growth factors/cytokines presenting anti-apoptotic,
anti-inflammatory, anti-oxidative, and pro-angiogenic effects and
modulating host cells.?® Recent studies have suggested that MSCs
may act as an ideal vehicle for subcellular component delivery, of-
fering a new hypothesis on the mechanism underlying cell survival
and tissue regeneration under the AKI stressful microenvironment.
Subcellular component delivery is a widespread phenomenon ob-
served throughout multiple mammalian cell types. Besides the deliv-
ery of small molecules, like proteins, RNAs or ions, over 40 variations
of intercellular organelle deliveries have been described.?"?? Cells
under threat from extraneous stress need to maintain their homeo-
stasis and reduce cell injury. Therefore, the acquisition of substances
from neighbouring cells seems to be an important adaptation to the
variable external environment and a classical example of multicellu-
lar cooperation. Emerging evidence indicates that the stress caused
by exposure to a cytotoxic microenvironment is a major determinant
for subcellular component delivery. Furthermore, the efficiency of
the subcellular component delivery doubled when recipient cells

were under certain conditions.?® In some circumstances, cell injury
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FIGURE 1 Mesenchymal stem cells' regenerative properties in AKI. It has been hypothesized that MSCs are able to directly differentiate
into normal tubular cells or that they hold the capacity to secrete various kinds of cytokines and growth factors, presenting anti-apoptotic,
anti-fibrotic, anti-inflammatory and pro-angiogenic effects, promoting renal regeneration. The latter is accepted by most investigators

nowadays



ZHAO ET AL.

4884
—I—Wl LEY

might even become an entire prerequisite.24 Compared with the
paracrine/endocrine capacity hypothesis, direct subcellular compo-
nent delivery by MSCs is a faster and more economical strategy for a
renal regenerative process, as the biosynthesis of many transferred
subcellular components, especially organelles, usually takes a lon-
ger time than that that can be afforded by damaged cells in crisis.
Supporting this point, Zhang et al*® demonstrated that MSCs were
therapeutically effective in enhancing burn healing through the
transference of Wnt4 signalling related proteins. Besides, an ear-
lier study showed that extracellular vesicles (EVs) secreted by bone
marrow-derived MSCs (BM-MSCs) significantly mitigated acute lung
injury (ALI) in mice by delivering FGF7 mRNA.%® As for organelles,
the donation of mitochondria from BM-MSCs to cardiomyocytes
also played a critical role in the restoration of their energetic state.?’

These results shed new light on the understanding of the com-
plex and still not well-clarified mechanism underlying MSC-based
therapy. Will this phenomenon be exploited as a new therapeutic ap-
proach for MSCs treating AKI? In this review, we offer an integrated
view of those cellular structures and molecular mechanisms mediat-
ing subcellular component delivery. Then, we list all those different
subcellular components known to be transferred, such as proteins,
RNAs and even organelles, and analyse the outcome of subcellular
component delivery during MSC-based AKI therapies. Finally, we
discuss how subcellular component delivery may be exploited as a
new avenue for the treatment of AKI and those matters that still
need to be solved in future studies.

2 | CELLULAR STRUCTURES MEDIATING
SUBCELLULAR COMPONENT DELIVERY IN
MSCs

Subcellular component delivery is based on the construction of
several kinds of cellular structures between cells. Classically con-

sidered intercellular communication processes include ion channels,

synaptic vesicles, gap junctions and paracrine receptor-ligand bind-
ings. However, the substances which MSCs deliver in the process of
cell regeneration are not only biochemical signals but also defined
subcellular components, such as proteins, RNAs and even orga-
nelles. In a sense, subcellular component delivery may be consid-
ered as a special form of intercellular communication that relies on
particular cellular structures. EVs, tunnelling nanotubes (TNTs) and
cellular fusion are the three major means for subcellular component
delivery (Figure 2).

2.1 | Extracellular vesicles

Extracellular vesicles are a heterogeneous population of biologically
active membrane-encompassed vesicles that can be secreted by al-
most every cell type, including MSCs, to the extracellular medium.?®
According to their origin, size and molecular composition, EVs may
be classified in exosomes (EXs), microvesicles (MVs) and apoptotic
bodies. Although the components and loading mechanisms are still a
matter of debate, it is widely accepted that EVs can act as a shuttle
of cargoes, which include lipids, proteins, enzymes, coding and non-
coding RNA molecules (eg mRNAs, miRNAs and IncRNAs), and even
organelles.?’ After being secreted, EVs can interact with recipient
cells, be internalized, and act as donors to release their biologically
active molecules inside target cells, making a change on their func-
tion.3® Therefore, EVs can be regarded as envoys for long-distance
subcellular component delivery between cells.

Exosomes originated from MSCs (MSC-EXs) (40-100 nm in di-
ameter) are generated from the endosomal network. Due to their
small size, it has widely been accepted that they are responsible for
transporting small molecular cargoes, such as proteins or genetic
components like RNAs.3%%2 MVs derived from MSCs (MSC-MVs)
(100-1000 nm in diameter) are formed by outward budding of the
plasma membrane in a calcium- and calpain-dependent manner;

they are the largest among the different EV types. Consequently,
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mediating subcellular component delivery
in MSCs. MSCs are able to form a series of
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besides transporting lipids, proteins, mMRNAs and miRNAs, they also
undertake the task of organelle delivery. To date, mitochondrial
transport is the only well documented and understood organelle
transfer mechanism by MSC-MVs.?* However, in other cell types, it
has been demonstrated that MVs can also transfer ribosomes.®® So,
it is plausible to assume that other cytosolic structures may also be
transported by MSC-MVs,

In terms of apoptotic bodies, which also constitute a heteroge-
neous population of EVs, it was found that the perforin-dependent
apoptotic process of injected MSCs was essential to initiate MSC-
induced immunosuppression in both animal and mankind graft-ver-
sus-host disease (GvHD). This fact indicated that engulfed apoptotic
bodies also had the ability to deliver subcellular components and
explained their therapeutic effects.®*

2.2 | Tunnelling nanotubes

In the last 10 years, a burst of attention has been paid on TNTs, a
newly discovered form of long-distance cell contact structure.
Morphologically, TNTs are defined as actin-based ultrafine inter-
cellular structures with diameters ranging from 50 to 200 nm and
lengths which can span over several cell diameters.3* Before the de-
termination of their composition, these tubular structures were be-
lieved to be extensions of the cell plasma membrane that formed an
open-ended conduit between two communicating cells. Biologically,
the formation of TNTs seems to facilitate the transmission of cy-
toplasmic contents, not only of biological molecules, but also of
selected organelles. Electrical signals, calcium signalling molecules
and proteins are known to be transferred through TNTs.23¢:%7
The motion of multiple organelles through these structures has
also been visually confirmed by real-time fluorescence microscopy
observation.38%

The formation of TNTs has also been widely observed in MSCs.
The vast majority of studies have reported that these structures are
mainly established in ex vivo MSC coculture systems.40 However,
a recent study by Li et al confirmed that MSCs could also utilize
TNTs to transport mitochondria in an in vivo microenvironment. The
transmission of mitochondria through TNTs helped in rescuing lung
epithelium cells suffering from cigarette smoke injury.** These facts
indicated that TNTs are important, commonly found structures in-

volved in MSC-induced intercellular communication.

2.3 | Cellular fusion

Cell contact by cell fusion is another important mechanism for sub-
cellular component delivery. The merging of plasma membranes
from two independent cells with intact nuclei allows a free exchange
of cytosolic compounds and organelles. Though cell fusion is a rare
event in mammalian cells, it definitely occurs when cells are incu-
bated with stem cells.*? The subcellular component delivery and cell

modification caused by cell fusion have important implications in the

WILEY- %%

field of MSC-based regenerative medicine. For instance, a study by
Acquistapace et al suggested that a partial cell fusion with MSCs
could reprogram cardiomyocytes into hybrid-like cells bearing pro-
genitor markers and transferred mitochondria. These cells regained
their proliferative and survival properties, promoting tissue repair.*®
However, based on the fact that few transplanted MSCs could be
able to arrive around injured renal cells, the usefulness of this mech-
anism accounting for MSC-based renal repair treatments still needs

to be explored.

3 | SUBCELLULAR COMPONENT
DELIVERY PLAYS A CRITICAL ROLE IN MSC-
BASED THERAPY-MEDIATED PROTECTION
AGAINST AKI

We have demonstrated that there are different cellular structures
that mediate subcellular component delivery between MSCs and
target cells under different circumstances. Recent studies also found
that MSCs were able to utilize this mechanism to alleviate AKI. In the
following section, we will discuss about the involvement of subcellu-
lar component delivery in MSC-based therapy-mediated protection

against AKI.

3.1 | Delivery of miRNA

miRNAs are small non-coding RNAs that are able to bind to the
3’ UTR of their target mRNAs, regulating gene expression at a
post-transcriptional level.** It has been reported that miRNAs are
involved in a wide range of biological and pathological processes, in-
cluding cell proliferation, apoptosis, tumour development and stress
response.*** By transferring miRNA-based information from stem
cells to target differentiated cells, consequently, changing their phe-

1*¢ demonstrated that miRNAs could be responsible

notype, Yuaneta
for cell regeneration. Regarding AKI, nephrologists suggested that
MSCs might also had the capacity to reprogram renal cells towards
a regenerative phenotype and alleviate cell injury by delivering the
corresponding miRNAs (Table 1). The first study that showed that
transferring specific miRNAs favoured renal repair was conducted by
Gatti et alin 2011, By pretreating EVs originated from MSCs (MSC-
EVs) with RNase to degrade their RNA cargoes, they found that the
protective effects were abrogated, indicating that RNA molecules
had a critical role in the regenerative potential of MSCs. Moreover,
Collino et al used Drosha knock-down, a specific miRNA depletion
technique, in MSCs and observed a global tendency for miRNA
down-regulation in their EVs, while no changes in quantity, surface
molecule expression and internalization ability of EVs were obtained
compared to wild-type MSC-EVs. A reduction in Drosha expression
largely impacted the functional and morphologic healing properties
of MSC-EVs in a glycerol-induced model of AKI. At the molecular
level, using RNA sequencing and gene ontology analysis, the au-
thors postulated that MSC-shuttled miRNAs were associated with
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the reversion of multiple gene alterations in kidneys after injury.48
Soon, an important question was raised: ‘Among the multiple kinds
of miRNAs, which one is responsible for the regenerative effect?’.*’
In order to answer this question, Lindoso et al cocultured MSC-EVs
with HK-2 cells, a human renal proximal tubular epithelial cell (PTEC)
line, in an in vitro model of ischaemia/reperfusion-induced AKI (I/R-
AKI). An enhanced internalization of labelled MSC-EVs in HK-2 cells
was observed with better protection from cell death. Then, the
miRNA content in MSC-EVs and HK-2 cells was measured. The pres-
ence of miR-148b-3p, miR-410, miR-495 and miR-548c-5p was veri-
fied within MSC-EVs. At the same time, an increase in the expression
of these miRNAs in recipient cells was also observed, whether or not
in the presence of the transcription inhibitor, actinomycin D. At the
gene level, changes in the concentrations of miRNAs in HK-2 cells
were associated with downstream cell-protective genes, such as
CASP3 and CASP7, SHC1, and SMADA4. These facts suggested that
the biological effects of MSC-based therapies for AKI depended on
direct miRNA transfer and followed post-transcriptional modulation
by MSC-EVs.”® However, the above-mentioned evidence only came
from an ex vivo study, whether there exists a similar mechanisminin
vivo systems is still unknown.

Gu et al found that I/R-AKI caused a decreased expression of
miR-30 in rats' kidneys but MSC-EVs treatment entirely reversed
this reduction. After using a specific miR-30 antagonist to elimi-
nate miR-30 in MSCs, the expression of miR-30 was comparable
between the MSCs group and the vehicle group, regardless of the
detection of MSC-EVs within tubules. These results indicated that
the increased level of miR-30 in MSC-treated rats originated from
exogenous MSC-EVs. Next, to explore the target gene and the re-
lated biological effect of the transferred miRNA, they measured
the expression of DRP1 and evaluated the mitochondrial function.
As they expected, mitigation of DRP1 activation and mitochondrial
fragmentation was seen in MSC-EVs-treated group, in parallel with
the anti-apoptotic and renal protective effects. Finally, they identi-
fied a miR-30 delivery-related pathway during MSC-based therapy
on AKI.%! A recent article, published in 2019, also revealed that the
delivery of miR-199a-3p from EXs secreted by BM-MSC (BM-MSC-
EXs) into renal cells could down-regulate Sema3A and activate the
AKT and ERK pathways, finally inhibiting cell apoptosis and preserv-
ing renal function.>?

3.2 | Delivery of mRNA

Besides the ‘miRNA sponge’ property of MSCs, another paradigm is
thought to be that MSCs may shuttle functional mRNAs that can be
horizontally transferred and translated into proteins in target cells,
activating tissue regenerative programs (Table 1). Ragni et al labelled
MSC-EVs with the membrane-dye PKH26 and cocultured them
with human proximal tubular cells HKC8. After a 24-hour incuba-
tion period, 100% of the labelled EVs were engulfed by HKC8 cells.
Moreover, the expression of the IL-10 protein was detected in HKC8

cells, from which it was originally absent; interestingly, IL-10 mRNA,

WILEY-—#

but not the protein, was initially present in MSC-EVs. These results
indicated that IL-10 mRNA was successfully delivered from MSC-EVs
to HKCS8 cells. Clearly, the acquisition of IL-10 mRNA and its transla-
tion into IL-10 protein within HKC8 cells played a role in rescuing cell
viability after cisplatin injury.”® Similarly, Tomasoni et al found that
the insulin-like growth factor-1 receptor (IGF-1R) mRNA is selec-
tively shuttled into BM-MDCs EXs. Then, this mRNA can be trans-
ferred into cisplatin-damaged PTECs, where it is translated into the
IGF-1R protein, stimulating cell proliferation.>* Based on these ex
vivo outcome, some in vivo studies were performed.

The hepatocyte growth factor (HGF) is a growth factor that ex-
erts paracrine effects to promote cell regeneration and injury repair
in multiple organs and in AKI.>®
that in I/R-AKI rats that received human MSC-MVs therapy, human
HGF mRNA could be found in damaged rat tubular cells, indicating

Data obtained by Ju et al showed

mRNA transfer. Transferred human HGF mRNA was subsequently
translated into the corresponding protein. High HGF levels activated
the ERK1/2 signalling pathway, while inhibited cell apoptosis, de-
creased collagen deposition and thrived cell proliferation, acceler-
ating renal recovery.>® Similarly, the beneficial effect of HGF mRNA
transfer in AKI was observed in an AKI-CKD transition model by the
same group.”’ Aberrant incomplete repair after AKI was thought to
be a main contributor to CKD.*® In this study, down-regulation of
the tubular epithelial-mesenchymal transition (EMT) and retarded fi-
brogenesis was demonstrated, supporting the hypothesis that direct
delivery of mRNA was a novel regenerative mechanism for MSC-
based therapies against AKI.>’

Glycerol-AKI is another common animal AKI model where the
mechanism of mRNA delivery by MSCs has also been observed.
Human POLR2E mRNA and its translated protein were confirmed to
be localized in tubules of mice with AKI treated with MSC-MVs, but
not in those from the control group. The accumulation of extraneous
components was indeed beneficial for the restoration of the injured
renal function.>” In 2012, a group of researchers confirmed that this
phenomenon was also observed in a mice model of cisplatin-AKI,
which was also a main type of AKI.®° Above-mentioned evidence is
all related with renal tubular cells; but, besides tubular cells, abnor-
malities in endothelial cells are also involved in the pathophysiologi-
cal process of AKI. Solid evidence has demonstrated that there is an
effective mRNA transfer from kidney MSC-MVs to target endothe-
lial cells. Both in GFP-MVs-treated human umbilical vein endothe-
lial cells (HUVECs) and in the kidneys of GFP-MVs-injected I/R-AKI
mice, it was possible to observe the expression of GFP-labelled
mRNA. Although the identity of these mRNAs was not explored, the
pro-angiogenic signals transferred by MSCs were confirmed to make
a contribution for the alleviation of microvascular rarefaction and

renal injury.®*

3.3 | Delivery of proteins

Transferred miRNAs or mRNAs need to be translated into pro-

teins before presenting a biological function. But, is there a direct



ZHAO ET AL.

4888
—I—Wl LEY

mechanism for the delivery of functional proteins underlying MSC-
based therapy (Table 1)?

The 14-3-3 protein family is implicated in the modulation of a
variety of signalling pathways, such as PI3K and mTOR, thought to
take an important part in regulating cell survival and autophagy.®?
A study by Wang et al demonstrated that EXs from umbilical cord
MSCs (UC-MSC-EXs) exerted a beneficial effect over HK-2 cells suf-
fering from cisplatin injury. This effect was due to the presence of
14-3-3¢ proteins in these EXs, according to gain- and loss-of-func-
tion tests. However, whether 14-3-3( proteins were transferred into
HK-2 cells or their paracrine/endocrine ability had a remote effect
over injured cells is a question that should be deeply investigated.
A replenishment of 14-3-3¢ from UC-MSC-EXs was observed in 14-
3-3¢ knock-down HK-2 cells; it was accompanied by promoted cell
proliferation and inhibition of cell apoptosis by the activation of au-
tophagy. All these evidences suggested that 14-3-3( proteins trans-
ferred by UC-MSC-EXs were the main reason for the therapeutic
effect of UC-MSC-EXs on cisplatin injured HK-2 cells.®®

Yuan et al also found that EVs secreted from induced pluripo-
tent stem cell-derived MSCs (iPSC-MSCs) could ameliorate 1/R-AKI
in vivo and that this effect was due to the inhibition of cell necro-
ptosis. To take a deeper look into the mechanism underlying these
protective effects, they conducted a series of experiments. First,
they incubated HK-2 cells under hypoxia/reoxygenation conditions.
Necroptosis of HK-2 cells during injury was largely reduced when
cells were pre-treated with EVs from iPSC-MSC (iPSC-MSC-EVs);
the fluorescent marker that belonged to EVs could be observed in
HK-2 cells, suggesting the endocytosis of EVs by HK-2 cells. Second,
to assess whether there existed any substance transfer from EVs
to HK-2 cells, they measured the specificity protein 1 (SP1) content
in HK-2 cells. SP1 levels were dose-dependent and increased after
iPSC-MSC-EVs treatment. However, SP1 mRNA levels were un-
changed, suggesting the direct transfer of SP1 from EVs into HK-2
cells. Then, based on chromatin immunoprecipitation and luciferase
assays, they found that the expression of the SK1 gene was tran-
scriptionally up-regulated after being stimulated by SP1. Moreover,
the formation of sphinganine-1-phosphate (S1P), a protein derived
from SK1 was also increased, indicating the SP1-SK1-S1P signalling
pathway was critical for the anti-necroptosis effect over HK-2 cells
in vitro. Altogether, these results proved that iPSC-MSC-EVs could
directly deliver SP1 into target renal cells, activating the SP1-SK1-
S1P signalling pathway, which inhibited cell necroptosis and allevi-
ated renal dysfunction.®*

Besides transferring intrinsic proteins, MSCs can also be uti-
lized as a vehicle to introduce specific gene-modified proteins into
renal cells, regarded as a superior strategy in protection against AKI.
Tissue kallikrein is a serine proteinase that can cleave low molecu-
lar weight kininogen to release the vasoactive kinin peptide.“’5 As
both the B1 and B2 kinin receptors are fundamental in restricting
cell apoptosis and ameliorating renal dysfunction during 1/R-AKI,
Hagiwara et al investigated the potential of tissue kallikrein-mod-
ified MSCs (TK-MSCs) in I/R-AKI rats.®® After systemic TK-MSCs

injection, expression of human tissue kallikrein was found in rat

glomeruli, indicating a successful delivery. Functionally, less cell
apoptosis, an inhibition of inflammatory cell infiltration, reduced re-
active oxygen species (ROS) levels, decreased tubular injury scores
and better renal function were all observed in the TK-MSCs group as
compared with the unmodified MSCs group. These results suggest
that the delivery of tissue kallikrein by MSCs may provide high ben-
efits in protection of renal injury.®’

3.4 | Delivery of organelles

Transferring defined intracellular organelles such as mitochondria is
another special form of intercellular communication that pose MSCs
as an ideal vehicle for subcellular component delivery in rescue of
injured cells.?

Mitochondria participate in multiple biological processes, like
ATP production, energy metabolism, calcium signalling and cellular
apoptosis that regulate cellular homeostasis.®® Mitochondrial dys-
function is a common element in several pathophysiological sta-
tuses. Defects in mitochondria can induce abnormalities in oxidative
phosphorylation, which is coordinated with a wide range of stress
responses, such as autophagy or regulated necrosis, helping to re-
move damaged cells.®” Contrary to the old view that mitochondria
were only originated from maternal inheritance, current studies
raised the concept that mitochondria have the ability to traverse
cell boundaries and thus be horizontally transferred between cells.”®
The active transfer of healthy mitochondria from MSCs can restore
aerobic metabolism and protect cells from elimination. The first evi-
dence suggesting that MSCs acted as mitochondrial donors in rescu-
ing cell fate was obtained by Spees et al in 2006. Cells with defective
mitochondrial function by mtDNA depletion did not survive in stan-
dard conditions unless they were cocultured with MSCs from which
they could acquire healthy mitochondria and experience a recovery
of their mitochondrial function.” In terms of AKI, mitochondria are
fundamental organelles that play a central role in the development
of the illness.”? Can mitochondria also be successfully horizontally
transferred into kidney cells, reprogram cell metabolism and facili-
tate renal recovery?

Plotnikov et al”® confirmed that, under normal ex vivo culture
media, transportation of mitochondria from MSCs towards renal
tubular cells could be observed. Besides tubular cells, vascular en-
dothelial cells are also injured during AKI. To assess whether incor-
poration of mitochondria was able to rescue the fate of vascular
endothelial cells during AKI, Liu et al incubated HUVECs with MSCs
in an in vitro I/R-AKI system (Table 1). Compared with the control
group, less cell apoptosis and increased cell viability were observed
in the treatment group, together with a normalized balance between
aerobic respiration and glycolysis, suggesting the re-establishment
of aerobic respiration. Then, to explore the mechanism under-
lying mitochondrial protective effects, they incubated HUVECs
with MSCs having abnormal mitochondria or when the formation
of TNT-like structures was inhibited. The protective effects were

largely suppressed in both of these two situations, indicating that an
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extraneously mitochondrial supplement may account for the ther-
apeutic benefit. Finally, using laser scanning confocal microscopy,
mitochondria were visibly found in the lumen of TNTs. All these
evidence demonstrated that the therapeutic effects of MSCs in al-
leviation of I/R-AKI were related to the formation of TNTs and intra-

luminal mitochondrial transport.74

4 | CONCLUSION AND FUTURE
PERSPECTIVES

As discussed in this review, the data mentioned above provide in-
formation about a newly discovered mechanism to explain how a
limited number of migratory MSCs at the site of injury may con-
tribute to an enhanced protective effect after AKI. Therefore,
MSCs can act as an ideal vehicle for subcellular component deliv-
ery during the treatment of the illness. The transfer of proteins,
mRNAs, miRNAs and even organelles from MSCs to injured renal
cells aids in the maintenance of cellular homeostasis, accelerating
the recovery from injuries. The ascertainment of this phenome-
non not only helps to further elucidate the mechanisms underly-
ing the benefits of MSC-based therapies for AKI, but also opens
a prospect for novel and feasible clinical applications of MSCs.
Nevertheless, potential risk of immune rejection, adipogenic dif-
ferentiation or tumorigenesis may still limit the clinical use of
MSCs. However, the transplantation of isolated or artificial thera-
peutic components for treating AKI and other ilinesses emerges as
an off-the-shelf therapy and a lucrative future therapy strategy in
regenerative medicine.

Despite the encouraging future of therapies based on subcel-
lular component delivery for AKI, some unexplored challenges still
need to be solved before achieving a routine application in clinical
settings. First of all, there still exist doubts on whether subcellu-
lar component delivery is self-sufficient for the repair or requires
synergistic release of other paracrine effects, although one study
indicated that these two processes work independently from each
other.”® Furthermore, the optimum donor type, dose, packaging and
development of delivery methods also remain as unanswered ques-
tions for medical intervention. Last but not least, the dangers of de-
veloping adverse effects should always be kept in mind.

In conclusion, current studies indicate that the phenomenon
of subcellular component delivery is consistent with the beneficial
effects of MSC-based therapies seen on kidney recovery in animal
models of AKIl. We look forward to the application of MSC-based
therapies in the clinic, whereas a better understanding of the patho-
physiology of AKI and a complete clarification of the mechanisms
underlying the protective effects for MSC-based therapies may fur-
ther contribute significantly in improving the outcome in patients
with AKI.
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