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Abstract

Mesenchymal stem cells are currently considered as a
promising tool for therapeutic application in acute kid-
ney injury (AKI) management. AKI is characterized by
acute tubular injury with rapid loss of renal function.
After AKI, inflammation, oxidative stress and exces-
sive deposition of extracellular matrix are the molecu-
lar events that ultimately cause the end-stage renal
disease. Despite numerous improvement of supportive
therapy, the mortality and morbidity among patients
remain high. Therefore, exploring novel therapeutic op-
tions to treat AKI is mandatory. Numerous evidence in
animal models has demonstrated the capability of mes-
enchymal stem cells (MSCs) to restore kidney function
after induced kidney injury. After infusion, MSCs engraft
in the injured tissue and release soluble factors and
microvesicles that promote cell survival and tissue re-
pairing. Indeed, the main mechanism of action of MSCs
in tissue regeneration is the paracrine/endocrine secre-
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tion of bioactive molecules. MSCs can be isolated from
several tissues, including bone marrow, adipose tissue,
and blood cord; pre-treatment procedures to improve
MSCs homing and their paracrine function have been
also described. This review will focus on the application
of cell therapy in AKI and it will summarize preclinical
studies in animal models and clinical trials currently
ongoing about the use of mesenchymal stem cells after
AKI.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
Key words: Mesenchymal stem cells; Paracrine; Soluble

factors; Microvesicle; Acute kidney injury; Regenerative
medicine; Preclinical; Clinical trial

Core tip: Mesenchymal stem cells (MSCs) may have an
important therapeutic potential in acute kidney injury
management. A body of evidence has demonstrated
that MSCs act through a paracrine/endocrine secretion
of soluble factors and microvesicles. We summarize
preclinical studies and ongoing clinical trials that evalu-
ate the role of MSCs in restoring kidney function. We
critically explain the current concerns about the use of
MSCs and microvesicles that limit their applications in
clinical trials. Then, we propose the future directions
that could lead to extend MSCs use in humans.
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INTRODUCTION

Acute kidney injury (AKI) is a complex clinical syndrome
that affects up to 20% of hospitalized patients. Ischemia/
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Figure 1 Therapeutic potential of mesenchymal stem cells and their derivatives. MSCs: Mesenchymal stem cells; GDNF: Glial derived-cell line neurotrophic fac-

tor; VEGF: Vascular endothelial growth factor.

reperfusion injury (IRI) is a major cause of AKI, and it is
characterized by acute tubular injury and rapid renal dys-
function, generally caused by ischemic or toxic insults"”.
The kidney undergoing IRI presents an extensive and
complex inflammatory/oxidative stress response, that may
result in fibroblast proliferation and excessive deposition
of extracellular matrix and has been recognized as a major
contributor to end-stage kidney disease”. Although many
efforts have been made to deal with this problem, such
as new drugs and modern dialysis techniques, innovative
interventions beyond supportive therapy are not avail-
able yet; therefore, a potent therapeutic intervention for
ischemia AKI is imperative. In recent years, a promising
approach to manage renal IRI is the use of mesenchymal
stem cells (MSCs). Their use in treating different kind
of diseases as immunological, vascular, cardiac and renal
diseases has been extensively explored[6’7]. MSCs can be
isolated from various sources, such as bone marrow or
adipose tissue, but other organs have their own niches
of MSC-like cells, such as the kidney. Besides their broad
distribution in the body and an easy isolation, the interest
in MSC was originally raised by their capacity to differenti-
ate into other cell types, suggesting that they could be a
source of healthy cells to repair/replace injured tissue'”.,
There is evidence from both 7 vitro studies and animal
models of AKI that MSCs can promote regenerative
responses in the injured kidney, leading to tissue repair
and improvement of renal function”"". These beneficial
effects have been initially ascribed to the trans-differen-
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tiation of MSCs into organ specific cells. However, at
least in the kidney, this is a very rare event and the kidney-
protective effects of MSCs have been attributed mainly
to paracrine mechanisms" . This review will focus on the
application of cell therapy in AKI, and it will summarize
the recent preclinical and clinical results about the use of

MSCs in renal IRI (Figure 1).

THERAPEUTIC POTENTIAL OF
MESENCHYMAL STEM CELLS

Mesenchymal stem cells are undifferentiated adult stem
cells derived from mesodermal embryonic layer that can
differentiate into a broad range of different mesenchy-
mal tissues, including cartilage, bone, muscle, stroma, fat,
tendon, and other connective tissues' . These cells have
been originally isolated from bone marrow where they
regulate the self-renewal, maturation and recruitment
of hematopoietic stem cells to vascular compartmentm,
thanks to their peculiar property to adhere to tissue cul-
ture plasric“SJ. MSCs are able to i vitro differentiate into
cells of mesodermal lineages, such as adipocytes, chon-
drocytes and osteocytes by the exposure to appropriate
conditioning media. A variety of protocols for isolation
and expansion are currently used to prepare mesenchy-
mal stem cells for preclinical and clinical use. However,
the International Society for Cellular Therapy has identi-
fied some potential biomarkers useful to fully characterize
MSCs, including the surface antigens CD105, CD73 and

November 26, 2014 | Volume 6 | Issue 5 |



Bianchi F et a/. Mesenchymal stem cells in AKI

CD90, and the lack of the hematopoietic markers CD34,
CD45, CD14 or CD11, CD79¢ or CD19, and HLS class
el

Other sources of MSCs are the blood cord and the
adipose tissue. Blood cord MSCs have characteristics and
immune phenotype similar to BM MSCs, but a differen-
tiating potential limited to osteocytes and chondrocytes
while MSCs from adipose tissue have more potent anti-
inflammatory and immune-modulatory properties than
BM MSCs'"!. MSCs from adipose tissue can be easily
prepared after non-invasive liposuction according to the
guidelines of International Federation of Adipose Thera-
peutics e International Society for Cellular Therapy“sl
that has appositely proposed a document to standardize
international parameters to use MSC from adipose tissue
in preclinical and clinical use. This attempt to standard-
ize the use of MSC in biomedical research is pivotal and
should be extended to other sources of MSCs in order
to promptly define functional and qualitative criteria for
these cells. Indeed, the heterogeneity of protocols of
isolation and expansion has the results that investigators
have used MSCs with different properties without fre-
quently being aware of these differences"”. The use to
record in process data during MSCs preparation and the
availability of this information in the supplemental mate-
rial could be useful to partially overcome the problem
and optimize the comparison among different studies.

MECHANISMS OF RENOPROTECTION IN
AKI MODELS: THE PARACRINE ACTIVITY
OF MSC

It has widely documented that extra-renal MSCs con-
tribute to kidney repair after injury. Interestingly, reno-

protection detives from a paracrine/endoctine secretion
of bioactive factors and exosomes™ ™ and not from
direct homing the injured tissue by MSCs. The infusion
of MSCs in AKI animal models has demonstrated that
few cells are able to engraft the damaged renal tissue and
are preferentially localized into the peritubular and, less
frequently, in the tubular epithelium'™?". Although the
cellular scarcity, the regenerative outcomes in terms of
functional restoring and animal survival are evident, thus
supporting the notion that MSCs act through a trans-
differentiation- independent mechanism™. The evidence
of paractine/endoctine secretion of bioactive factors to
recover renal function has achieved in mice injected with
cisplatin to generate tubular injury and apoptosis. When
a conditioned medium from BM-SC culture was injected
with intraperitoneal administration in these mice, tubular
cell apoptosis diminished, survival increased, and renal
injury improved, as well as when MSCs were directly in-
jectedm. Interestingly, similar results have been obtained
in an 7 vitro model of AKI with a conditioned medium
produced by genetically modified MSCs. MSCs were ma-
nipulated to over-express Lnc2; the conditioned medium
produced from these cells was used to treat that cisplatin
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treated HEK 293 kidney cells in which it prevented apop-
tosis and increased the expression of growth factors, thus
ameliorating and repairing injured cells™”.

MSCs secrete a number of factors, including VEGE,
HGF, IGF-1, adrenomedullin, SDF-1, that exert anti-
apoptotic, mitogenic, vasoprotective, and angiogenic
actions in AKI. In particular, it seems that a pivotal role
in kidney regeneration is played by VEGF and IGF1.
VEGTF knock out mice and IGF1 silencing models show
limited renal function restoring and tubular repair after
injury[zs’zgl. Chemotactic factors, including the SDF1-
CRCX4 axis and CD44 interacting with hyaluronic acid,
are important during MSC engraftment: BM-MSC isolat-
ed from CD44 KO mice lost the ability to migrate in the
injured kidney and failed to improve the functional and
morphological recovery of acute renal failure induced by
glycerol treatment”.

Several molecular strategies to improve MSC homing
into the injured renal tissue have been exploited in order
to maximize the paracrine action of MSC in the site of
injury. Pre-treatment with growth factor and cytokines,
or genetic modifications seem the most promising tech-
niques. Retroviral transduction of MSCs to overexpress
the homing receptors CRCX4 or serine protease kallikrein
improves renal function recovery and enhances the pro-
tective anti-inflammatory action in ischemic injured kid-
ney”. IGF1 preconditioning before infusion increases
the expression of IGF1 and CRCX4 in BM-MSCs and
improves cellular migration and renal functional restor-
ing after AKI"". The glial derived-cell line neurotrophic
factor (GDNF) favors the up-regulation of CD44/HA
axis and CRCX4, and the release of 1.6, VEGE, SDF1 in
cultured human amniotic fluid stem cells. After infusion
in AKI animal models, these preconditioned cells show
enhanced paracrine activity and improved renoprotec-
tion capacity[33]. Pre-treatment with melatonin ameliorates
survival, mitogenic and angiogenic properties of rat BM-
MSCs, up-regulating the expression of HGF and bFGF
and anti-oxidant enzymesm. The hyaluronan monoesters
with butyric acid (HB) show significant properties to in-
duce metanephric differentiation, formation of capillary-
like structures, and secretion of angiogenic cytokines
vitro. In vivo infusion of human mesenchymal stem cells
from fetal membranes (FMhMSCs) in AKI rat models
after pre-treatment with HB reduces inflaimmation and
accelerates renal function recoverym]. In addition to
MSCs treatment, other molecules, such as NGAL, should
be used to regulate the immune response to inflamma-
tion and facilitate renal functioningm. The combined
intravenous administration of bone marrow MSC and
muscone in rat with gentamycin induced AKI induces the
expression of CXCR7 and CRCX4 on cell surface, thus
promoting migration and proliferation of MSCsP™,

All these preclinical murine models offer the proof
of concept that the use of MSCs in the management of
acute renal failure is rational and feasible. Before imple-
menting clinical studies, it is important to validate the
model and standardize some parameters to facilitate the

November 26, 2014 | Volume 6 | Issue 5 |



comparison among different protocols of MSCs applica-
tion. Firstly, it could be important to determine the better
route of MSCs administration. The direct comparison
of the administration through the tail vein, carotid ar-
tety or renal artery has demonstrated that an injection
of 10” cells in the renal artery of rat results in a greater
improvement of renal function and morphology than
those obtained with the other administration routes”.
Secondarily, the choice of MSC source is another issue
that has to be solved. Bone marrow is the most common
source of MSC in preclinical studies, but the use of stem
cells from other tissues is also reported. KaSzuno ez al”
have compared the regenerative potential of human MSC
derived from adipose tissue or bone marrow and cultured
in vitro in presence of high serum or low serum. In rat
AKI model, only MSCs derived from adipose tissue and
cultured in low serum condition have ameliorated AKI
via HGF- mediated paracrine effect™. CD133(+) renal
progenitors from the human inner medulla has been
compared with bone marrow derived cells in glycerol in-
duced tubular damage model. CD133(+) progenitor cells
promoted the recovery of renal function, preventing tu-
bular cell necrosis and stimulating resident cell prolifera-
tion and survival, similatly to mesenchymal stem cells™™’.
Therefore, the choice of MSCs or, more generally, stem
cells is critical to implement the use of cell-based proto-
col in regenerative medicine. The feasibility of cell-based
protocol is strictly dependent on the procedure to obtain
and amplify stem cells. In this contest, the possibility to
recover MSCs from adipose tissue after liposuction seems
to be favorable because the procedure is inexpensive and
non-invasive. Another point to fix is the use of autolo-
gous or allogeneic cells. T6gel ez al*" have compared the
outcomes in terms of renoprotection after injecting in
rat AKI model autologous or allogeneic bone marrow
stromal cells. Identical doses of autologous MSCs were
more effective than allogeneic, but both autologous and
allogeneic cells were able to reduce late renal fibrosis and
loss of renal function in surviving animals™. However,
some factors, such as age or systemic disease, may influ-
ence and lessen the regenerative potential of autologous
MSCs, therefore it is important to assess patient’s suitabil-
ity for autologous transplantation. Bone marrow MSCs
from remnant rat with chronic renal disease showed no
benefit in healing glomerular lesions and exhibited cel-
lular modifications and other deficit 7z vivo, likely due to
cellular senescence!™

Therefore, even if some preliminary evidence is avail-
able in terms of safety and protocol validation, further
studies are required to meet the quality and safety criteria
for the use of MSCs in humans.
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from stem cells and are particularly enriched in certain
molecules, including adhesion molecules, membrane
trafficking molecules, cytoskeleton molecules, heat-
shock proteins, cytoplasmic enzymes, signal transduc-
tion proteins and, importantly, functional mRNAs and
microRNAs. Their role iz vivo may be related to cell-to-
cell communication and to proteins and RNAs exchange
among cells both locally and at distance™. The discovery
of mRNAs and miRNAs in exosomes foreshadows an
important new direction for their application as delivery
vehicles for therapeutics. I vitro and in vivo experiments
have demonstrated that MVs released by BM MSC ac-
tivate proliferation in tubular epithelial cells and restore
renal function after glycerol-induced injury. This re-
generative activity is related to the presence of specific
mRNAs that encode proteins responsible for controlling
proliferation, transcription and immune responsew. MVs
intravenously injected in rat immediately after inducing
ischemic- reperfusion injury reduced apoptosis and in-
creased cellular proliferation of tubular cells. Inactivation
of MV cargos with RNAase determined the lack of pro-
tective effects™. Multiple injections of MVs in cisplatin-
induced lethal model of AKI SCID mice reduced mor-
tality and produced a normal histological phenotype with
normal renal function in surviving animals"’. The analy-
sis of bio-distribution and renal localization of MVs has
demonstrated that MVs accumulated specifically in the
kidneys of the mice with AKI compared with the healthy
controls. Two different protocols have been used to dye
MVs: the near infra-red dye was added to cell culture me-
dium or MVs were stained after purification. Interesting-
ly, the signal generated by the labeled MVs produced by
cells was more specific for the injured tissue than those
from directly labeled MVs® A therapeutic effect in renal
ischemia-reperfusion injury has been shown also by MVs
derived from human Wharton-Jelly MSCs. Indeed, a sin-
gle administration of these MVs in rat immediately after
inducing AKI reduced inflaimmation, and, as long-term
outcome, improved renal function and decreased fibro-
sis'™. The mechanism of action of Wharton-Jelly MSC
derived MVs has not been completely elucidated, but it
has been observed that these MVs mitigated the oxidative
stress and declined NOX2 expression and reactive oxy-
gen species generation[so]. A further source of MVs with
renoprotective activity is the kidney mesenchymal stem
cells (IKMSC). These microparticles were isolated from
the supernatants of KMSC cultured in anoxic conditions
in serum-deprived media for 24 h; when injected in mice
with acute renal ischemia, they significantly improved
renal function, favoring endothelial cells proliferation and
ameliorating peritubular microvascular rarefaction”".

POTENTIAL APPLICATION OF
MICROVESICLES TO AKI

Recently, several groups have demonstrated the potent

therapeutic activity of microvesicles (MVs), termed as
exosomes and shedding vesicles™. MVs are released
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USE OF MSC IN CLINICAL TRIALS
AGAINST AKI

The interesting results obtained in preclinical studies
prompt to the translation of MSC-based treatments into
humans, although the clinical studies are still limited (Ta-
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Table 1 Clinical studies on the application of mesenchymal stem cells in acute kidney injury

Study Phase Aim Enrolled patients Status

NCT00733876 Phase1 To determine the safety of the administration of allogeneic MSCs at defined doses in 15 Completed"™”
patients with high risk of developing AKI after undergoing on-pump cardiac surgery

NCT01275612 Phase1 To test the feasibility and safety of systemic infusion of donor ex-vivo expanded 3 (estimated Ongoing and

MSCs to repair kidney and improve function in patients with solid organ cancers

enrollment 9 patients) recruiting patients

who develop acute renal failure after chemotherapy with cisplatin

NCT01602328 Phase 2

To evaluate kidney recovery after a single injection of allogeneic bone marrow

156 Terminated

derived MSCs in patients who experience kidney injury within 48 h of their cardiac

surgery

MSCs: Mesenchymal stem cells; AKI: Acute kidney injury.

ble 1). A phase I clinical trial (NCT00733876) has been
designed to determine if the administration of allogeneic
MSCs at defined doses is safe in patients who are at high
risk of developing AKI after undergoing on-pump car-
diac surgery. Preliminary data shown that kidney function
is preserved up to 16 mo and that none of the patients
required dialysis. Any therapy-related adverse events were
noted in these patients[szl. The explorative study (phase )
on three patients who have developed acute renal failure
after cisplatin treatment for solid cancer has demon-
strated that intravenous infusion of autologous ex-vivo ex-
panded MSCs improves renal function and the procedure
1s safe (NCT 01275612). Another phase II trial INCT
01602328) to assess human MSC safety and efficacy in
patients that develop AKI after cardiac surgery is ongo-
ing with 156 patients enrolled. The results from these
clinical studies will clarify the potential of mesenchymal
stem cells in AKI management. An overall view of the
preliminary results currently available confirm the safety
of the treatment, but other data are required to assess
clinical benefit and long term safety. Up to date, none
clinical study on microvescicles and AKI is ongoing.

CONCLUSION

The use of MSC for AKI therapy is encouraging and is
generally considered as safe. The experience from the

increasing use of mesenchymal stem cells before or after
renal transplant will furnish important suggestions to im-
plement other clinical protocols with MSC in acute kid-
ney injury. However, some concerns about the use of liv-
ing cells should keep in account. In progressive rat model
of glomerulonephritis, intrarenal injection of MSCs ini-
tially ameliorated acute renal failure; however, long-term
examination has demonstrates that approximately 20%
of the glomeruli of MSC-treated rats contained single or
clusters of large adipocytes with pronounced surround-
ing fibrosis, thus indicating an abnormal and detrimental
adipogenic differentiation of MSC™”.

MVs should be evaluated as a possible alternative of
living MSCs. The delivery and internalization of MVs are
receptor- mediated and targeted within specific cells and
MVs may contain biological macromolecules that can
be protected from degradation enzymes of plasma and
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tissue. Before moving to clinical trials, some important
issues should be addressed, especially in terms of safety.
Large scale production of MVs should be validated and
optimized before clinical use; bio-distribution and phar-
macokinetic properties should be determined and also
long-term safety in animal models has to be tested before
implementation in humans. Finally, the use of soluble
factors that are released from MSCs for renoprotection
may be pursued. Efficacy and safety assays are required
to validate the quantitative and qualitative composition
of mix of soluble factors to achieve functional restoring
after acute renal injury.

Based on promising preliminary results in animal
models and in ongoing preclinical studies, mesenchymal
stem cells and their derivatives represent a potential ther-
apeutic intervention to treat AKI.
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