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Abstract: Acute kidney injury (AKI) is the rapid onset of decreased kidney function that ultimately increases mortality
and morbidity. Stem cell research is a promising avenue for curative and preventative therapies of kidney injury,
however, there are many types of stem cells under investigation. Currently there is no research to compare the value
of one stem cell method over another. Induced pluripotent stem cells (iPSCs) and spermatogonial stem cells (SSCs)
have been shown to differentiate into renal cells, though further clinical research is needed to fully explore potential
therapeutic strategies. Mesenchymal stem cells (MSCs) have long been investigated in the preclinical setting and
have recently been successful in Phase | clinical trials. MSCs may represent a promising new therapeutic approach
to treat AKI as they demonstrate renoprotective effects post-injury via the secretion of promitotic, anti-apoptotic,
anti-inflammatory, and immunomodulatory factors. Given the most current research, MSCs appear to offer a promis-
ing course of treatment for AKI.
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Introduction

Acute kidney injury (AKI), previously known as
acute renal failure (ARF), is defined by the rapid
onset of decreased excretory function [1]. The
stage of AKI is based on increased serum cre-
atinine levels concurrent with decreased urine
output [2]. Patients that have suffered from AKI
have long struggled with diminishing health
and increased mortality upon diagnosis. Risk of
AKl increases with age and uncontrolled diabe-
tes mellitus and often develops without pre-
existing kidney issues. Increases in severity of
AKIl and number of episodes are associated
with an increased risk of Chronic Kidney
Disease (CKD). Drug therapies have had limited
success and sustainability in the clinical field,
which highlights a dire need for curative treat-
ment options, such as stem cell based kidney
repair [3].

Stem cells are described by their self-renewal
abilities and the capability to develop into vari-
ous functional cells. There are four classes of
developmental potential among stem cells.

Totipotent cells are the most versatile, as they
can develop into any cell of an organism, includ-
ing extraembryonic tissues. Pluripotent cells,
such as embryonic stem cells, can develop into
all cell types in the body of an organism but not
into extraembryonic tissues, such as the pla-
centa. Multipotent cells give rise to cells of a
specific lineage, for example mesenchymal
stem cells give rise to skeletal tissues. Adult
stem cells, umbilical cord stem cells, and mes-
enchymal stem cells are all examples of multi-
potent cell types. Unipotent stem cells are the
most restricted in their potency and can only
form one cell type [4].

Induced pluripotent stem cells (iPSCs) are
derived from a patient’s tissue and induced into
pluripotency. The most common and successful
method to inducing pluripotency is through viral
vectors, which raises questions as to the dan-
gers associated with using the cells in clinical
treatments [5]. Spermatogonial stem cells
(SSCs), found in the male testis, are unipotent
stem cell lines. When cultured in vitro, embry-
onic like stem cells can be isolated from SSC
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cultures [6]. Experiments on SSCs regarding
AKIl therapy are in the beginning stages and as
such there is limited research into the efficacy
of the approach.

The majority of research on the therapeutic
advantages of stem cell therapies surround
mesenchymal stem cells (MSCs). MSCs are
derived from nonhematopoietic precursors and
have the capacity to differentiate into mesen-
chymal lineages in vitro. MSC therapy has
already proven effective in reducing AKI in
experimental models. Clinical trials are indica-
tive that MSC infusion provides no serious
threat to the patient and more importantly that
it prevented postoperative renal failure [7].

Here, we compare the three different stem cell
therapeutic models to establish which venue
provides the most promising therapeutic bene-
fits for AKI. The success with MSC therapy, in
both preclinical and clinical studies, suggests it
will be a viable treatment option in the near
future. SSC and iPSC therapies are in the early
pre-clinical stages of research but the recent
data suggests that continued investigation will
unveil SSCs and iPSCs as alternative therapeu-
tic agents.

Induced pluripotent stem cells

Among the different types of stem cells cur-
rently under investigation for therapeutic strat-
egies, induced pluripotent stem cells (iPSCs)
possess great potential for application in organ
regeneration. Organs such as the kidney have
long been thought to lack regenerative proper-
ties and have thus proved extremely difficult to
repair once permanent damage, such as from
AKI, has been inflicted. Embryonic as well as
adult stem cells have pluripotent properties;
however, embryonic stem cell research is often
met with ethical dilemmas and adult stem cells
are not sufficient to repair acute renal injury.
iPSCs are unique in that differentiated adult
cells are induced into a pluripotent state
through exposure to certain reprogramming
factors. If iPSCs can be used for organ regen-
eration, the need for organ transplantation as
well as the use of immunosuppressant drugs
can be avoided because new organs could be
generated from a patient’s own cells [5].

One method used to generate iPSCs is through
non-integrative viral vectors. Previous studies
have experienced difficulties in controlling copy

number and complete incorporation when the
vector integrated into the genome. Alternatively,
adult cells can be induced to a pluripotent state
using non-integrative viral vectors that tran-
siently express the reprogramming factors. Xia
et al. used this method with human fibroblasts
and successfully generated cells with pluripo-
tency markers. The iPSCs were primed for a
ureteric bud progenitor-like fate with a 4-day
protocol during which cells were directed
toward a mesodermal fate with bone morpho-
genic protein 4 (BMP-4) and basic fibroblast
growth factor (FGF-2). A combination of retinoic
acid, activin A, and BMP-2 further specified the
cells to intermediate mesoderm and renal-like
lineages. Xia and colleagues used the expres-
sion of specific cell markers to positively iden-
tify the cells as renal-like populations. In order
to identify the precise renal lineage to which
the cells were directed, the mRNA expression
of the induced cells was examined and found to
closely resemble the expression profile of ure-
teric bud progenitor cells. Following the initial
differentiation, murine embryonic metanephric
mesenchyme cells provided the developmental
cues that facilitated the formation of the iPSC-
derived ureteric bud progenitor cells into actual
ureteric bud structures. Furthermore, Xia et al.
generated iPSCs from a patient with polycystic
kidney disease (PKD). Using a combination of a
three-dimensional culture system and mouse
mesenchyme cells, this team successfully cre-
ated patient-derived ureteric bud structures.
Although this study used PKD-iPSCs, this proto-
col for renal differentiation can be applied to
the study of other kidney-related disorders,
including AKI [8].

AKIl is frequently characterized by damage and
the subsequent loss of glomerular podocytes.
These complex and specialized cells play an
important role in glomerular filtration so the
destruction of such cells quickly results in
impaired renal function. Unlike the ureteric bud
progenitors previously discussed, podocytes
are derived from metanephric mesenchyme,
and therefore require different factors to drive
correct specification. iPSCs can be directed to
a podocyte progenitor fate with activin A, BMP-
7, and retinoic acid in a suspension culture.
After a 10-day incubation, the iPSCs success-
fully differentiated into podocyte progenitors
with cell morphology of primary human podo-
cytes but also a capacity for proliferation. The
podocytes derived from iPSCs exhibit the com-
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plex cell morphology of adult podocytes, includ-
ing not only the primary pedicels but secondary
and tertiary foot projections as well. Beyond the
histological appearance of the iPSC-derived
podocytes, the cells generated by Song et al.
also expressed podocyte-specific cell markers
such as podocin and synapodin. In contrast to
primary podocytes that are quiescent in cul-
ture, iPSC-derived podocytes maintained prolif-
eration for 3 months, a promising finding for
potential organ regeneration. The podocytes
generated from iPSCs also exhibited a contrac-
tile response to angiotensin Il and albumin
uptake, similar to normally functioning human
podocytes. Using murine embryonic kidneys,
iPSC podocytes incorporated into the develop-
ing kidney particularly in regions of nephrogen-
esis . The results of this study show the poten-
tial for iPSC-derived kidney cells to both attain
the same functionality as primary renal cells as
well as integrate into previously existing renal
tissue [9].

Thatava et al. [10] furthered the research in
iPSC therapy for renal diseases by investigating
the generation of iPSCs from patients with poly-
cystic kidney disease, Wilm’s tumor, and sys-
temic lupus erythematosus. Skin biopsies pro-
vided keratinocytes that were subsequently
induced to a pluripotent state with lentiviral
vectors expressing reprogramming factors
0OCT4, SOX2, KLF4, and ¢c-MYC. The iPSC popu-
lations grown in culture expressed cell markers
similar to those of embryonic stem cells and
were able to differentiate into each of the three
germ layers confirming the induction of pluripo-
tency. The proliferative abilities of the cells
were further verified in vivo after injection into
SCID-Beige mice produced teratomas within 3
to 5 months. The successful production of dis-
ease and patient specific iPSC lines provides
future opportunities for both disease pathogen-
esis studies at the cellular level in addition to
kidney replacement therapy without the use of
a transplant donor or immunosuppressants
[10]. There is still much research to be done,
however, before iPSCs can effectively and effi-
ciently be used for autologous cell or organ
replacement.

As seen in several of the previously discussed
studies, one of the reprogramming factors fre-
quently used in the generation of iPSCs is
c-Myc, a gene that plays an important role in
cell proliferation and apoptosis. Because c-Myc

is a known oncogene that may contribute to
tumor development, c-Myc expression is a con-
cerning factor when iPSCs are explored as ther-
apeutic agents for renal injury. Lee et al. inves-
tigated the efficacy of iPSCs without exogenous
c-Myc as a mechanism for repair and regenera-
tion of renal tissue in AKI. Ischemia and inflam-
mation are two of the most common mecha-
nisms that lead to AKI. iPSCs may be a safe and
effective means to repair renal tissue damaged
in such a way because iPSCs have been found
to suppress intracellular reactive oxygen spe-
cies and reduce inflammatory cytokines. Lee et
al. [3] found that iPSCs created without c-Myc
both improved renal function and renal tubular
injury as well as eliminated post-transplanta-
tion tumorigenesis. Similar to the previous
studies discussed, the success of iPSC genera-
tion was confirmed by the expression of pluripo-
tency cell markers and the cells’ ability to dif-
ferentiate into endodermal, mesodermal, and
ectodermal lineages. The ability of the iPSCs to
attenuate the damaging effects of ischemia-
induced AKI was tested by measuring the blood
urea nitrogen (BUN) and creatinine levels of
rats with AKI following intrarterial, intraperito-
neal, and intravenous administration of the
iPSCs [3]. Furthermore, after iPSC transplanta-
tion, there was a reduction in macrophage pro-
liferation and oxidative stress in the renal tis-
sue. Overall, the survival rates in rats with AKI
was significantly increased and renal function
improved, indicating iPSC transplantation as a
potential therapeutic agent for AKI [3].

Spermatogonial stem cells

Spermatogonial stem cells (SSC) differentiate
to produce sperm throughout the life of a male
[11]. These cells are considered unipotent in
vivo but recent studies have established the
ability to dedifferentiate into pluripotent cell
lines. SSCs can be cultured long term while
maintaining their integrity and under specific
conditions can spontaneously convert into
embryonic like stem cells (GPSCs). Unlike
iPSCs, no reprogramming factors are neces-
sary which reduces the limitations on therapeu-
tic benefits [12]. When cultured with leukemia
inhibitory factor or when grown on mitomycin-C
treated mouse embryonic fibroblasts, embry-
onic stem cell like colonies grew from sper-
matogonial stem cells isolated from mouse
adult male testis. Isolation and expansion of
these colonies were maintained for over 30

Am J Stem Cells 2016;5(1):1-10



Stem cell therapy for AKI

generations. The GPSCs differentiated into all
three germ layers from an embryoid body. The
pluripotency was further confirmed by forma-
tion of teratomas in live mice [13].

The induced pluripotent ability of SSCs offer
therapeutic potential and the ability of SSCs to
differentiate into renal parenchymal cells has
been established. Mouse spermatogonial stem
cells transplanted into female mice kidneys
developed into mature renal cells. The matura-
tion into renal tubule epithelial cells and glo-
merular podocytes was shown by the expres-
sion of Y chromosome. Though the exact mech-
anism remains unknown, the ability of sper-
matogonial stem cells to transform into renal
parenchyma provides promising therapeutic
potential in the treatment of AKI [14].

A second study was recently conducted in
which GPSCs differentiated into functional
renal tubular like cells (GTC). During differentia-
tion, GPSCs underwent tubulogenesis, stimu-
lated by type IV collagen and epidermal growth
factor. The presence of tight junctions estab-
lished functionality of the GTCs and the lack of
teratoma formation after GTC injection into
mouse kidneys exhibited full differentiation.
Induced renal injury (IRl) models were used
based on a unilateral nephrectomy and subse-
quent kidney ischemia to assess GTC protec-
tive abilities against AKI. Mice that received
GTC injections presented with marked reduc-
tions in serum creatinine levels compared to
mice receiving a saline injection. Since creati-
nine levels are a marker for kidney function, the
decreased levels indicate an improvement in
kidney function. Histologic analysis of the isch-
emic kidney showed a lower number of necrotic
tubules and therefore a reduction in tissue
damage. There was even an elevation in protec-
tive enzyme levels in the GTC treated mice.
These experiments established the ability of
cells ultimately derived from spermatogonial
stem cells to terminally differentiate into func-
tional renal tubular like cells and restore kidney
function following ischemic insult [12].

Studies have also confirmed the ability of
human SSC to spontaneously differentiate into
human embryonic like cells under specific cul-
ture conditions. The human embryonic like cells
expressed high levels of human ESC markers.
The human embryonic like cells formed embry-
oid bodies in culture which were further suc-

cessful in differentiating into each of the three
primary germ layers [15, 16]. In two separate
studies, large teratomas were not formed from
injection of human embryonic stem like cells
into mice [15, 16]. This differs from the inclina-
tion of human ES cells and iPS cells to form
teratomas.

SSCs provide a promising venue for the future.
The ability to spontaneously convertinto embry-
onic like cells without genetic modification sug-
gests they may be a better venue than iPSCs.
The lack of large teratoma formation with an
ability to ultimately differentiate into all three
primary germ layers also presents therapeutic
benefits. More research is needed to confirm
the abilities of SSCs via GTCs to restore kidney
function after insult, but preliminary research
in mouse models, in addition to the established
success of SSC to differentiate into renal paren-
chymal cells is a step toward developing an effi-
cient therapeutic approach for AKI.

Mesenchymal stem cells (MSC)

Mesenchymal stem cells (MSCs) are adult, non-
hematopoietic precursor cells derived most
commonly from bone marrow, but can also be
derived from a variety of tissues such as umbili-
cal cord blood, fetal membrane, and adipose
tissue. MSCs are multipotent, meaning they
can differentiate into more than one cell type,
but not all cell types. MSCs are derived from
the mesodermal germ layer and differentiate
into mesenchymal (osteoblasts, adipocytes,
and chondroblasts) as well as non mesenchy-
mal lineages [7]. Differentiation of MSCs into
specific cell types can be directed under cer-
tain culture conditions. MSCs are isolated from
a small sample of bone marrow and easily
expanded in vitro. Unlike embryonic stem cells
and iPSCs, MSCs are easily cultured and
expanded. Thus, MSCs are a practical option
for clinical therapies due to ease of prepara-
tion. MSCs remain among the top choices for
cellular based therapies due to their immuno-
modulatory properties which reduce inflamma-
tion and the potential to ameliorate autoimmu-
nity. The multitude of therapeutic factors
released by MSCs and their beneficial effects
are demonstrated in Figure 1 [17]. Given the
benefits of MSCs, they are currently undergoing
clinical trials for a multitude of human diseas-
es, including AKI.
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Figure 1. Model for paracrine actions of MSCs on the injured tubule. After an
acute kidney injury, injected MSCs home to injury sites and may be recruited
from endogenous niches (bone marrow or kidney) as well. MSCs bind to
glomerular and/or peritubular capillary endothelium and both protect the
kidney from further injury and accelerate repair. Paracrine mediators play
important roles in repair, including VEGF, IGF, HGF, PGE,, and other soluble
factors that exert mitogenic, antiapoptotic, proangiogenic and anti-inflam-

matory effects [17].

Paracrine and endocrine effects of MSC

It was originally believed that MSCs provided a
therapeutic basis for regeneration by engraft-
ing at the site of injury via transdifferentiation-
the ability of adult stem cells of one lineage to
differentiate into a different cell type, in this
case renal parenchymal cells. However, further
testing revealed that engraftment of MSCs to
the site of injury was very rare and therefore
was not likely to be the sole cause of regenera-
tion of after AKI [18]. This discovery led to the
idea that paracrine factors exerted by stem
cells, acting in conjunction with endocrine sig-
nals, were possible mechanisms of repair post-
injury [18]. MSCs secrete a wide variety of

cently been found to secrete
another substance, microvesi-
cles, which were shown to
exert anti-apoptotic effects,
thus aiding in cell survival
after injury. Microvesicles are
small particles released from
MSC in a paracrine fashion
that deliver messenger RNA
(mRNA), micro RNA, or pro-
teins that may function in
reprogramming injured cells or
promote secretion of cytopro-
tective factors [20]. Each of
these effects has been demonstrated in injury
models of various organ systems, such as
acute lung injury, acute kidney injury (AKI), and
acute brain injury. Bruno et al. investigated the
therapeutic effects of microvesicles derived
from MSCs in SCID mice upon injection of cis-
platin, a chemotherapy drug that is toxic to the
kidney and thus induces AKI. Cisplatin-injected
SCID mice received a single injection of mi-
crovesicles (siMV), multiple injections of mi-
crovesicles (miMV), and a control group with no
MSC-derived microvesicles injected. Microve-
sicles derived from MSCs reduced mortality of
cisplatin-injected mice. By day 21, the survival
rate in cisplatin-injected mice with siMV was
40% and from miMV was 80% with respect to
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the control group. Treatment with miMV was
significantly more effective than siMVs by day
21, indicating that microvesicles derived from
MSC aid in the AKI repair process, perhaps in a
dose-dependent manner.

Immunomodulation

Acute kidney injury can be caused by ischemia-
reperfusion, a process that begins with lack of
oxygen and nutrients traveling to tissue. When
blood flow is restored, oxidative stress and an
inflammatory response are triggered, leading to
damage and acute injury [21]. Upon insult,
macrophages and neutrophils migrate to dam-
aged tissue and release pro-inflammatory cyto-
kines, chemokines, and reactive oxygen spe-
cies. In addition, cells of the adaptive immune
response, natural killer cells, B and T lympho-
cytes, and mast cells are also present and take
part in the inflammatory response. This pro-
cess of ischemia-reperfusion can be simulated
in animal models to induce acute kidney injury
for further study.

Mesenchymal stem cells (MSCs) have the abili-
ty to travel to these inflammatory sites, making
stem cell therapy very promising for repair of
acute Kidney injury. Under normal physiological
circumstances, MSCs given intravenously will
often migrate to the bone marrow [22].
However, upon injury MSCs will migrate to the
damaged site. This homing capability is driven
by chemokines released from the damaged site
as well as the MSCs themselves. Pathways
include stromal cell-derived factor-1/CXCR4
and CD44 which are both up-regulated follow-
ing ischemic injury [23, 24]. Once at the site of
injury, MSCs can reprogram monocytes and
macrophages to shift from a pro-inflammatory
to anti-inflammatory state. This shift is associ-
ated with decreased levels of TNF-a, IL-1beta,
and interferon-y which in turn helps to reduce
the inflammatory response [25]. MSCs also
release a number of soluble factors to increase
anti-inflammatory activity including interleukin
1, interleukin 10, and prostaglandin E2.

Previous studies have reported on the anti-
inflammatory nature of PGE2 and its effects on
cytokines, such as IL-10. The immunosuppres-
sive properties of IL-10 dampen the effect of
immune cells, neutrophils and monocytes, to
reduce chemokine and cytokine production
and therefore, the inflammatory response.

Bone marrow MSC (BM-MSC) are capable of
triggering 1L-10 production by reprogramming
macrophages, leading to the aforementioned
anti-inflammatory response [26].

Tsuda et al. has verified this pathway by intro-
ducing an anti-IL.-10 antibody to MSC trans-
planted rats, which lessened the therapeutic
ability of MSC following ischemia-reperfusion
related injury. Other factors of the inflammatory
response at play in ischemia-reperfusion condi-
tions include monocyte chemotactic protein
(MCP-1 or CCL2) and IL-6. When treated with
fetal membrane MSC (FM-MSC), macrophage
infiltration has been shown to decrease, and
this may be due to FM-MSC ability to decrease
MCP-1 and IL-6 activity. FM-MSC treatment in
animal models with myocarditis has also
been shown to involve the adaptive immune
response, by reducing activation, proliferation,
and infiltration of T cells upon injury [27]. This
decline in T cell involvement provides further
evidence of MSC immunomodulatory capability
extending beyond the anti-inflammatory res-
ponse. This ability may transfer well from the
myocarditis model into therapeutic options for
AKI with further research.

Anti-apoptotic effects of MSC

Ischemia-reperfusion injuries leading to AKI
have been associated with accumulation of
reactive oxygen species (ROS) and apoptosis.
The process of ROS accumulation is referred to
as oxidative stress, which results in elevated
levels of free radicals that can be harmful to
tissues. Ischemia-reperfusion injury has been
shown to increase ROS levels, leading to
increased tissue damage. This process, cou-
pled with elevated apoptotic proteins, plays a
role in destroying renal tissue during AKI. MSC
treatment has been found to reduce oxidative
stress and apoptosis in animal models follow-
ing ischemia-reperfusion injury [21].

Anti-apoptotic pathways of MSCs have been
further elucidated in animal models undergoing
cisplatin-induced acute Kkidney injury. Intro-
duction of cisplatin into animal models can
cause AKI by triggering apoptotic pathways that
destroy tubular cells. Cisplatin injection decrea-
ses the levels of anti-apoptotic proteins like
Bcl-2 and increases pro-apoptotic proteins like
Bax. MSCs up-regulate Bcl-2 and down-regu-
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Table 1. Survival rates for saline (control), bone marrow-MSC,
and cord blood-MSC following cisplatin injection and subse-
quent damage. Saline treated cells had a O survival rate 7 days
after cisplatin injection. Bone marrow-MSC treated cells had a
50 survival rate, and cord blood-MSC had an 86 survival rate.
Table is adapted from Morigi 2013 [29]

Mesenchymal Stem Cells and Kidney Repair
Comparative effect of stem cells of different origin in experimental ARF
Blood Urea Nitrogen

Treatment (mg/dL) Renal Histology? Survival®
Saline >140 Damaged 0
Bone marrow-MSC 63+5 Preserved 50
Cord blood-MSC 58+ 7 Preserved 86

20n day 4 from cisplatin injection. "On day 7 from cisplatin injection.

CB-MSC, BM-MSC, and a saline
control were injected with cispla-
tin and survival of rats was mea-
sured 7 days following injection.
The survival of rats treated with
CB-MSC was 86, BM-MSC was
50, and saline control was 0 [25].
CB-MSC recorded increased ge-
ne expression for multiple fac-
tors of angiogenesis [31].

Conclusions

In recent years, there has been a

lates Bax, leading to an anti-apoptotic response
[28].

Clinical trials

Clinical data on MSC capacity to treat AKI dem-
onstrated very positive results, with patients
requiring a shorter hospital stay, decreased
chance of readmission, and prevention of fur-
ther renal damage. MSC treated cells demon-
strated a rise in proliferating cell nuclear anti-
gen (PCNA), a marker for regeneration, when
compared to control cells, as seen in Table 1
[29]. MSC treated cells also displayed a signifi-
cantly lower apoptotic index, as determined by
terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay, which mea-
sures the level of apoptotic proteins interleukin-
1B, tumor necrosis factor-a, interferon-y. The
increase in proliferative cells and decrease in
apoptotic proteins led to an overall lower kidney
injury score compared to control cells [30].

Alternatives to bone marrow-derived MSC

BM-MSC has shown promising results in both
preclinical and clinical studies with regards to
AKI treatment. However, BM-MSC collection is
relatively invasive and does not always provide
a large source of MSC, which poses potential
limitations on its usage. This has opened the
door to other potential stem cell options. Fetal
membrane MSC (FM-MSC), collected in a non-
invasive manner and in large quantities, have
been shown to provide promising protection
and treatment possibilities for AKI [27]. Another
alternative to BM-MSCs is cord blood-MSCs
(CB-MSC), which have shown greater survi-
val rates when compared to BM-MSCs [29].

multitude of research regarding

the application of stem cell ther-
apies for the treatment of acute kidney injury.
This paper addresses three different types of
stem cells (MSCs, iPSCs, and SSCs) that have
shown to be most promising for the develop-
ment of reparative and regenerative treatment
for AKI. The goal was to provide a summary of
the latest research regarding stem cell therapy
as supported by the current body of scientific
evidence. A concise summary of these findings
can be found in Table 2.

In regards to iPSCs, many of the recent studies
have established quick, safe, and effective pro-
tocols for inducing pluripotency in adult cells,
directed differentiation toward a renal cell lin-
eage, and used these cells to treat the damag-
ing effects of AKI. In addition, a variety of adult
cells types can be used for the generation of
iPSCs so harvesting methods are relatively
non-invasive and viable options to most indi-
viduals. One of the major concerns with iPSC
use, however, is that of teratoma formation.
One of the reprogramming factors used to
induce pluripotency is c-Myc, a known onco-
gene that can lead to tumorigenesis. Only one
study thus far has addressed this issue and
generated iPSCs without exogenous c-Myc.

Similarly, SSC-based therapies have been
found to have several positives and negatives
for the treatment of AKI. SSCs have shown very
limited teratoma formation and do not require
the reprogramming factors used in iPSCs to
reach a pluripotent state, bypassing one of the
major concerns associated with iPSC use.
These stem cells have also exhibited a relative-
ly long time frame of proliferation, allowing
for long-term culturing without deterioration.
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Table 2. Comparison of iPSCs, SSCs, and MSCs for treatment of AKI

Reprogramming  Differentiation into Kidney

Harvest Method . Pre-clinical Benefits Clinical Trial Results
Factors Progenitors
Induced Pluripotent Stem  Skin biopsy (provides kera- OCT-4, SOX-2, KLF-4, Ureteric bud cells and podocyte eReduced severity of AKI in rats None
Cells tinocytes and fibroblasts) and/or c-MYC eReduced macrophage proliferation in kidney
eReduced oxidative stress in kidney
Spermatogonial Stem Testis biopsy Not Applicable Epithelial cells of the renal tubule  eDifferentiate into functional renal tubular like cells None
Cells and podocytes (via human embry-  eAdministration to AKI rats reduced serum
onic like cells) creatinine levels and reduced necrotic tubules
Mesenchymal Stem Cells  Biopsy from bone mar- Not Applicable Renal parenchymal cells, glomeru- elmmunomodulatory and anti-inflammatory effects eReduced hospital stay
row, cord blood, or fetal lar and tubular epithelial cells, eAnti-apoptotic eDecreased readmission rates
membrane glomerular and tubular interstitial  eMitogenic ePrevention of further renal damage
cells el ower kidney injury score compared to control

A summary of the present research regarding stem cell-based therapies for acute kidney injury (AKI). Although many positive outcomes have been observed in pre-clinical settings for the use of spermatogonial stem cells (SSCs) and induced
pluripotent stem cells (iPSCs) in the treatment of AKI, the current body of research on mesenchymal stem cell (MSC) treatments is more robust. MSC-based therapies are the only stem cell therapies currently in Phase | clinical trials for the
treatment of AKI.
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Researchers have demonstrated the ability of
SSCs to differentiate into renal lineages, but
there has yet to be studies directly addressing
the therapeutic effects of human derived SSCs
for AKI. Furthermore, even though they can be
used in both genders, SSCs can only be har-
vested from male patients and require a fairly
invasive procedure.

Although both iPSCs and SSCs show great
promise as therapeutic agents for AKI, the
amount of research currently available is insuf-
ficient to make a definitive conclusion in favor
of one cell type or the other for treatment of
AKI. Additionally, the vast amount of research
that has been done on MSCs, up to Phase |
clinical trials, has led us to conclude that cur-
rently the best course of action for stem cell-
based treatment of AKI is MSC-derived therapy.
Currently ongoing Phase Il clinical trials will
likely expand upon the knowledge base of MSC-
derived therapies.

MSC therapies have shown multiple beneficial
outcomes including anti-inflammatory, mito-
genic, anti-apoptotic, and pro-angiogenic effe-
cts with no detrimental side effects thus far.
Additionally, MSCs can be cultivated from a
variety of sources. While bone marrow is the
most common source of MSCs, its collection is
relatively invasive, which has led to research
involving less invasive MSC sources from umbil-
ical cord blood and fetal membranes, both of
which show promising pre-clinical data for AKI
treatment. While all three forms of MSCs seem
to be very promising in treating ischemia injury,
further research is needed to determine which
type of MSCs are most beneficial for AKI and
other forms of acute organ injury. After consid-
ering the evidence regarding the three types of
stem cells included in this review (iPSCs, SSCs,
and MSCs), MSCs may offer the most promising
results in treatment of AKI, both preclinically
and clinically, and further research is likely to
yield exciting and encouraging results in the
field of stem cell regeneration.
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