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Abstract The kidney is a complex organ with more than 20
types of specialized cells that play an important role in main-
taining the body’s homeostasis. The epithelial tubular cell is
formed during embryonic development and has little prolifer-
ative capacity under physiological conditions, but after acute
injury the kidney does have regenerative capacity. However,
after repetitive or severe lesions, it may undergo a maladapta-
tion process that predisposes it to chronic kidney injury.
Regenerative medicine includes various repair and regenera-
tion techniques, and these have gained increasing attention in
the scientific literature. In the future, not only will these tech-
niques contribute to the repair and regeneration of the human
kidney, but probably also to the construction of an entire or-
gan. New mechanisms studied for kidney regeneration and
repair include circulating stem cells as mesenchymal
stromal/stem cells and their paracrine mechanisms of action;
renal progenitor stem cells; the leading role of tubular epithe-
lial cells in the tubular repair process; the study of zebrafish
larvae to understand the process of nephron development,
kidney scaffold and its repopulation; and, finally, the develop-
ment of organoids. This review elucidates where we are in
terms of current scientific knowledge regarding these mecha-
nisms and the promises of future scientific perspectives.
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Introduction

Successive episodes of renal injury or acute severe kidney
injury may increase the risk for the development of chron-
ic kidney disease (CKD) and the need for renal replace-
ment therapy (RRT). With this in mind, regenerative med-
icine is a promising field in the development of therapies
for kidney disease. Regenerative medicine is an interdis-
ciplinary area that can extend from restoring damaged
tissue to developing an entire organ. It is a promising area
of kidney disease treatment and kidney replacement ther-
apy and involves various strategies for the regeneration
and/or repair of an injured area, as well as the creation
of an entire kidney for organ transplantation, as listed
bellow.

1. Repair and regeneration of the kidney

a) Use of circulating stem cells: mesenchymal stem/
stromal cells (MSCs)

b) Use of MSC paracrine factors: growth factors, cyto-
kines, extracellular vesicles

¢) Study of the interaction of MSCs with resident stem/
progenitor cells: kidney progenitor stem cells (PSCs)

d) Study of tubular epithelial cell participation in repair/
regeneration

2. Rebuilding the entire organ for transplant

a) Zebrafish kidney development model to conduct hu-
man kidney regeneration
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b) Tissue bioengineering: repopulation of kidney scaf-
folds and development of organoids

This field is growing rapidly, which makes it increasingly
difficult to follow the different strategies and techniques ap-
plied in regeneration. Therefore, rather than depicting a spe-
cific method, in this review we focus on analyzing the main
strategies studied in kidney regenerative medicine to date and
discussing what remains to be done in terms of regenerative
medicine for kidney diseases.

Kidney repair and regeneration
Circulating stem cells: mesenchymal stromal cells

Therapy with stem cells is the most advanced regenerative
therapy strategy to date and the best investigated.
Nevertheless, some issues must be raised, as there are differ-
ences among the types of stem cells available for regenerative
therapy. Embryonic and pluripotent induced stem cells are
those with the most differentiation potency and they also seem
to have the greatest teratogenic capacity [1, 2]. Umbilical cord
or Wharton’s jelly stromal cells appear to have the highest
proliferative capacity, and they are not altered due to aging
or environmental stresses [3, 4]. However, bone marrow
MSCs are the most studied cell type at the present time and
probably the safest for use in clinical trials [5].

MSCs are cells which have the inherent ability to self-
renew and differentiate into cells of mesenchymal lineage.
They are obtained from the bone marrow, among other cells.
The minimum requirements for the characterization of MSCs
are the expression of CD (cluster of differentiation) 90, CD73,
and CD105 surface markers and the absence of expression of
CD45, CD34, CD11b, CD19, and HLA-DR markers. Other
criteria are the capacity to adhere to a plastic surface under
culture conditions and to differentiate into osteoblasts, adipo-
cytes, and chondrocytes [6, 7].

The number of publications on MSCs increase yearly.
Several clinical projects have already been carried out, includ-
ing those regarding the use of MSCs in the area of kidney
disease, as such studies are promising for future clinical appli-
cations [5]. MSCs have inherent homing and persistence abil-
ities at the site of injury. It is generally assumed that these stem
cells follow the same steps as those described for leukocyte
homing, including contact with the endothelium by tethering
and rolling, cellular activation mediated by membrane recep-
tors, and cellular arrest and transmigration [8]. The expression
of the membrane glycoprotein CD44 is important in MSCs at
all of these steps. Chemokine receptors involved in MSC ac-
tivation are the CXCR4 receptor, activated by SDF-1 (stromal
derived factor-1), and the VLA-4 receptor (very late antigen
4), formed through the binding of integrin 31 and &4, which
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interacts with vascular cell adhesion molecule 1 (VCAM-1)
[9].

Tissue injury is important in the homing and regenerative
effects of MSCs. This capability was demonstrated in the
work of Reis et al. [10], who showed that the preventive ad-
ministration of MSCs did not improve nephrotoxic acute kid-
ney injury (AKI) and that the production of chemotactic me-
diators in an injured kidney is required for the homing of the
cells.

The beneficial effects of exogenously administrated MSCs
have been demonstrated in various models of acute and chron-
ic kidney injury. The direct effects of MSCs at the site of
injury include minimizing or preventing renal dysfunction
and proteinuria in 5/6 nephrectomy and renovascular hyper-
tension models of CKD, respectively [11, 12]. In addition,
tubular dysfunction was found to be diminished, including
decreased apoptotic, necrotic cell death and increased cellular
proliferation, in nephrotoxic and ischemia/reperfusion models
of AKI [10, 13]. MSCs have immunomodulatory properties
that include the induction of decreased levels of inflammatory
factors [interleukin (IL)-1, IL-6; tumor necrosis factor (TNF)
alpha] and increased levels of anti-inflammatory factors (IL-
10) [10, 14, 15].

MSCs can be pre-conditioned to have increased regenera-
tive capacity. This strategy enables the cells to have improved
engraftment properties and to survive in hostile microenviron-
ments. Such pre-conditioning has been performed under var-
ious conditions. The exposure of culture-maintained bone
marrow to hypoxic conditions (1% O, for 24 h) has been
found to increase hepatocyte growth factor (HGF) production,
SDF-1, and CXCR4 gene expression (both encoding chemo-
kine proteins) and to decrease pulmonary fibrosis [16] and
myocardical infarction size [17].

Exogenous substances, such as antioxidants, hormones,
and growth factors, have also been used to improve the en-
graftment and viability of MSCs at the site of tissue damage.
Curcumin [18], statins [19], erythropoetin [20], growth fac-
tors, such as granulocyte-colony stimulating factor [21], and
transfection with a specific microRNA [22] have also been
tested to improve MSC homing and engraftment.

Research on MSC has led to the generation of three hy-
potheses regarding their protective/repair effect: (1) migration
to the injured tissue and secretion of paracrine modulators, (2)
transdifferentiation into resident cells to repopulate the tissue,
and (3) fusion with resident cells. It is now evident that the
mechanism of action of stem cells, at least in the kidney, is
mainly paracrine. Although MSCs or other stem cells show
differentiation capability, none of them differentiate into kid-
ney epithelial cells, and thus they do not repopulate injured
kidney cells through differentiation [23, 24].

Studies using several kidney injury models have demon-
strated that the conditioning medium can mediate most of the
effects of MSCs [10, 25, 26]. In contrast, only a few studies
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have shown that MSCs indeed fuse with [27] or
transdifferentiate into resident cells, probably after the fusion
process [28]. Thus, knowing that the main protective/
regenerative effect of MSC in kidney diseases is paracrine,
the next challenge is to determine which paracrine factors
mediate MSC effects.

MSC paracrine factors: growth factors, cytokines,
extracellular vesicles

The effects of MSCs depend on the interaction of these cells
with epithelial cells. This interaction may be the key factor in
renal regeneration after damage (Fig. 1). The paracrine/
endocrine effect of MSCs is achieved through the secretion
of growth factors, cytokines, or extracellular vesicles at the
site of kidney damage.

The growth factors found in the stem cell secretome in-
clude HGF, insulin-like growth factor 1 (IGF-1), and vascular
endothelial growth factor (VEGF) [29], all of which have
angiogenic effects. VEGF production is stimulated in MSCs
under hypoxic conditions, which in turn stimulates endothelial
cell proliferation [30]. HGF and IGF are both produced by
MSCs and show antifibrotic effects by antagonizing the
transforming growth factor beta 1/SMAD pathway [31].
These growth factors are also produced by the renal cell dur-
ing injury [32, 33]. Therefore, it is reasonable to assume that,
under conditions of injury, the renal cells produce growth
factors that participate directly in cell repair. Both the migra-
tion of MSCs to the lesion site induced by chemotactic factors
and, most likely, the presence of resident stem/progenitor cells
amplify this signal by stimulating the additional production of
growth factors, thereby ameliorating cell repair.

Extracellular vesicles (EVs) are nano- and microparticles
that are released from virtually all cells. They are classified by
their size, generation mechanism, and secretion mode, includ-
ing exosomes and microvesicles [34]. Their main

RENAL PROGENITOR
STEM CELL
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PARACRINE FACTORS SECRETION

physiological function is to mediate intercellular communica-
tion via protein, RNA, and microRNA transport to recipient
cells. It has been suggested that damaged tubular cells release
EVs that stimulate the homing of MSCs to the kidney. Once
the MSCs arrive at the damaged organ, they release EVs to
reprogram the recipient cell, allowing proliferation and repair.
The main advantage of EVs is that they are not immunogenic
and may mimic most of the regenerative effects of MSCs [25,
35-37]. MSCs can also be conditioned to produce larger
amounts of EVs, which can enhance the EV effect, providing
more regenerative potential.

Despite the enormous potential of EVs, their clinical use
still involves certain challenges that have to be investigated,
such as: What is the best EV extraction method? What is the
best type of EV to use in kidney diseases, i.e., microvesicles or
exosomes? What EV concentration should be used?

It is noteworthy that the secretome of stem cells has some
advantages over the transplantation of the cells themselves in
clinical therapeutic use. The extraction and conditioning of the
secretome is easier than the administration of stem cells.
Additionally, it is easier to produce the secretome on a large
scale than it is to produce a population of stem cells. However,
one possible hindrance to this method is that stem cells modify
their secretome depending on culture conditions. In fact, to
produce conditioning medium on a large scale, it is necessary
to culture MSCs in a three-dimensional (3D) culture, such as
in microspheres. MSCs cultured in microspheres show in-
creased production of PGE,, a prostanoid with physiological
and proinflammatory effects under cyclooxygenase activity.
In MSCs, PGE, production has immunomodulatory and
anti-inflamatory effects [38].

Additionally, 3D culturing of MSCs may also modify their
secretome. MSCs grown in microcarries or microspheres have
been shown to produce trophic factors with antiapoptotic and
anticancer proprieties, such as the anti-inflammatory mole-
cules TSG-6 (TNF-stimulated gene 6 protein), STC-1, and
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Fig. 1 Interaction between mesenchymal stromal cells (MSCs), renal
progenitor cells (RPCs), and tubular cells. One hypothesis suggests the
existence of RPCs that contribute to kidney repair, and another hypothesis
suggests that differentiated tubular cells participate in the repair

PROXIMAL TUBULAR EPITHELIAL CELL
DEDIFFERENTIATION,
REDIFFERENTIATION AND
PROLIFERATION

mechanism through dedifferentiation and redifferentiation after injury.
MSCs mainly contribute to the regeneration/repair process through
paracrine factor secretion. VEGF Vascular endothelial growth factor,
HGF hepatocyte growth factor, /GF insulin-like growth factor
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CXCRA4. These factors are not found in high concentrations
when cells are grown in a monolayer. The anticancer mole-
cules detected in the 3D MSC secretome are TRAIL, interleu-
kin (IL)-24, and CD (cluster of differentiation) 82 [39, 40].

In conclusion, more studies are needed to analyze
secretome modification in response to the preconditioning of
MSCs and its application in treating kidney diseases.

MSC interaction with resident stem/progenitor cells:
kidney progenitor stem cells

The adult mammalian kidney has a complex structure with a
low regeneration rate. Nevertheless, in response to acute or
moderate injury, kidney epithelial cells are replenished with
new proliferative epithelial cells. One hypothesis which has
been proposed to explain this phenomenon is that tubular
epithelial cells interact with RPCs, but the origin of the latter
is controversial.

It is proposed that there are over 24 types of mature stem
cells distributed throughout vascular, interstitial, glomerular,
and tubular compartments. As each type has its own markers
[41], it is difficult to investigate RPC participation in organ
repair. Nevertheless, some studies have been conducted, with
promising results [42—44].

Maeshima et al. localized RPCs using a BrDU (thymidine
analog) labeling strategy [42]. As kidney progenitor cells have
low proliferation rates in physiological conditions, they retain
the BrDu label; in contrast, the marker is diluted in other cells
that proliferate more frequently [42]. Using the BrDU strate-
gy, these authors found labeled cells scattered between tubule
cells that expressed vimentin, a mesenchymal marker.
However, after several cellular divisions, these cells expressed
a different epithelial marker, E-cadherin, instead of vimentin,
providing evidence of differentiation into epithelial cells [42].

In another study, Bussolati et al. showed that human kidney
progenitor cells, extracted from the kidney cortex, express
CD133 and PAX2, a kidney embryonic marker [43]. These
cells were capable of expansion, limited self-renewal, and
differentiation into endothelial and epithelial cells, and when
administered to mice with AKI, they were able to embed in the
kidney and integrate into tubules [43].

Ronconi et al. observed renal progenitor cells (RPCs) in the
urinary and vascular poles of Bowman’s capsule [44].
Progenitor cells found in the urinary pole expressed CD133
and CD24 and were able to regenerate podocytes and tubular
cells. However, progenitor cells localized between the vascu-
lar and urinary poles expressed CD133, CD24, and
podocalyxin, a podocyte marker. These progenitor cells had
the potential to regenerate only podocytes, showing that there
is a hierarchy among progenitor cells. In an adriamycin model
of glomerular injury, these cells were only able to regenerate
podocytes, and improved glomerular injury [44].
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Podocytes are cells formed during the embryonic devel-
opment of the kidney that lack proliferation capacity.
Wanner et al. proposed that podocytes can be formed from
stem cells localized at the parietal membrane of Bowman’s
capsule [45]. These authors classified RPCs positive for
CD133 and CD24, also based on positivity for the
CD106 marker VCAMI1. CD106-negative RPCs were
found around the proximal and distal tubules, and
CD106-positive RPCs were localized at the urinary pole
of Bowman’s capsule. Only CD133+, CD24+ and
CD106- cells were characterized as progenitor cells com-
mitted to tubular regeneration [45]. These cells have been
observed to improve kidney function when administered in
cases of glycerol-induced AKI in mice [46].

Nevertheless, some groups state that cells with progenitor
characteristics do not exist in the adult kidney and that they are
restricted to embryonic development [47]. Progenitor cell se-
lection employing membrane markers such as CD133 or
CD34 may be imprecise, possibly due to progenitor cells
switching markers when submitted to cell culture conditions.
Some research groups have already performed progenitor cell
selection and characterization of these cells from fetal human
kidneys, followed by evaluation of the effect of these cells on
mouse renal disease [48]. A population of RPCs isolated from
human fetal kidneys (15-23 weeks) based on expression of
the NCAM1 marker showed clonogenic and tubulogenic ca-
pacity [47]. The transplantation of this cell population into a
chronic renal disease model, induced by 5/6 nephrectomy,
promoted late improvement in the creatinine clearance, with
signs of renal epithelium induction in the remaining kidney
[47-49].

The existence of progenitor cells in the adult kidney and
their participation in kidney regeneration is as yet an unre-
solved question. While the results of some studies suggest
the existence of a fixed population of progenitor kidney cells
[43], others claim that upon kidney injury and following a
specific stimulus, epithelial cells proliferate in a lineage-
specific manner, restricted to their segment of the nephron
[50, 51]. In this microenvironment, epithelial cells acquire
membrane markers and characteristics of progenitor cells, be-
ing responsible for tubule repair, even in 3D culture conditions
[24, 52, 53].

Tubular epithelial cell participation in repair/regeneration

The proximal tubule has the capacity to proliferate and regen-
erate after an acute injury [54]. However, this regenerative
capacity is sometimes incomplete and, depending on the in-
tensity and frequency of the injury episodes, CKD may be
induced. One theory supports the notion that, after an acute
injury, the surviving proximal tubular cells undergo a cycle of
injury, dedifferentiation, and redifferentiation, during which
they express the markers of dedifferentiated cells, such as
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vimentin, injury markers, such as kidney injury molecule 1
(KIM-1), and also progenitor stem cell markers, such as CD24
and CD133 [55].

Differentiated tubular cells have been shown to induce tu-
bular regeneration [50, 51, 55, 56], but in all studies reported
here describing such tubular regeneration, the participation of
RPCs in kidney repair could not be demonstrated.

Applying this fate-tracing approach, Kusaba et al. geneti-
cally labeled the apical membranes of differentiated tubular
epithelial cells, which express SLC34al, sodium-dependent
inorganic phosphate transporter in the S1 and S2 segments
of the proximal tubule after tamoxifen treatment. The mice
were then subjected to ischemia/reperfusion, and their injured,
labeled tubular cells were found to express CD133, CD24,
vimentin and KIM-1, all potential RPC markers. This work
demonstrates that differentiated proximal tubular cells contrib-
ute to tubular repair and does not support the existence of
tubular progenitor stem cells [55].

In another fate-tracing protocol, potential tubular pro-
genitor cells, named scattered tubular cells (STCs), were
genetically labeled through the transcriptional activity of
[3-galactosidase upon doxycycline induction [56].
Doxycycline was administered to label STCs, following
which ischemia and reperfusion were induced; the tran-
scriptional activity of [3-galactosidase did not increase. In
the same work, tubular cells were genetically labeled with
green fluorescent protein (EGFP)-tagged histone upon
doxycycline induction and, after three different types of
acute injury, the number of EGFP-labeled cells increased,
mainly in the proximal segment of the nephron. These re-
sults show that STCs did not contribute to proximal tubule
regeneration in this model. On the contrary, upon injury,
proximal tubular cells adopt a phenotype similar to that of
RPCs. In this study, STCs did not represent a fixed popu-
lation of progenitor cells [56].

A third study showed the participation of differentiated
tubular cells in kidney repair [50]. In this study, a tubular cell
was genetically labeled with one of four types of color by
crossing Rainbow mice with mice harboring an inducible
Cre-ER fusion protein under the control of the ubiquitous
actin promoter. Tamoxifen injection induced a fusion protein
in 12-week-old mice offspring [50] which entered the nucleus
and randomly recombined with one of the four colors in each
actin-expressing cell. Although the cells were sparsely colored
under low doses of tamoxifen, after 7 months lineage tracing
showed regions of a single color in all kidneys, showing that
each colored region was formed by the proliferation of a single
cell. Similar results were observed after ischemia/reperfusion
injury [50]. Tamoxifen administration before ischemia/
reperfusion injury led to similar results 2 months after injury.
Single-colored clones, restricted to their segment of the neph-
ron, appeared in the damaged kidney cortex, medulla, and
papilla. The clones proliferated but did not cross to other

segments of the nephron. These results demonstrate that single
clones contribute to tubulogenesis after damage [50].

These studies highlight the participation of the tubular
cell in the repair process after injury via dedifferentiation
and redifferentiation. It is therefore reasonable to suggest
that several mechanisms act independently in the regener-
ation process, such as stromal cell paracrine effects, kidney
progenitor cell regenerative effects, and tubular cell prolif-
eration. Additionally, the kidney presents other cells, such
as endothelial, vascular, and stromal cells, which may be
crucial to the regenerative process [57, 58]. However, this
process can be more effective and faster when multiple
mechanisms are working at the same time, in a synergistic
manner.

Rebuilding the entire organ for transplant

Zebrafish kidney development model may guide studies
on human kidney regeneration

It seems difficult to understand the relationship between hu-
man kidney regenerative medicine and zebrafish studies.
Nevertheless, tubular regeneration in response to moderate
injury in fish is very similar to that seen in mammals [59].
Tubular lesion leads to the denudation of the tubule and the
exposure of the basement membrane, which is replaced by
cuboidal cells that maturate to restore the function of the neph-
ron [59]. Not only is fish kidney regeneration similar to that
observed in the mammalian kidney in response to injury, but
also nephron hypertrophy, an event that occurs after kidney
injury in the adult human kidney, is observed [60].

Zebrafish studies have many advantages, of which one
of the most important is the occurrence of neo-
nephrogenesis. Nephrogenesis only occurs in mammals
during embryonic development, when new nephrons are
formed. However, nephrogenesis, referred to as neo-
nephrogenesis, does occur in adult fish in response to
injury-recapitulating nephrogenesis [59]. Studies of the
genes and transduction products involved in neo-
nephrogenesis may contribute to the development of re-
generative human therapies because several pathways are
evolutionarily conserved between species, as are the genes
and translation products that mediate physiological pro-
cesses. Additionally, the genome sequence and protein-
coding gene functions in zebrafish have already been iden-
tified, allowing researchers to identify homologous genes
between zebrafish and humans [61].

Zebrafish larvae may also be employed to study not only
kidney development but also to determine how some pathol-
ogies affect the nephron. Indeed, zebrafish larvae possess a
structure similar to that of the mammalian nephron, i.e., a
pronephros [62]. Specialized cells, such as podocytes and
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endothelial cells from fenestrated capillaries, are observed in
zebrafish glomeruli, and polarized epithelial cells are observed
in the pronephric tubules [62]. Zebrafish larvae podocytes
express nephrin and podocin, proteins that interact within
the slit diaphragm structure. Kidney diseases characterized
by massive proteinuria involve impairment of the slit dia-
phragm protein expression of nephrin, as observed in diabetic
nephropathy [63].

The study of tubule development in zebrafish may help to
elucidate various human kidney pathologies. In zebrafish, tu-
bule development is mediated by the transcription factor he-
patocyte nuclear factor 13 (HNF-1(3) [64]. The mutation of
this factor leads to glomerular cyst formation. In humans,
HNF-13 mutations are associated with glomerulocystic dis-
ease and maturity-onset diabetes of the young (MODY) [65].
A better understanding of HNF-1[3 transcription factor in
zebrafish will help researchers to understand glomerulocystic
disease in humans.

The zebrafish larval pronephros has been used to study
nephrotoxic AKI. Exposure to gentamicin induces alterations
in the pronephric kidney which are similar to those observed
in the mammalian kidney: loss of the tubule brush border,
tubular flattening, tubule lumen debris accumulation, and loss
of cell polarity [66].

Exposure to nephrotoxins stimulates neo-nephrogenesis
in zebrafish, as observed in a gentamicin nephrotoxic mod-
el where neo-nephrogenesis was initiated by a cluster of
LhxIa (Lim1 homeobox protein)-positive cells [67]. These
cells express the PAX-2 gene, which is also present in
mammalian kidney progenitor stem cells. It has been sug-
gested that Lhx/a-positive cells may be the earliest marker
of nephron progenitor cells in adult zebrafish [67].
Altogether, zebrafish progenitor cells are a strong candi-
date to elucidate the possible niches and markers of RPCs
in the human kidney.

AKI in humans is characterized by kidney function loss
and increases in plasma creatinine and urea levels. Kidney
function is difficult to characterize in zebrafish, but clinical
signs, such as low hematocrit values and hypoproteinemia
can help to characterized kidney injury in fish [68].

Other advantages of zebrafish studies are the development
of the zebrafish embryo outside the mother’s body, in fresh
water, the transparency of the larvae, allowing morphological
changes due to mutations to be more easily identified [62], the
small size of adult zebrafish , enabling large numbers of

CRISPR/CAS9
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animals to be kept in a small space, and the high breeding rate,
yielding a high number of progeny. Fertilized eggs also devel-
op into swimming larvae within 2.5 days.

In order to better study human genes involved in diseases,
genetic approaches have already been developed using
zebrafish, such as morpholino knockdown and interference
RNA knockout mice [61].

Tissue bioengineering: repopulation of kidney scaffolds
and development of organoids

The great advantage of tissue bioengeneering consists in the
possibility of generating a complex organ ex vivo, such as a
kidney, and transplanting this functional organ into a patient
suffering from CKD. Many of the challenges of building an
ex-vivo kidney have been solved to some extent. First, the
production of decellularized kidney matrix has already been
successfully accomplished through the use of detergents such
as Triton-X 100 and sodium dodecyl sulfate (SDS) [69].
Decellularization with 1% SDS seems to be the most effective
method, keeping the matrix closest to its original structure
[69]. Acellular structures have been achieved in human, rat,
and porcine kidneys [70].

The study of the decellularized matrix structure and its
architecture are important for two reasons: first, determining
the matrix architecture is crucial, so that 3D printers, using
biomaterials such as collagen fibers, another step toward ex-
vivo kidney construction, could mimic a kidney with high
fidelity. Second, differences in the extracellular matrix archi-
tecture in different regions of the kidney can determine cellu-
lar morphology and differentiation [71].

Another challenge concerns scaffold reseeding. The
decellularized extracelular matrix must be repopulated by
cells that give rise to cells with differentiated phenotypes
and specific functions. Several studies have already shown
that this is possible [70, 72]. One example is the use of
pluripotent embryonic stem cells (ESCs) administered
through the renal artery or the ureter to reseed the renal
scaffold [72].

Many challenges still must be overcome in kidney
bioengeneering, but new perspectives have emerged with the
production of kidney organoids. These include human plurip-
otent stem cells (hPSCs) that have been reprogrammed in vitro
to produce kidney organoids [73]. The hPSCs were cultured in
matrigel to form epiblast spheroids, recapitulating
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Fig.2 Proposed mechanism to edit somatic cells and obtain induced pluripotent cells (iPSCs) to directly repopulate the scaffold or generate organoids to
develop the entire kidney. CRISPR Clustered regularly interspaced short palindromic repeats
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embryogenesis. The epiblast spheroids were differentiated in-
to descendant epithelia through the inhibition of glycogen
synthase kinase-33 and incubation with commercially avail-
able neuronal supplement media [73, 74]. Under culture con-
ditions, the epiblast spheroids created tubular organoids with-
in 10 days. The tubular organoids retained tubular cell markers
such as Lotus tetragonolobus lectin (LTL), which reacts with
proximal tubular structures. Megalin and cubulin were co-
expressed and localized with LTL. Podocyte markers, such
as Wilms tumor protein and synaptopodin, were also
expressed in the organoids. CD31 and von Willebrand factor
were expressed, suggesting a vascular structure and a
nephron-like structure in the organoids. Additionally, under
nephrotoxic exposure induced by gentamicin and cisplatin,
tubular organoids upregulated KIM-1, a well-known tubular
injury marker. Similar results have been obtained in other
studies [75, 76].

The study by Morizane et al. [73] opens a new perspective
in regenerative medicine as a PSC will be able to originate an
entire functional organ. More importantly, PSCs can be creat-
ed by reprogramming the somatic cells of a patient through the
expression of four genes (Oct4, SOX2, c-Myc, and Nanog), to
form the induced PSCs (iPSCs) [77] needed to generate kid-
ney organoids.

More impressively, potential genetic defects in these so-
matic cells can be corrected using clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 ge-
nome editing system technology, allowing a non-
immunogenetic kidney to be built from the patient’s own cells
(Fig. 2). The possibilities are endless; however, there is a long
way to go before these organoids can give rise to a fully
formed kidney.

Conclusion and future perspectives

Nowadays, there are several alternative methods that can be
used in kidney regenerative medicine. Although these are dis-
tinct, with the advancement of science and the generation of
new knowledge, they are becoming complementary to each
other. Pluripotent (iPSCs, ESCs), multipotent (MSCs) and
adult (kidney progenitor) stem cells and, possibly, their para-
crine factors (exosomes, growth factors), in addition to the
proximal tubular cell itself, actively participate in kidney re-
generation processes. Chronic or more extensive injury, re-
quiring RRT, will be probably treated with the construction
of a new organ from a renal organoid or by repopulation of a
scaffold using the recipient’s own cells, which would presum-
ably avoid rejection.

In summary, we are close to the day when we will re-edit a
somatic cell from a patient through gene editing technology
and use it to produce an induced PSC and the patient’s own
nephrons, recapitulating zebrafish neo-nephrogenesis. This

cell will repopulate a kidney scaffold produced on a 3D printer
or, alternatively, will develop an organoid and a functional
kidney.
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