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Abstract: The kidneys are often involved in adverse effects and toxicity caused by exposure to foreign
compounds, chemicals, and drugs. Early predictions of these influences are essential to facilitate
new, safe drugs to enter the market. However, in current drug treatments, drug-induced nephro-
toxicity accounts for 1/4 of reported serious adverse reactions, and 1/3 of them are attributable
to antibiotics. Drug-induced nephrotoxicity is driven by multiple mechanisms, including altered
glomerular hemodynamics, renal tubular cytotoxicity, inflammation, crystal nephropathy, and throm-
botic microangiopathy. Although the functional proteins expressed by renal tubules that mediate
drug sensitivity are well known, current in vitro 2D cell models do not faithfully replicate the mor-
phology and intact renal tubule function, and therefore, they do not replicate in vivo nephrotoxicity.
The kidney is delicate and complex, consisting of a filter unit and a tubular part, which together
contain more than 20 different cell types. The tubular epithelium is highly polarized, and maintaining
cellular polarity is essential for the optimal function and response to environmental signals. Cell
polarity depends on the communication between cells, including paracrine and autocrine signals,
as well as biomechanical and chemotaxis processes. These processes affect kidney cell proliferation,
migration, and differentiation. For drug disposal research, the microenvironment is essential for
predicting toxic reactions. This article reviews the mechanism of drug-induced kidney injury, the
types of nephrotoxicity models (in vivo and in vitro models), and the research progress related to
drug-induced nephrotoxicity in three-dimensional (3D) cellular culture models.

Keywords: drug-induced nephrotoxicity; three-dimensional; organoids; chips; in vitro models;
stem cells

1. Drug-Induced Nephrotoxicity

Chronic kidney disease affects 8-16% of the global population [1]. It is characterized by
the gradual loss of key functions over time, eventually leading to kidney failure requiring
dialysis or kidney transplantation to maintain life [2]. Moreover, recent studies further
reveal that acute kidney injury (AKI) is positively associated with the risk of chronic kidney
disease, and patients with chronic kidney disease complicated with AKI have a higher
mortality rate [3]. Even with the advancement of medical technology, the incidence of AKI
has gradually increased in recent years, leading to an increase in patient mortality [4]. A
variety of risk factors may contribute to the occurrence of AKI, including food preparations,
drugs, infection, ischemia, sepsis, and intravenous contrast agents [5,6]. In particular,
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drug-induced nephrotoxicity is a major contributing factor in approximately 60% of AKI
cases in hospitalized patients [7].

Drug-induced nephrotoxicity causes more than 1.5 million adverse events in the
United States each year, affecting approximately 20% of the adult population [8,9]. Al-
though kidney damage is usually reversible, it is estimated that the annual management
cost is approximately $3.5 billion [8]. Drug-induced nephrotoxicity is driven by multi-
ple mechanisms, including renal tubular cytotoxicity, altered glomerular hemodynamics,
inflammation, crystal nephropathy, and thrombotic microangiopathy [10-12].

Direct nephron-toxicant mechanisms have been most extensively studied on the renal
proximal tubule epithelial cells (RPTEC) (Table 1). However, renal tubular epithelial cells
express a wide range of transporters, many of which are unique to specific segments of renal
tubules. Consequently, drugs with an affinity for these transporters cause cell apoptosis or
death in specific nephron fractions [13-15]. In contrast, some drugs, such as amphotericin B,
cause renal tubular toxicity by non-specifically destroying the entire tubular epithelial cell
membrane. In addition, renal tubular epithelial cells may be damaged by drug penetration,
resulting in drug-induced kidney stones or drug-induced ischemic events. For example,
contrast agents used in radiographic procedures such as angiography cause nephropathy
by inducing oxidative stress and osmosis as well as hemodynamic changes [16].

Table 1. Methods used for in vitro nephrotoxicity assessment in 3D models and in vivo renal tissues.

Renal Tubule Epithelia Cells Podocytes Stromal Cells

Methods
Drugs Targeted Cells Drugs Drugs
Brush border membrane of the
proximal tubules
52 proximal tubular segment
Gentamicin [17-20] Basolatel"al membrane of
. proximal tubules
Citrinin [17,21] Apical membrane of renal
Cisplatin [17-19,22-29] picatm
. - proximal tubules
Rifampicin [17,50] S1 and S2 proximal tubular
Acetone [25,28,31] a s}t:g(‘;nenta wa Doxorubicin
Aspirin [24,27,32] Loop of Henle [17,42,43]

Drugs, chemicals,

Penicillin G [24,27,33]

Brush border membrane of the

Aspirin [27]

Doxorubicin [17,43]

4 . Tenofovir [26,34] . Penicillin G [27] Puromycin-
or toxic agents with C . proximal tubules . . .
. yclosporin A Puromycin- aminonucleoside
different doses Basolateral mem-brane of . .
[26,35,36] roximal tubul aminonucleoside [17]
Adriamycin [19,25,37] proximat tubuies [17,44]
- Brush border membrane of the . .
4-aminophenol (PAP) imal tubul hi Adriamyecin [42,43]
[25,38] prOX}ma.tu ules/Thick
Colchicine [25,39] ascending limb of the loop of
. . Henle
Cadmium chloride
[40,41] Brush border membrane of the
! proximal tubules
Loop of Henle
S3 proximal tubular segment
S1 proximal tubular segment
24 h[17,18,22,26] 60 min [44]
Time-frames 48 h [18,24,27,40] 24 h[17,22,42] 24 h[17]
72 [19,25,28] 48 h [27] 5 days [43]
2 wks [19] 5 days [43]

Biomarkers

NPHS1 [17,42]
WT1[17]
SYNPO [42]

Kim-1[17,18,23,24]

Gene markers HO-1[17]
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Table 1. Cont.

Methods

Renal Tubule Epithelia Cells Podocytes Stromal Cells

Drugs Targeted Cells Drugs Drugs

Protein markers

Kim-1 [18,19,25,28,40]
CYP2E1 [25,28]
HO-1 [40]
NGAL [19]
AQP1IL-6 [25]
TNF [25]
MCP-1 [25]
IL-1b [25]
MIP-1a [25]
Rantes [25]
Cleaved-caspase 3 [22]

Abbreviations: Kim-1, kidney injury molecule-1; HO-1, heme oxygenase 1; CYP2E1, cytochrome P450 family
2 subfamily E member 1, NGAL, neutrophil gelatinase-associated lipocalin; IL, interleukin; TNF, tumor necro-
sis factor; MCP-1, monocyte chemotactic protein 1; MIP-1a, macrophage inflammatory protein-la. h, Hours;
wks, weeks.

Podocytes maintain the filtration barrier in the glomerulus and are also the target of
drug-induced nephrotoxicity [45]. Certain drugs have a direct toxic effect on podocytes. For
example, puromyecin is taken up by podocytes through the plasma membrane monoamine
transporter (PMAT; also known as ENT4, encoded by SLC29A4), in contrast to bisphos-
phonates that cause podocyte injury by destroying the cytoskeleton [46]. Once injured, the
podocytes undergo a dedifferentiation process, destroying the glomerular filtration barrier
and leading to nephrotic syndrome. The resulting proteinuria can cause secondary renal
tubular damage [47].

Induction of inflammatory response in the glomerulus, renal tubular epithelial cells,
and surrounding stromal tissue is another drug-induced nephrotoxic mechanism, leading to
renal fibrosis or scarring [48]. Glomerulonephritis is an immune-mediated inflammatory re-
nal disorder induced by several drugs (e.g., penicillin and non-steroidal anti-inflammatory
drugs) and infectious agents and is associated with proteinuria [49]. Another inflammatory
disease, acute interstitial nephritis (AIN), may be an adverse reaction to several drugs
such as antibiotics, phenytoin, proton pump inhibitors, allopurinol, lithium, and antiviral
drugs, inducing inflammatory, non-dose-dependent responses by causing immunoglobulin
deposition in tubule basement membranes [50].

Various drugs and their derivatives are insoluble in urine, which may cause crystals
to precipitate in the distal renal tubule lumen, thereby restricting urine flow and triggering
cellular reactions in the interstitial sites. Renal insufficiency and insufficient vascular
volume increase the risk of crystal nephropathy. The urine drug concentration and the
urine pH may affect the precipitation and volume “replenishment of crystals” caused by
incompletely soluble drugs. Drugs associated with crystal nephropathy include antiviral
drugs (i.e., indinavir and acyclovir) and anticancer agents (methotrexate) [51,52].

The kidneys also harbor a highly diverse endothelial cell population and a microvas-
cular component. Endothelial cells in glomerular and inter-renal vessels are also sensitive
to drug-induced damage. Unlike renal tubules, these endothelial cells lack regenerative
capacity [53]; therefore, acute damage to the renal vascular system increases patients’ sus-
ceptibility to chronic kidney disease [54]. Nephrotoxic agents also directly affect vascular
reactivity by regulating endothelial barrier function, coagulation cascade reaction, and/or
inflammatory process [55]. Tubular vascular crosstalk occurs through vascular endothelial
growth factor A (VEGFA) and its receptor VEGF receptor 2 (VEGFR2) expressed in renal
tubular epithelial cells, which are almost completely expressed on peritubular capillary
endothelial cells [56]. This interaction is essential for maintaining the peritubular microvas-
cular system. Anticancer drugs targeting the VEGF pathway induce thrombotic microan-
giopathy, proteinuria, and hypertension [57]. Thrombotic microangiopathies—including
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thrombocytopenia, microangiopathic hemolytic anemia, and microvascular occlusion—
may be immune-mediated and usually result in acute tubular necrosis. Drugs associated
with thrombotic microangiopathy include quinine, cyclosporine, and tacrolimus [58].

2. Treatment of Drug-Induced Nephrotoxicity

The management of acute drug-induced nephrotoxicity usually involves patient hos-
pitalization. At this stage, the overall goal is to maintain renal perfusion to ensure that the
kidneys have sufficient blood /oxygen supply and restore their normal functions in time.
Failure to implement appropriate measures early may ultimately lead to end-stage renal
disease (ESRD) or even death.

Hypovolemia is a major risk factor for drug-induced nephrotoxicity. Therefore, blood
volume and hemodynamics stabilization are critical. The choice of exchange fluid is
predicated on normalizing physiological conditions. For example, in the case of insufficient
vascular volume, isotonic solutions (such as saline) are recommended for fluid resuscitation,
rather than hypertonic solutions (such as starch and albumin) [59] or protein. In the case of
vasomotor shock, vasopressors such as norepinephrine can also be prescribed to maintain
blood pressure [60].

When necessary, nutritional status and blood sugar levels should be observed and
maintained. Therefore, individualized treatment is more helpful than standard procedures.
Once the clinical features of nephrotoxicity are discovered, it is recommended to stop the
use of nephrotoxic drugs immediately. Such methods are particularly effective for highly
nephrotoxic drugs such as cisplatin, aminoglycosides, or amphotericin B [61]. According
to Kidney Disease: Improving Global Outcomes (KDIGO) criteria [62], depending on the
stage of kidney injury, acute nephrotoxicity can lead to the need for renal replacement
therapy [63].

The steps implemented to prevent drug-induced nephrotoxicity are usually limited.
Certain patient groups are more prone to drug-induced nephrotoxicity than others. There-
fore, understanding the risk factors related to specific patient populations and specific
drug categories in advance, combined with early diagnosis, dose-adjusted therapeutic
drug monitoring, and timely prospective treatment is essential for the prevention and
management of drug-induced renal damage [48].

3. Existing In Vitro Models for Drug-Induced Nephrotoxicity Testing
3.1. Two-Dimensional Culture

Traditionally, two-dimensional (2D) cell cultures are most used as in vitro cell-based
studies, which represents a low-cost and robust model in achieving high-throughput
screening and well-controlled experimental design. However, the cultured kidney cells
on a monolayer in tissue culture plastic containers is not consistent with the in vivo mi-
croenvironment. Cells lose important interactions with extracellular matrix proteins and
intercellular signals from heterogeneous cell types necessary for normal cellular responses.
In addition, 2D culture represents a static model, which becomes less physiological as
nutrients are consumed and metabolic waste accumulates.

Primary human renal cells are used because they more closely mimic the renal phys-
iological state. However, these cells have limited growth capacity and tend to lose their
original phenotype over time. Despite these limitations, renal cells are still a reliable choice
for studying basic renal cell functions and the effects of nephrotoxic agents. To overcome
the limitations of culturing primary cells, immortalized cells are frequently employed
because they grow and divide indefinitely. The disadvantages of these cells include that
the immortalization process itself may cause some changes over time, which can alter the
cell’s functional characteristics [64].

Despite attempts to improve 2D culture conditions [65,66], the validity of 2D in vitro
studies is still questionable. Except for culture conditions that are far from the highly com-
plex in vivo conditions, the measurable toxicity endpoints in these reflect a low-complexity
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system, but they faithfully reflect cell viability and proliferation, have poor physiological
or clinical relevance, and there is no predictable in vivo drug response [67].

3.2. Rodent Experiments

The use and outcome of animal models is essential to bridge the translational gap
from the in vitro to the clinic. However, animal models are expensive to use, are time-
consuming, require expertise, have low throughput potential, and have ethical issues, but
most importantly, these models are usually less relevant to human systems [68]. This
mismatch between animal and human results is mainly due to the many differences in the
expression of drug transporters and metabolic enzymes between species.

Rodents and rabbits are most used as animal models to test nephrotoxicity. However,
the expression levels of organic cation transporter 1 (OCT1) and OCT2 are comparable in
rodent kidneys, while OCT2 is dominant in human kidneys. The advantage of rabbit is that
it is a suitable animal model between rodents and larger animal models (such as primates).
The rabbit size allows off-the-shelf blood sampling and makes it easier to obtain many cells
and tissues from a single animal. In addition, rabbits live longer than rodents. Genetically,
the rabbit immune system and human immune system are significantly more similar than
rodent genomes [69]. The differences in the expression of transporters between animals
and humans and between different non-human species limit the utility of animal models
to study adverse drug reactions. Although these issues are improved, the development
of more appropriate in vitro 3D models is needed for preclinical and early-stage clinical
development [70].

4. Three-Dimensional Renal Culture Models for Predicting Nephrotoxicity

The perception of in vitro 3D renal models is based on the creation of renal structures
mimicking the physical and biochemical features of in vivo renal tissue with multiple cell
types contacted to renal extracellular matrix ECM. Thus, 3D renal models are often divided
into spheroids, organoids, and tissue-engineered models, and organ-on-chip models used
in drug development or renal cancer modeling, are presented in Figure 1.

(A) (B) © (D)

Figure 1. In vitro 3D kidney models for predicting nephrotoxicity. (A) Renal spheroids are often
considered as RPTEC embedded in hydrogel to form hollow spherical cysts with an apical membrane
facing the renal tubular lumen. (B) Organoids consist of multiple cells, different types of renal tubular,
endothelial, and interstitial cells that self-organize in response to developmental cues and overcome
the cellular simplicity of 2D cultures. (C) Three-dimensional (3D)-engineered kidney tissue consists
of various renal cells with ECM as a complex and highly charged network (i.e., collagen, elastin,
laminin, and glycoproteins), providing a 3D structure for the spatial organization of cells. (D) A
kidney-liver-on-a-chip that comprises a perfusable, convoluted 3D renal tubule, and liver cells within
the ECM enable fluid flow and the administration of test compounds to the apical surface of the cells.

The average in vivo cell density is up to 7.5 x 107 cells/mL, with solute concentrations
of 30-80 g/L. By contrast, an in vitro 2D culture can only provide a maximum density
of 10° cells/mL with solute concentrations of about 1-10 g/L. Two-dimensional (2D) cell
cultures lack in vivo features such as cell-cell and cell-ECM interactions, matrix chemical
composition and mechanics, chemotaxis gradients of soluble cell signals, cell oxygenation,
and 3D matrix structure. These limitations in 2D culture will affect cell proliferation,
polarization, migration, signal transduction, and gene expression [71].
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The difference in the physical and physiological properties between 2D and 3D cultures
makes 2D cells more susceptible to drugs than 3D cells, because 2D cells cannot maintain
their normal morphology compared to 3D cells [72]. Another reason that 2D cells respond
differently to drugs than 3D cells is the cell surface receptor organization. Drugs usually
target certain receptors on the cell surface. The difference in the structure and spatial
arrangement of the surface receptors may affect the drug receptor binding efficiency,
thereby triggering different responses [73]. Third, cells cultured in 2D are usually at the
same cell proliferation stage, while 3D cells are usually at a different cell proliferation stage,
similar to cells in the body [72]. In 3D cellular systems, the cell proliferation stage is limited,
which is similar to the in vivo situation [74].

Microfluidics, which is a study of fluid flow in micron-size domains, proves to be an
effective technology in the study both in vivo and in vitro. The capability of microfluidic
devices to integrate all the necessary components in a less than a 1-inch silicon chip along
with the advances in micro-electro-mechanical systems (MEMS) led to highly efficient
lab-on-a-chip devices [75]. Other unique features of a microfluidic platform such as its
perfect length scale fitting at cellular and tissue levels as well as a very small number
of required agents make them an excellent choice for biological applications [76]. The
collaboration between engineers, biologists, and medical doctors led to the advent of the
organ-on-a-chip [77-79].

The initial design of a published kidney-on-a-chip has two compartments [80,81]. A
top channel mimics the urinary lumen with fluid flow, whereas the bottom chamber mimics
interstitial space and is filled with media. Kidney cells are under much lower shear stress
than the endothelial cells. This device used rat distal tubular cells or Madin-Darby Canine
Kidney (MDCK) cells, and its shear stress was ~1 dyn/ cm? [80]. A second report [81]
showed a similar design but with human proximal tubular cells attached. In a human
renal cell model, the authors reproduced cisplatin nephrotoxicity in this channel system.
Proximal tubular epithelial cells have much lower shear stress: ~0.2 dyn/ cm? [81]. The
foot processes of podocyte, a glomerular visceral epithelial cell, form a size- and charge-
selective barrier to plasma protein, and derangement of the barrier causes podocyte injury
and proteinuria [82]. In addition, podocyte-on-a-chip has been tried with no success yet [83].
The challenge is that podocytes are exposed under a very low shear stress in vivo and
require a sophisticated culturing condition.

Although the obvious advantages of 3D culture have been demonstrated, 3D cell
culture is not as widely accepted as 2D culture in the research field, which is predicated on
the large structural deviation in cellular phenotypes in the 3D model. The inconsistency
between the models hinders reproducible experimental data and proper system analysis.
Another practical consideration hindering the widespread use of 3D models is the high
price, which further limits the feasibility of large-scale experiments [72]. Table 2 summarizes
the characteristics of 2D cell culture and 3D cell culture models.

Table 2. In vitro 2D vs. 3D renal models of drug-induced nephrotoxicity.

Models Advantages Disadvantages

-Static model
-Dedifferentiation

-Robust mode} -Lack of in vivo-like morphologic
-Easy to assess, manipulate and phenotypic characteristics
2D culture -Cost- and time-efficient p yp

-Low complexity
-Little predictive
-Poor physiological or clinical
relevance

-Large scale
-Retention of key metabolic
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Table 2. Cont.

Models Advantages

Disadvantages

-In vivo-like cell shape
-More physiologic characteristics
-Response to toxic insults with
biomarkers found in vivo
-3D paracrine and autocrine
signaling;
-Potential penetration gradients
3D culture toward center
-Cells of different stages
(proliferating, hypoxic, quiescent,

-Cost-intensive
-Simplified architecture
-Can be variable
-Less amenable to HTS/HCS
-Hard to reach in vivo maturity
-Complication in assay
-Lack vasculature

and necrotic) possible
-More similar to in vivo expression
profiles
-Better predictive values to in vivo
compound responses

-May lack key cell types

-Physiological resemblance
-Well established
-Physiological relevance
-Complete organism -Ethical concerns

-Test drug metabolism -High costs

Abbreviations: 2/3D, 2/3-dimensional; HTS/HCS, high-throughput screening /high content screening.

-Species differences
-Low throughput

Animal models -Poor prediction

5. In Vitro 3D Kidney Models
5.1. Spheroids

Renal spheroids are often considered as in vitro 3D renal tubular structures with
RPTEC embedded in ECM (i.e., collagen and laminin) form structures that form hollow
spherical cysts with an apical membrane facing the surrounding medium (Figure 1). Most
cell types used for spheroids are human renal cell lines (Table 2). The size of a spherical
cyst ranges from 150 to 350 um with cell polarity with a cyst. In addition, the basolateral
side of the cell is exposed to hypoxia, and access to this side is limited. Although protein
expression can be assessed at the mRNA and protein levels, the ability to track drugs in
this system can be challenging [84,85].

5.2. Organoids

Organoids are developed from several types of stem cells from different sources, in-
cluding human embryonic stem cells (ESC), human-induced pluripotent stem cells (h-iPSC),
and renal stem cells/progenitors (Table 2). Due to ethical concerns regarding the culture
of embryonic stem cells, iPSC and renal stem cells are preferred. Using h-iPSC, it is
possible to generate kidney organoids that contain cell types from different nephron seg-
ments. Morizane et al. established a chemically defined protocol to differentiate h-iPSC
into pluripotent nephron progenitor cells (NPC), which can form organoids containing
podocytes, proximal tubules, Henle rings, and distal tubules (Figure 1) based on the ex-
pressed markers. H-iPSC are sandwiched between two Matrigel layers that reduce growth
factors, forming an h-iPSC sphere with a cavity [18]. Freedman et al. have shown that the
inhibition of glycogen synthase kinase 3b (GSK3b) transforms h-iPSC spheres into complex
tubular organoids composed of proximal tubules, endothelial cells, and podocytes [86].
Thus, renal organoids could be a suitable unlimited source of H-iPSC-derived primary
proximal tubule cells. However, the characteristics of the proximal tubules of this organoid
still require further study. In addition, 3D toxicity models of other key cells are lacking.
Each renal cell model (organoid of podocyte, Henle, or distal cells) is desired to establish
potential tools to study the role of podocytes in supporting glomerular filtration, the role
of Henle and distal cells in reabsorbing water and ions, and the related drug-induced
renal injuries.
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Although organoids are a relatively simple method for deriving and co-cultivating var-
ious kidney cell types, the presence of different nephron segments should detect segment-
specific toxicity during the screening process. The major challenge in developing renal
organoids is that few biomarkers are both specific and sensitive enough for cell identifica-
tion and the functional distinguishing of each renal cell type. Although there are many renal
biomarkers available (Table 3), more specific renal biomarkers are needed to recognize each
type of renal cells within organoids. The universal renal biomarkers for different species
and humans are desirable for both experimental and clinical examples. In addition, cell
type-specific damage is also important for defining the pharmacology of test compounds
with 3D models, but this model has not been presented yet. Furthermore, there is a lack
of organoid protocols available to produce histological and functional nephron organoids
with renal corpuscle, renal tubule, and collecting ducts that merge into a single collecting
system. Finally, the tubules in the organoids can hardly be perfused directionally, which
limits test compound administration [70]. Thus, current organoid models can barely show
how kidney cells react in an environment with fluid shear stress resembling the urinary
flow in the kidney tubules [87].

Table 3. Biomarkers of renal cells.

Renal Cell Types Biomarkers References
Protein markers m-RNA markers
Wilms tumor-1 NPHS1 [18]
Nephrin NPHS2 [88]
Podocytes Podocin Synaptopodin [89]
Podocalyxin Wilms tumor-1 [23]
Synaptopodin Podocalyxin [90]
Lotus tetragonolobus lectin
Aquaporin-1 (AQP1) ABCC1
Cadherin 6 ABCC3 [18]
Proximal tubules Jagged 1 ABCC4 [88]
M%é i SLC22A3 [89]
Kidney injury molecule 1 SLC40AT
Claudin 10 [18]
Loop of Henle Cadherin 1 Claudin 14 [91]
P Uromodulin SLCI12A1 [92]
Uromodulin [89]
Pterin-4 .
alpha-carbinolamine Pterl.n—4 .
dehydratase 1 alpha-carbinolamine
Solute carrier family 41 Solu’ie?el}i*ffeit?;jfnlil a1 [18]
Distal tubules member 3; member 3: y [88]
Cadherin 1 . [89]
Brnl Cadherin 1
Na*/CI™ cotransporter Ci%ﬁiﬁfl
GATA Binding Protein 3
Dolichus biflorisagglutinin Cadherin 1 [23]
Collecting ducts Aquaporin-2 (AQP2) GATA Binding Protein 3 [89]
Aquaporin-3 (AQP3) Aquaporin-3
Plate(lie}’i arildnerr;thheilall cell Platelet and endothelial
a eé; dher?negu ¢ cell adhesion molecule 1 [23]
Endothelial cell Fms related receptor Cadherin 5 93]
tvrosine kinase 1 Fms related receptor [89]
Y tyrosine kinase 1 [94]

Cluster of differentiation 34

Cluster of differentiation 31 CD34
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Table 3. Cont.

Renal Cell Types Biomarkers References

Protein markers m-RNA markers

Platelet-derived growth

factor receptor beta Actin alpha 2, smooth

muscle
. Insulin like growth factor [23]
Mesangial cells bindine protein 5 Collagen type Talpha 1 [95]
T &P li chain
ransgein Transgelin

Matrix metallopeptidase 2

Abbreviations: ABCC1, ATP-binding cassette sub-family C member 1; SLC22A3, Solute carrier family 22
member 3.

5.3. Three-Dimensional (3D) Tissue-Engineered Kidney Model

To provide an in vitro 3D kidney-tissue model, nothing more than the kidney itself
can provide a native 3D biological scaffold containing a tubular architecture and all the
ECM composition, which can be achieved by decellularization of the kidney and the
growing cells in it. However, the diffusion of gas and nutrition are the limiting factors
for maintenance of the organ. To solve this problem, Finesilver et al. have developed a
300 pm acellular kidney fragment using a rat kidney on which HK-2 cells were grown. The
kidney-derived acellular matrix consisted of different types of proteins (such as collagen
types L, 111, V, VI, VII, and XV), both sulfated and nonsulfated glycosaminoglycans (GAGs),
glycoproteins, and polysaccharides [96]. The ECM compounds promote cell-cell and
cell-ECM interactions [97] to form renal tissues. Bonandrini’s group demonstrated that
rat kidneys were efficiently decellularized to produce renal ECM scaffolds and rapid
recellularization of vascular structures and glomeruli using embryonic stem cells [98]. In
addition, the kidney of the Rhesus monkey has been also used as a decellularized scaffold
for human PSC cells to investigate the impact of the kidney scaffold on the differentiation
of renal cells from PSC cells [99]. Uzarski et al. has perfused the decellularized rat kidney
with human renal cortical epithelial cells to develop a kidney in a bioreactor. In these types
of systems, the recellularized kidney is connected to the flow via a renal vein and ureter,
and perfusion through the vein provides necessary nutrients for the cells [100]. However,
the larger the kidney is in size, the more cells are required. The application of animal
kidney to gain a renal scaffold and recellularization with human cells might improve a
native formation of different kidney sections; however, how these sections or a whole
recellularized kidney can be used for different endpoints requires further study.

Hydrogels are being investigated as scaffold biomaterials in renal tissue engineering
because they resemble natural soft tissue due to their high water content contributing to
biocompatible properties [101]. In addition, the high porosity of hydrogels with a polymer
network is beneficial for the exchange of nutrients, gasses, waste products, and signaling
molecules with the embedded cells. Many biopolymers are enzymatically degradable
in vivo, with most retaining these properties even when chemically altered and crosslinked
to produce a hydrogel network [102]. Synthetic hydrogels can be modified to slowly
hydrolyze under physiological conditions. Thereby, cells can actively reshape their sur-
roundings, while low molecular weight waste products are safely removed from the body.
The nature of the targeted cell environment can be mimicked further through utilizing
ECM-based hydrogels or by incorporating biologically relevant cues, e.g., tissue-specific
growth factors [103]. A representative example is given by the Khademhosseini group, who
used a commercially available steel needle embedded into a gelatin methacrylate scaffold,
which was removed after gelation to form a tunnel in the hydrogel with a diameter equal
to the outer diameter of the needle [104]. The surface of these tunnels was used for cell
seeding via perfusion with a cell suspension. This method has recently been applied in
kidney-on-chip developments [105].



Micromachines 2022, 13, 3

10 of 23

5.4. Kidney-on-Chips

In order to further improve in vitro renal models, the implementation of fluid flow
and vasculature is crucial not only to increase kidney cell maturity but also provide an
environment closer to the in vivo milieu [106]. The flow rate in the lumen varies from 0.2
to 2.0 dyne/cm? and triggers mechanically sensitive pathways through microvilli, primary
cilia, and glycocalyx, all of which are expressed on the tubular apical membrane [107,108].
Advances in MEMS have enabled researchers to apply microfluidics to cell and vascular
culture, resulting in so-called “kidneys-on-a-chip” [109]. Vriend et al. demonstrated that an
immortalized proximal tubule cell line (ciPTEC) equipped with organic anion transporter
1 (OAT1) to a panel of selected drugs (ciPTEC-OAT1) can be cultivated in OrganoPlate,
which is a 3D platform composed of 96 chips. A rocker plate platform provides fluid shear
stress and high-throughput screening compatible with advanced imaging technology [110].
Following a similar approach, Schutgens et al. developed a new microfluidic in vitro
system supporting renal tubular epithelial organoids or “tubular bodies” derived from
adult stem cells. The resulting tubules show active transepithelial transport and are used
to simulate a variety of diseases, including BK virus (i.e., polyomavirus), Wilms tumor,
and cystic fibrosis. These results demonstrate the utility of this culture system for disease
modeling or disease screening [89] and potentially for renal toxicity testing.

The liver-kidney-on-chip is another model to study drug metabolites [111]. This
optimized microfluidic chip with interconnected compartments, liver-kidney-on-chip,
provides the possibility of representing the exchange between liver and renal cell types and
enables studying interdependent cellular responses between liver and kidneys (Figure 1).
Theobald et al. demonstrated that this cycle system enhances the efficiency of toxicity
analyses. In a streamlined liver-kidney-on-chip platform, hepatic cells grow in microfluidic
conditions abundantly and stably expressed metabolism-related biomarkers. Toxicity and
metabolic response to drugs are well evaluated in a flow-dependent manner in this system,
suggesting the importance of advanced interconnected liver and kidney in microfluidic
devices for application in in vitro toxicity testing and as optimized tissue culture systems
for in vitro drug screening [111].

In summary, these findings indicate that the development and use of advanced in vitro
3D models of kidney, kidney-liver, or kidney with multiple organ models is an important
improvement in the safety assessment of new drugs to predict nephrotoxicity [112].

6. Cell Types for 3D Culture Models
6.1. Animal Primary Renal Cells

Animal primary renal cells are an alternative cell source to develop a long-term 3D cul-
ture model of proximal renal tubules (Table 2), which can be used for in vitro nephrotoxicity
studies [25]. Proximal tubules isolated from mouse kidneys were encapsulated in selected
hyaluronic acid (HA)-based hydrogels, and cell survival was monitored for up to 6 weeks.
The morphology, function, and physiology of epithelial cells in the HA gel culture system
were evaluated. The culture response to nephrotoxin was also studied, including biomarker
induction (CYP450 and KIM-1), drug metabolites, and cytokine production. In addition,
the same research team also conducted a comparative study between the kidney 3D culture
system and standard immortalized 2D cell lines (LLC-PK1 and HEK293) [67]. They also
evaluated and compared cytokine release, renal biomarker expression, cytochrome enzyme,
and cyto-kinase shedding in vivo, 3D culture, and traditional 2D culture models. The 3D
model showed similar characteristics to its in vivo model, which was not observed in 2D
kidney cell cultures.

6.2. Human-Derived Immortalized Cells Lines

Several renal cell lines are often used for 3D renal tubule spheroid models to test the
drug-induced toxicity, although human and animal primary renal cells have been reported
(Table 4).
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Table 4. Different cell types used in 3D culture models.

Cell Types Advantages Disadvantages References
-A proximal tubular cell (PTC) line
derived from normal kidney, .
. . . . -Limited transporter
immortalized by transduction with .
h 1 irus 16 or proximal tubule
urhan papljoma virus characteristics
(HPV-16) E6/E7 genes -
N 1 -Low prediction
Cell lines: -Act as a positive control Limited data
-HK2 -Stable cell line available for in vitro [113,114]
-NKi-2 -Potentially valuable in toxicity and to in vivo [19]
-ciPTEC drug transporter assays extrapolation [115-117]
-RPTEC/TERT1 -Stable cell line-Broad transporter rap
. . -Limited data
and metabolic enzyme expression . .
- - available for in vitro
-Polarized tight monolayer o
. . . to in vivo
formation-Potentially valuable in .
. extrapolation
toxicity and drug transporter
assays
-Complete transporter and -Expression of
Human primar metabolic enzyme expression relevant proteins
renalr:: olls: y -Polarized tight monolayer rapidly decreased
-fetal renal cells . formatlion.. . -Limiting long-term [81,118,119]
biopsy-derived -High predictivity exposure
-Transepithelial transport -Batch-to-batch
renal cells . i
-Broad range of biomarker assays variation
available -Limited availability
-In vivo-like complexity
_Ir.l v1vo—hlfe archlt.ecture -Not free from ethical
-Contains a variety of kidney cells, .
. . . . and legal issues
including proximal and distal renal .
. -Immaturity
tubular cells, endothelial cells, . A
. . -Mal-differentiation to
Human stem cells: podocytes, and kidney-derived
. . non-renal cells [115,120]
-ESC cells for high-throughput screening
. . o Cultures are [115,121]
-iPSC -Patient specific .
. . . sometime [122-124]
-UsC -Robust proliferative potential .
. -1 1 . contaminated when
-Multipotential differentiation .
. urine samples are
-Paracrine effects .
. obtained from female
-Renal progenitor/stem cells donors
-Obtained noninvasively at a less
cost and simpler method
-Complete transporter and
Animal primary metabolic enzyme expression
renal cells -Polarized tight monolayer . .
. -Species differences
-Mouse formation .
1 -Relatively low
-Rat -Transepithelial transport C
. . predictivity [125,126]
-Rabbit -Broad range of biomarker assays . .
. . . -Animal experiments [127-129]
Animal cell lines available _Species differences
-Dog (MDCK) Stable cell line D it
-Pig (LLC-PK1) -Well established P y
-Monkey (VERO) -Formation of polarized tight
monolayer

Abbreviations: HK2, human kidney 2; LLC-PK, proximal-like porcine kidney cells; MDCK, Madin-Darby canine
kidney; Nki-2, human telomerase reverse transcriptase immortalized human renal cortical cells; RPTEC, renal
proximal tubule epithelial cell; ESC, embryonic stem cells; iPSC, induced pluripotent stem cells; USC, urine-

derived stem cells.

HEK293 cells are a commonly used human renal cell line derived from human em-
bryonic kidneys that shows potent differentiation plasticity. This cell line forms glomeruli,
proximal convoluted tubules, loops of Henle, and distal convoluted tubule nephron mark-
ers when cultured in spheroids for 5 to 10 days [130]. Prange et al. compared a spherical
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cyst obtained from HK2 and cryopreserved RPTEC using hanging drop plates. These
RPTEC were differentiated into spherical cysts with a luminal structure and retain AQP1,
megalin, cubilin, microvilli, and tight junctions [131,132].

DesRochers et al. used hTERT immortalized human renal cortex (NKi-2) cells to
design a 3D model for assaying nephrotoxicity. Compared with 2D cell culture, the 3D
model that uses NKi-2 aggregation is more sensitive to the nephrotoxin and is useful for
monitoring chronic injury when repeatedly dosed for up to 2 weeks, which is a limitation
of traditional 2D culture methods [19]. RPTEC/TERT1 cells also self-assemble in Matrigel
to form a highly differentiated and stable 3D tubular structure characterized by a branched
network of monolayer cells surrounding the cell-free cavity, thereby simulating proximal
tubules. This model was used to evaluate delayed cisplatin-induced nephrotoxicity and
demonstrated higher sensitivity compared to 2D culture [133].

Based on these 3D culture systems, a bioengineered renal tubule was developed to
simulate the physiological nephron segment geometry. In short, cipTEC-OAT1 cells were
seeded on a polyethersulfone (PES) hollow fiber membrane pretreated with 3,4-dihydroxy-
1-phenylalanine (I-DOPA) and collagen IV A double coating. Using this system, the
excretion of protein-bound uremic toxins and the reabsorption of albumin under perfusion
conditions simulate the renal native environment and portray remote sensing and signaling
pathways that balance the level of microbial metabolites in the human body [134]. In
addition, vitamin D-activated bioengineered renal tubules sense the damage induced by
uremic toxins. The use of decellularized kidneys is also a suitable platform for investigating
drug-induced nephrotoxicity. Fedecostante et al. used sodium dodecyl sulfate (SDS)
to decellularize excess rat kidneys and recellularized these kidneys with ciPTEC-OAT1.
Compared with the 2D system, the model had increased sensitivity to cisplatin, tenofovir,
and cyclosporin A [135].

6.3. Animal Immortalized Cells Lines

MDCK cells are a model canine cell line used in drug screening and biomedical
research [136]. In the presence of hepatocyte growth factor, spherical cysts that MDCK
cells produced are stimulated to form long tubules [137]. Spherical encapsulations can
also be obtained by culturing cells in hanging drop plates and rotating wall containers on
low-attachment surfaces coated with 0.5% agarose medium and covered with phosphate-
buffered saline (PBS) on top [138]. Pig Kidney Epithelial cells (LLC-PK1) is a cell line
derived from the kidney of a normal, healthy male pig (Sus scrofa) [139]. Terashima et al.
used LLC-PK1 cells on the synthetic membrane device, but the exposure to blood urea
nitrogen (BUN) and creatinine and their multi-layer growth on the device limits clinical
utility [140]. In addition to the symmetric hollow fiber membrane, Ueda et al. introduced
an asymmetric membrane with hemo-compatible and cyto-compatible surfaces. In this
device, MDCK and LLC-PK1 cells formed confluent monolayers on the more adhesive
cyto-compatible surface [141,142].

6.4. Human ESC/Human iPSC

To date, the kidney organoids produced represent early developing nephrons but
lack the functionality of mature epithelia [22]. However, the proximal tubules in kid-
ney organs developed by other groups maintained characteristic functions of mature
tubules. Organoids produced by Takasato regenerate proximal tubules that take up dextran.
Compared with other cell types in organoids, organoids are more sensitive to cisplatin-
induced apoptosis, although expression to other injury markers has not been determined.
Morizane et al. developed organoids using different protocols in which the proximal
tubules express KIM1 in response to cisplatin and gentamicin and demonstrated that cis-
platin induces specific DNA damage in the proximal tubules, similar to phosphorylated
histone H2AX (YH2AX) assayed by [18]. In addition, Chuva et al. developed a two-step
model to transplant kidney organoids into the chorioallantoic membrane of chickens to
provide a vascularized environment to promote organoid maturation [143]. These findings
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indicate that organics may provide a nephrotoxicity screening platform, but it remains
necessary to further describe the functional maturity and utility for monitoring known
nephrotoxic drugs.

6.5. Human Urine-Derived Stem Cells

Urine-derived stem cells (USC) have the required regenerative properties, including
strong proliferation potential, pluripotent differentiation, and paracrine effects [122-124].
USC have been successfully induced to differentiate into urothelium [144]. In addition,
USC have been applied to the personalized modeling of inherited kidney disease and
motor neuron disease. Compared with adult stem cells and h-iPSC, USC can be obtained
noninvasively at a lower cost and with a simpler method. These encouraging findings
support the possibility of generating organoids from USC and their subsequent application
for drug screening.

USC organoids (Figure 2) have been developed using the pig-derived kKECM system
to verify kidney function [28]. Human USC differentiates into podocyte-like cells in 3D
organoids and forms renal tubular-like structures. In addition, using differentiated USC
organoids treated with cisplatin (0.2 mM) or acetone (1%) for 72 h, as assessed by organoid
morphology and the expression of KIM-1 and CYP450, a loss of semi-transparency at
the edge and cloudy organoid centers are indicative of dead cells. H&E-stained sections
confirmed this, showing that the volume of apoptotic cells decreased, leading to an increase
in the nuclear/cytoplasmic ratio. Moreover, the expression of CYP450 and KIM-1 increased,
indicating that organoids are sensitive to nephrotoxic drugs cisplatin and acetone, proving
that USC organoids are a promising screening tool for drug nephrotoxicity [28].

= =
T+ ~100 pm
Phrase Live/death
contrast Staining kit

>

Figure 2. Three-dimensional (3D) renal organoids of human urine-derived stem cells (USC). Renal
tubular organoids (4 x 103 cells, 338 + 10 um at diameter) have been developed with human USC
combined with the pig-derived kECM system to verify renal tubular-like structures located along
with the outer surface of 3D spheroids one week after culture.

7. Methods to Induce Stem Cells to Give Rise to Renal Cells

In 2014, Taguchi et al. used mouse cells to construct an in vitro differentiation pro-
tocol for kidney organoids for the first time. This program successfully differentiated
iPSC into metanephric mesenchyme cells and redefines the kidney differentiation pro-
cess. Metanephric mesenchyme cells finally differentiate into kidney organoids with renal
tubules and glomeruli through the regulation of the classic Wnt pathway [88,145]. This
protocol is a milestone in the study of kidney organoid differentiation. Takasato et al.
constructed a differentiation protocol that induces the differentiation of ureteric bud and
metanephric mesenchyme simultaneously in vitro [22,120]. Compared with Taguchi’s pro-
tocol, the new plan was finally successfully differentiated into the renal unit connected to
the collecting duct, which contains proximal tubular epithelial cells, distal tubular epithelial
cells, and glomerular structures. Although this protocol can differentiate metanephric
mesenchyme and ureteric bud together, it does not form a mature kidney unit.
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In 2015, Freedman et al. established the “sandwich” culture method, which refers
to, in addition to the underlying Matrigel, a higher concentration of Matrigel covered on
the stem cells to form a special “sandwich” structure of “Matrigel-h-iPSC-Matrigel” [86].
Compared with other schemes, this scheme has simple steps and low cost, but because
only one induction reagent is used, there are more off-target differentiated cells [146].
Morizane et al. established a scheme that can construct kidney organoids in 2D and 3D
culture environments and can differentiate NPCs with a high efficiency of 75% to 92% [18].
Compared with Takasato’s protocol, this protocol differentiated cells with higher maturity.

Although the kidney organoids obtained in the above protocol contain the main kidney
cell types, the structure is very different from that of a normal kidney. To solve this problem,
Taguchi and Nishinakamura constructed a plan to build a kidney organ similar to a normal
kidney structure. This kidney organ is called a Higher-Order Kidney organ. Taguchi
believes that after induced ureteric bud and induced nephron progenitor are co-cultured,
the two will produce some shared transcription factors during their development, which
influence each other to promote cell differentiation and maturation. Taguchi’s co-culture
method forms a kidney unit with a ureter, opening up a new kidney organoid culture [147].
In 2019, Low et al. discovered a protocol to differentiate vascularized kidney organoids.
This method can effectively vascularize kidney organs and also provides a new idea for the
source of blood vessels in the kidneys [94,148].

Recently, Guo et al. used USC to generate 3D human renal tubular organoids for
nephrotoxicity screening [26]. They centrifuged fresh urine samples from healthy male
individuals at 500 g for 5 min. After discarding the urine supernatant, cell pellets were
gently suspended in the USC culture medium consisting of an embryo fibroblast medium
(EFM) and keratinocyte serum-free medium (KSFM) mixed at a ratio of 1:1 with 10% fetal
bovine serum (FBS). Then, the cells were cultured in 24-well plates at 37 °C in a 20% O, /5%
CO; incubator. After 3-5 days, USC individual clones appeared, which was considered as
passage 0 (p0). Each clone was trypsinized, and the culture medium was changed. When
reaching a confluence of 60-70%, the cells were sub-cultured and re-plated into 6-well
plates (p1). USC at p3 were resuspended in medium and seeded into a 96-well Clear Round
Bottom Ultra-Low Attachment Microplate at 37 °C in an atmosphere of 5% CO,. The
organoids were maintained in culture for 7 days. Half of the culture medium was removed
and replaced with fresh medium every day. To induce USC differentiation into renal cells,
1 ug/mL solubilized porcine k-ECM was added into the culture medium at a ratio of 9:1
(culture medium: k-ECM gel) for 14 days. Table 5 shows various methods used to induce
the reno-differentiation of stem cells.

Table 5. Methods used to induce reno-differentiation of stem cells.

Methods Fabrication Mechanls‘m and Limitations
Benefits

-Form a tubular
structure, which contain

nfggiiﬁof? g?n Matrigel-Stem proximal tubules, distal -More off-target
Cells-Matrigel [23,86] tubules, and podocytes differentiated cells
renal cell culture .
-Simple steps and
low cost

Induce differentiation

into iUB and iNP, and
then co-culture the two -Similar to normal
Co-culture with kinds of cells with kidney
renal cells stromal cells in the same -Mutual promotion of -Inefficient
low-adhesion 96-well cell differentiation and
plate, and induce with maturation
RA, CHIR99021, and

FGF9 [147]
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Table 5. Cont.
Methods Fabrication Mechamsfn and Limitations
Benefits
One gram of ECM was -Potential loss of
mixed with 100 mg of soluble growth
pepsin from porcine -Its compositional, factors and cytokines
gastric mucosa and structural, and during the
Renal ECM ’ ste‘rlh'zed by gamma molecular similarity to decellularization
irradiation (1 Mrad). The human k-ECM process
supernatant solution was -Available in large -Heterogeneous
neutralized with 0.1 N amounts composition of the
NaOH and stored at ECM from batch to
—80 °C [27,28] batch

Growth factors:
HGF
FGF9

Company name:
PeproTech [18,149]
R&D Systems [88]

PeproTech [94]

-Precisely regulated to
the post-intermediate
mesoderm stage
-Express Hoxd11
-Ensure differentiation

-Immature renal unit
-With no specific
renal cell types

into metanephric
mesenchyme

Abbreviations: ECM, extracellular matrix; HGF, rh-hepatocyte growth factor; FGF9, fibroblast growth factor 9;
iUB, induced Ureteric Bud; iNP, induced Nephron Progenitor.

8. Procedures to Set Up 3D Models for Drug-Induced Nephrotoxicity Testing

In 2012, Astashkina et al. assessed the ability of kidney proximal tubules 3D organoids
to up-regulate CYP2E1 enzymes and Kim-1 protein response to well-known nephrotoxins
(acetone, cisplatin). Three-dimensional (3D) organoid cultures were assessed for their
capacity to induce pro-inflammatory events associated with toxicity, leading to acute kidney
injury (AKI) [25]. DesRochers et al. used immortalized human renal cortex epithelial cells to
bioengineer a 3D kidney tissue model and validated the model using biomarkers including
LDH Kim-1 and NGA. They compared acute (3 days) and chronic (2 weeks) toxicity induced
by cisplatin, gentamicin, and doxorubicin. The comparison confirmed that 3D tissues were
more sensitive to drug-induced toxicity and, unlike 2D cells, were more predictive for
monitoring chronic toxicity [19]. An in vitro 3D micro-physiological system developed by
Adler was employed to evaluate cadmium chloride toxicity. After challenging the kidney-
on-a-chip with cadmium chloride for 48 h, both Kim-1 and HO-1 increased to varying
degrees [40]. Fedecostante et al. developed a new three-dimensional (3D) nephrotoxicity
platform based on a decellularized rat kidney scaffold, which was recellularized with
conditionally immortalized human RPTEC overexpressing the organic anion transporter 1
(ciPTEC-OAT1). Compared with 2D culture, recellularized scaffolds were more sensitive
to cisplatin, tenofovir, and cyclosporine toxicity after 24 h of exposure [26].

Takasato et al. treated kidney organoids with cisplatin (0.5-20 mM) for 24 h be-
fore quantifying cleaved caspase 3 antibody-staining. While control organoids showed
occasional apoptotic interstitial cells, both 5 mM and 20 mM cisplatin induced specific
acute apoptosis in mature proximal tubular cells, whereas immature cells did not undergo
apoptosis [22]. Morizane et al. used gentamicin (5 mg/mL) and cisplatin (5 uM) to treat
kidney organoids derived from 3D h-iPSC for 48 h and 24 h, respectively. Staining of
whole and frozen sections of organoids treated with gentamicin showed that there was
obvious KIM-1 expression on the lumen surface of LTL* tubules but not in Cadherin 1*
tubules. Real-time PCR confirmed gentamicin dose-dependent up-regulation of KIM-1 by
the hormone, indicating that gentamicin damaged the proximal tubules in the organoids. In
addition, cisplatin significantly up-regulates KIM-1 in LTL" tubules and inhibits Cadherin
1* expression, indicating proximal and distal renal tubular toxicity [26].

Musabh et al. used microfluidic glomerular chips arranged by h-iPSC-derived podocytes
and glomerular endothelial cells to simulate kidney injury. To test this possibility, they
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exposed the glomerular chip to the anticancer drug doxorubicin for 5 days, which was
continuously infused through a blood vessel lining the endothelial channel. Microscopic
imaging showed a dose-dependent destruction of the podocyte layer and cell detachment
in the urinary channel. The quantification of phalloidin-stained cells confirmed the obvious
dose-dependent stratification of doxorubicin-treated podocytes from the flexible ECM
coating that separates the urinary and vascular channels [43].

Bajaj et al. differentiated h-iPSC into 3D multicellular structures containing proximal
tubule cells and podocytes and evaluated them as a platform for predicting nephrotoxicity.
The model can correctly identify four renal tubular toxins (gentamicin, citrinin, cisplatin,
and rifampicin), as evidenced by the increase in the renal tubular biomarkers KIM-1 and
HO-1. When differentiated cells were treated with doxorubicin and puromycin, mainly
glomerular toxins, increased levels of NPHS1/WT1 were observed [17]. Kumar et al.
described a modified suspension culture method for the generation of kidney micro-
organoids from h-iPSC. To evaluate the utility of micro-organoids for assessing drug
toxicity, kidney micro-organoids were treated with different doses of Adriamycin for 24 h
in a 24-well plate format. Podocytes within the kidney micro-organoids exhibited TUNEL
positivity within the podocyte compartment after Adriamycin treatment. qPCR analysis
showing dose-dependent toxicity induced by Adriamycin on kidney organoids by the
reduced expression for kidney marker genes [42]. Petrosyan et al. described a glomerulus-
on-a-chip (referred to as GOAC) constituted by human podocytes and human glomerular
endothelial cells (hGEC) seeded on Organoplates TM (MIME-TAS). They exposed the
GOAC to puromycin aminonucleoside (PAN). PAN induced podocyte injury assayed
by cytoskeleton rearrangement and loss of permselectivity for albumin at 60 min after
stimuli [44]. Chips generated with diseased podocyte cell lineages will help us understand
the cellular and molecular mechanisms responsible for glomerular injury and podocyte loss.

A sentinel step forward would be to induce a true stromal cell lineage from h-iPSC
to produce a higher-order structure such as human kidney reconstructive models. This
review reflects the evidence confirming that stromal cells have an important role in kidney
organogenesis [150-152]. Most stromal cells in the kidney are derived from Forkhead box
D1 (FOXD1)-positive stromal progenitors histologically located at the periphery of the
developing kidney [153,154]. Takasato’s protocol induces the development of stromal cells,
some of which express FOXD]1, at the same time as the development of NPCs [22]. The
stromal cells in organoids generated using the Morizane’s protocol proliferate in response
to IL-1p3, possibly mimicking kidney fibrosis [155]. However, there are very few studies
testing the nephrotoxicity of these drugs in 3D organoids.

9. Conclusions

Existing 2D cultures and preclinical rodent models cannot accurately predict nephro-
toxicity, which highlights the need for more accurate models. In vitro 3D renal culture
systems provide an alternative tool for nephrotoxicity screening. There are still challenges
to the development of 3D renal organoids for nephrotoxicity, such as human primary cell
sources instead of renal cell lines, the ratio of each type of renal cells within organoids,
chronic renal toxicity models, coordination between in vitro models and in vivo renal tis-
sues in responding to nephrotoxic agents, and general lack of podocyte toxicity platforms.
Recently, one study reported a 3D human iPSC-derived organoid glomeruli model [95],
which provides an opportunity to test drug-induced podocyte toxicity. Advances in our
understanding of kidney development, the regeneration of human kidney cell types from
pluripotent stem cells, and increasingly complex tissue culture 3D platforms have stimu-
lated the development of new methods to address these challenges. Human USC offer an
optimal cell source that can be obtained via noninvasive, simple, safe, and low-cost apaches.
Newer models are expected to include the features mandatory for successful candidate toxi-
cological drug testing, including 3D structural features, a combination of multiple renal cell
types with k-ECM composition, and fluid flow system. The main goal will be to generate
3D renal cell models to demonstrate that functional maturity is improved, thereby refining
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the response and prediction of renal injury to known and new nephrotoxic substances.
Further technological advances will lead to the development of models containing multiple
kidney cell types and nephron segments and to be able to access the basolateral and apical
parts of the model nephrons, thereby improving the model’s physiological relevance. There
is also a need to improve compound throughput testing and data collection. Ultimately,
the integration of the information obtained from these in vitro models into calculation
algorithms containing patient-specific physiological parameters can not only reduce the
late loss of drugs in the development pipeline but also promote the development of safer
drugs preventing nephrotoxic side effects and improving the effectiveness of clinically
important compounds.
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