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Abstract
Podocytes are critical components of the filtration barrier and responsible for maintaining healthy kidney function.
An assault on podocytes is generally associated with progression of chronic glomerular diseases. Therefore,
podocyte pathophysiology is a favorite research subject for nephrologists. Despite this, podocyte research has
lagged because of the unavailability of techniques for culturing such specialized cells ex vivo in quantities that are
adequate for mechanistic studies. In recent years, this problem was circumvented by the efforts of researchers,
who successfully developed several in vitro podocyte cell culture model systems that paved the way for incredible
discoveries in the field of nephrology. This review sets us on a journey that provides a comprehensive insight into
the groundbreaking breakthroughs and novel technologic advances made in the field of podocyte cell culture so
far, beginning from its inception, evolution, and progression. In this study, we also describe in detail the pros and
cons of different models that are being used to culture podocytes. Our extensive and exhaustive deliberation on the
status of podocyte cell culture will facilitate researchers to choose wisely an appropriate model for their own
research to avoid potential pitfalls in the future.
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Introduction

Damage to the glomeruli, the renal ﬁltration units, is
a leading cause of CKD and ESKD, affecting almost
10% of the population in the Western world (1). Despite recent advances in the understanding of glomerular biology, strategies for combating these diseases
remain extraordinarily challenging. Several factors that
contribute to the complexity of kidney research are: (1)
onset of these diseases is often undetected or poorly
understood; (2) disease may be acute or chronic in
nature; (3) the genetic makeup of the host adds to the
variability of clinical symptoms; and (4) multiple
organs are often involved simultaneously. Considering
these bottlenecks and the complex cellular biology of
kidney, it is of paramount importance to generate
innovative tools and methodologies that will facilitate
the study of renal biology, in particular the glomerulus.
In this review, we attempt to describe different podocyte culture models, the conceptualization followed by
their improvisation, pros, and cons of each system, and
ﬁnally the review looks at the present-day novel innovations and their future (Figure 1).

Podocytes: The Achilles Heel of Kidney Diseases

Anatomically, the glomerular ﬁltration barrier (GFB)
consists of three layers: fenestrated endothelial cells,
the glomerular basement membrane (GBM), and podocytes (2,3). Although all three layers contribute substantially to the integrity and proper functioning of the
GFB, podocytes are considered pivotal (4). Podocytes,
also known as glomerular visceral epithelial cells, are
highly specialized, terminally differentiated cells that
are bestowed with a unique architecture characterized

by multiple interdigitating foot processes (FPs) (5).
These processes, along with the ﬁltration slits that
impart size- and charge-selective permeability to the
GFB, constitute the two most prominent features of
podocytes (6–8). Because podocytes are postmitotic
cells with a limited capacity for self-renewal, they
are irreplaceable and consequently cannot be compensated for their loss or dysfunction (9,10). Thus, depletion or damage to podocytes is decisively associated
with most, if not all, glomerular diseases that result in
glomerulosclerosis in humans and experimental animals (11,12).

Deal with the “Real World,” and not the “Ideal World”
To understand the disease etiology, susceptibility,
mechanisms, prognosis, and potential therapies,
studying human subjects would be the ideal gold
standard. However, factors such as inadequate volunteers (and associated ethical issues), complexity of the
disease (e.g., high level of heterogeneity in the causes,
age of onset and rate of progression), and variability
among the host (race/ethnicity, gender, and environment associated), have deterred the researchers from
obtaining an archetype/prototype human model, thus
making it impossible to rely solely on the human
subjects for renal research. On a brighter side, with
the advent of genomics and generation of null or transgenic mice (wherein the expression of a particular gene
of interest can be either restricted to/deleted from
a speciﬁc cell or enhanced to a greater extent), experimental animal models have proven quite valuable
in providing crucial insights into several aspects of
kidney disease. Although well-characterized animal
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Figure 1. | Diagram summarizing the podocyte-culturing models described in this review. (A) Podocytes (primary, immortalized, or urine
derived) cultured on collagen in a dish with growth medium (pink). (B) Cross-section of a transwell insert showing the array of podocytes (above)
and endothelial cells (below), which are cocultured with a membrane and recapitulate the glomerular filtration barrier in vitro. (C) Humaninduced pluripotent stem (hiPS) cells, which are capable of differentiating into podocytes. These cells can be derived (i.e., reprogrammed) from
either healthy controls or patients, and express a range of podocyte proteins, which might not be obtained through standard two-dimensional
podocyte cell lines. (D) Glomerulus-on-a-chip design, where sequential seeding of podocytes and endothelial cells results in synthesis of the key
components of the glomerular basement membrane (GBM) on the vascular space filled with growth medium. This microfluidic technology
allows direct contact between podocytes and endothelial cells and free exchange of nutrients, gasses, and growth factors between vascular
space and urinary space, where the filtrate is collected (yellow).

models can provide a decent starting point for evaluating
the efﬁcacy of potential therapeutics for human diseases,
they nevertheless suffer from limitations. This is because
they do not always fully replicate their human counterparts and do not allow for mechanistic studies. Despite the
introduction of cutting-edge technology of mouse genome
editing that has deepened our understanding of renal
physiology and pathology to a signiﬁcant extent, studies
involving animal models remain time consuming, with
relatively long reproductive cycles, high maintenance cost,
and strict regulatory and ethical guidelines and protocols.
These factors make these model systems less ﬂexible and
cumbersome.
Moreover, attachment of podocyte FPs to the GBM makes
direct isolation of podocytes technically difﬁcult; therefore,
in vitro studies of these cells depend largely on cell culture
systems. Although cell culture systems do not completely
recapitulate and mimic the in vivo environment, they afford several advantages, such as the ability to control the
environment and perform multiple experiments to test
the hypothesis. Therefore, it is reasonable to validate any
hypothesis using a combination of different model systems
(including cell lines, animal models, and human studies)
to gain mechanistic insights and uncover a concept
holistically.
Onset of a New Era: How and When did it Start?
For the initial characterization, researchers have relied
primarily on nonpodocyte cell lines such as HEK, generated
by the viral transformation of human embryonic kidney
cells (13) or other cell lines with a kidney origin, such as
MDCK, LLC-PK1, and A6 (14). However, they do not fully

represent podocytes, which are terminally differentiated
cells, and thus the results obtained from those studies
may not be factual or entirely trustworthy, or skewed to
some extent. This is because the techniques, such as viral or
chemical transformation that lead to immortality in cell
culture, unfortunately lead to loss of differentiation. Further,
there is a fundamental incompatibility between the properties exhibited by continuously growing and differentiated
cells. This necessitated generation of a cell-culture technology that can facilitate ex vivo cultivation of podocytes.

Primary Cell Culture
When cells are directly isolated from the tissue and propagated in vitro, they are referred to as primary cells. Thus,
primary culture serves as a bridge between cell lines and
cells in vivo. Krakower and Greenspon (15) were the pioneers who described a method for isolation and culture of
primary podocyte cells in 1954. Overall, the procedure
entails isolation of glomeruli by differential sieving, seeding
them on a collagen-treated surface, then allowing the cells to
grow in the nutrient medium. The sieving technique (passing the glomeruli through a series of stainless-steel sieves
with decreasing pore sizes) is believed to remove the parietal sheet (decapsulate the glomeruli) and expose the visceral cells (podocytes). However, some groups have reported heterogeneity in the glomerular cells prepared using this
classic protocol, questioning its validity (16). The original
protocol involved using only two sieves, 250 mm and
150 mm, and Yaoita et al. (17) modiﬁed the protocol further,
by using 250 mm and 75 mm instead, in an attempt to reduce
podocyte damage during the sieving process. Further, to
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push the cell line toward a molecular and structural phenotype that resembles closely with the in vivo podocyte with
FPs and slit diaphragm (SD), heparin and all-trans retinoic
acid were used, and cells were grown on laminin-coated
plates (18). This not only coaxed podocytes to project primary processes that further bifurcated and appeared to
interdigitate with adjacent cells, but also the podocytespeciﬁc gene expression pattern was remarkable. Using
a combination of sieves with different mesh sizes, glomeruli
are isolated from different species (e.g., sieves with 250, 150,
and 75 mm pores are used for collecting rat glomeruli, and
an additional 53 mm sieve is added to harvest mouse glomeruli) (19). Exploiting differential sieving technique with
149 mm and 70 mm sieves, primary culture of human fetal
podocytes has also been derived (20,21). When a preparation
contains 95% glomeruli and only few tubules as nonglomerular cells, it is considered good. Including a Ficollgradient centrifugation step has been shown to enrich glomeruli and reduce tubular contaminants in the cellular
preparation (22). Once the glomeruli are isolated, two protocols are followed routinely. In the ﬁrst, the cells are plated
directly on the collagen-coated dish to allow cellular growth
for 4–5 days, followed by passing the trypsinized cells
through a 25 mm cell strainer to remove the residual mesangial and endothelial cells (23). The alternative is to subject
the glomeruli to enzymatic dissociation, followed by passing them through a 25 mm cell strainer and use the cells in
the ﬁltrate for cultivation. There are different enzymes used
for digestion, such as collagenase (0.1%) for human glomeruli, and trypsin (0.2%) or DNase (0.01%) along with collagenase for rat glomeruli (24). Because longer incubation
with the enzymes has been shown to cause overdigestion
of glomeruli, which effects cell viability and results in crosscontamination due to release of mesangial cells, modiﬁcation of protocols that involve harvesting the glomeruli without enzymes is also adopted (25,26).
Because podocyte damage was observed during the isolation of glomeruli using conventional sieving methods,
techniques that entail gentle isolation without forced sieving
were devised. Using spherical beads exhibiting magnetic
properties for kidney perfusion and collagenase treatment,
both glomeruli yield and purity were augmented. Further,
the cellular outgrowths were identiﬁed as podocytes by
either immunostaining (using antibodies against podocyte
marker proteins) or gene expression analysis (27,28).
The quality and the purity of cells obtained generally
depends on the ﬁrst step, that is, isolation of decapsulated
glomeruli, which are devoid of parietal epithelial cells
(PECs), from the kidneys. This is because decapsulated
glomeruli have been shown to generate large, arborized
cells with the marker proﬁle corresponding to podocytes
(positive for WT-1, synaptopodin, and podocalyxin but not
for pan-cadherin), PECs, mesangial cells (Thy-1), or endothelial cells (vWf, RECA-1). On the contrary, cells that outgrow from encapsulated glomeruli fall into two morphologically distinct types: (1) polygonal cobblestone-like cells
(which are either dedifferentiated podocytes or PECs of
Bowman’s capsule, and stained strongly positive for pancadherin but faintly for WT-1 and synaptopodin, and negative for podocalyxin) and (2) large irregularly shaped cells,
which are weakly positive for synaptopodin and negative
for podocalyxin (17). During the early days, glomerular
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outgrowths possessing nonspeciﬁc cobblestone-like appearance were mistakenly considered as podocytes (29). Later,
stringent criteria were used to conﬁrm their authenticity,
such as staining for speciﬁc marker proteins, and by monitoring the in vitro developmental proﬁle as observed during
podocyte maturation in vivo.
Another major challenge that researchers faced was the
rapid dedifferentiation of primary podocytes in cell culture,
which was accompanied by the loss of their speciﬁc cellular
architecture, namely, FPs, degeneration of podocytes into
cobblestone-like morphology, and loss of expression of synaptopodin, a key marker of differentiated or postmitotic
podocytes in vivo (30). This incited the researchers to direct
and gear their efforts toward generation of a podocyte culture
model that can closely mimic mature podocytes in vivo, especially the expression of synaptopodin. Seminal study by
Mundel et al. (31) in 1997 devised a protocol that not only
evaded the problem of spontaneous dedifferentiation of podocytes in primary cell culture, but also showed for the ﬁrst time
that podocytes can be differentiated effectively in vitro. Just by
changing the standard culture conditions and avoiding repeated subcultivation, they were able to achieve remarkable
differentiation of the cobblestone-like cells (un/dedifferentiated and proliferating) into arborized podocytes with some
intermediate phenotypes. These podocytes exhibited growth
arrest (cell cycle exit) and formation of FPs along with positive
staining for WT-1, podocyte-speciﬁc O-acetylated ganglioside,
and synaptopodin, something that was never detected in
cobblestone-like cells. However, this process of conversion
was shown to be independent of variability in culture conditions, such as contents of the serum, growth medium, and
coating matrix used to improve the adherence; high plating
density could delay this conversion (31).

Immortalized Podocytes: Constitutive and Conditional
After the landmark breakthrough provided by Dr. Mundel et al. (31), researchers had the availability of differentiated primary human and rat podocytes, which undoubtedly
resembled the in vivo counterpart. However, the fact that
differentiation had induced a growth arrest led to a significant hiatus in the research. Owing to the limited ability of
these terminally differentiated cells to proliferate, the challenge was to increase their numbers with subsequent passages to obtain cells enough for assays.
Therefore, during that era, to provide the in vitro cultured
cells with the ability to divide indeﬁnitely, a plethora of
immortalized cell lines were generated (32–34). This was
accomplished by inserting an immortalizing gene encoding
the simian virus 40 (SV40) large tumor antigen (TAg) into
in vitro cultured cells by transfection or retroviral infection.
Another approach was culturing the cells isolated from
transgenic mice harboring the SV40 TAg (T-SV40) immortalizing gene. Both approaches were shown to suffer from
severe drawbacks, including (1) uncontrolled expression of
the immortalizing gene led to constitutive proliferation that
altered cellular physiology; (2) a large number of cells were
required for transfection to attain the desired number of
cells; (3) random or nontargeted insertion of the immortalized gene; and (4) the transgenic mice bearing the immortalizing gene exhibited tumor formation, and aberrant
growth and development patterns (35–37).
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These challenges were circumnavigated by generating
conditional immortalized cell lines. The concept is to switch
the cells from the proliferative phase to the differentiating
phase by exposing them to a particular condition that would
inactivate the immortalized gene or degrade its product.
Toward this end, an advanced strain of transgenic mouse,
popularly known as “immortomouse”, was generated that
harbored a “double” conditional immortalizing gene
(38,39). Brieﬂy, the transgenic animals were generated by
the insertion of a chimeric construct consisting of the mouse
MHC H-2Kb class I promoter (that is inducible by IFN-g),
and the immortalizing gene, tsA58 early region encoding
the thermolabile TAg. Thus, exposure to IFN-g would induce the activation of the H-2Kb promoter that drives the
expression of the immortalizing protein tsA58 TAg. This
protein is thermolabile so remains stable and functional only
at 33°C, and previously accumulated tsA58 TAg protein
rapidly degrades at higher temperatures, such as 37–39.5°C.
Further, concomitant omission of IFN-g prevents the de novo
synthesis of the immortalizing tsA58 TAg protein. Therefore, in essence, the cells isolated from the immortomouse
would proliferate only in the presence of IFN-g under
permissive temperatures, and cease to multiply with the
removal of IFN-g and undergo differentiation in nonpermissive temperature by exiting the cell cycle. Under these
conditions, most of the cells had exhibited growth arrest
within 6–14 days. Exploiting the transgenic mouse model
generated by Jat et al., a research group led by Mundel
et al.(40) spearheaded to develop a protocol to generate
immortalized conditional murine podocyte lines (35–37).
Although the original mouse podocyte cell line exhibited
standard marker proteins of mature podocyte, spontaneous
transformation of cells was observed occasionally in cultures that exceeded 30 passages. Therefore, their recommendation was to cryopreserve a bank of low passage stock and
not use the podocytes in culture after 10–15 passages to
avoid any alterations in growth rate, morphology, protein
expression, and transfection efﬁciency.
Several modiﬁcations to the original protocol were adopted later, which includes the practices of (1) altering the IFNg concentrations, and (2) using 38 or 39°C as opposed to 37°
C (the standard accepted) to match the body temperature of
the mouse. This was tried despite the observation made by
Mundel et al. (40) that an increase in the nonpermissive
temperature led to an increased cell death. Finally, (3) the
time podocytes are allowed to grow under nonpermissive
temperature to attain differentiation, that is, either 7–14 or
most often 10–14 days (24). It is also interesting that although podocytes were maintained in culture dishes coated
with collagen type I, the main structural component of the
GBM is collagen type IV (41). This prompted the investigators to assess the effect of various extracellular matrices on
adhesion, proliferation, and differentiation of podocytes.
The results indicated that although collagen IV is a physiologically better-suited attachment substrate, the podocytes
still differentiated with a similar phenotype and expressed
all podocyte-speciﬁc proteins regardless of the choice of
plating matrix (31,42,43). However, the expression and localization pattern of SD protein CD2AP were dependent on
the type of matrix used (41). Unlike type I, on a type IV
collagen matrix, CD2AP was expressed by both undifferentiated and differentiated podocytes and its localization

changed from diffuse cytoplasmic to cell periphery, which
corresponds closely to its association with the SD structures.
Although several podocyte cell lines, and primary cultures of podocytes, have been established and utilized to
date, dedifferentiation of podocytes is often observed
in vitro. The typical dedifferentiation is characterized by
rapid loss of specialized FPs and SDs, and attenuation of
expression of marker proteins that indicate differentiation.
Among several differentiation markers, the expression of
nephrin is lost relatively easily (44). Some culture conditions
have been reported to upregulate podocyte-speciﬁc gene
expression. Addition of 1,25-dihydroxyvitamin D3, alltrans–retinoic acid (ATRA), and dexamethasone to DMEM/
F12 was shown to be the most potent and suitable medium for
the recovery of nephrin gene expression in podocytes (45).
Expression of other podocyte markers such as P-cadherin
and NEPH1 were also shown to be upregulated in this medium. Because of the dexamethasone-induced toxicity, which
is well recognized in several cell types, this medium is not
competent for long-term maintenance of podocytes in the
differentiated state. Thus, DMEM/F12 supplemented with
vitamin D3 and retinoic acid was found to be optimal for
the maintenance of nephrin gene expression in prolonged
cultures. It is interesting that DMEM/F12 and a-MEM could
increase the nephrin gene expression to a greater extent compared with RPMI 1640, a conventional basal culture medium
used for podocytes. These effects were not attributed to the
substances enriched in the DMEM/F12 and a-MEM media,
such as sodium pyruvate, D-pantothenic acid, folic acid, and
vitamin B12, but to the other unknown factors including saccharides, inorganic salts, amino acids, and other vitamins.
Short-term exposure of vitamin D3, ATRA, and dexamethasone to murine podocytes, cultured in the conventional RPMI
1640 medium, has been shown to synergistically increase the
expression of nephrin mRNA and the activity of the nephrin
gene promoter (46). Kabgani et al. (47) used different media
such as RPMI or the endothelial cell growth medium, to
demonstrate their impact on the morphology of primary
podocytes. Culturing the primary podocytes in endothelial
cell growth medium at low cellular densities was shown to
preserve their characteristic morphology (large cells with intracytoplasmic extensions) even after nine passages. Yaoita et al.
(48) found the long-arborized cell processes radiated extensively from the cell body only when podocytes were cultured
in the presence of heparin and ATRA on laminin-coated dishes
with decreasing concentrations of FBS (18).
As opposed to the colossal amount of effort directed
toward generation of murine podocyte cell lines, there have
been feeble attempts to generate an immortalized human
podocyte cell line. The very ﬁrst attempt to generate and
establish a human cell line involved harvesting glomeruli
from a month-old baby’s kidney, followed by isolation of
podocytes and subsequent transfection of the cells with two
immortalizing genes, T-SV40 and Ha-Ras (49). However,
only T-SV40 was expressed at the protein level and Ha-Ras,
although was integrated into the genome, failed to transcribe. This cell line was designated 56/10A1, and exhibited
some morphologic abnormalities (smaller cells with leaky
junctions and large intercellular spaces), enhanced proliferation, and a limited ability to differentiate. Despite these
drawbacks, 56/10A1 expressed several determinant marker
proteins speciﬁc for differentiated podocytes, such as PHM-
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5, common acute lymphoblastic leukemia antigen, cytokeratin, and WT-1, and retained the phenotype for over 50
passages. Acknowledging the need and scope for improvement, glomerulus from a nephrectomy specimen of a 3-year
old child was isolated to develop a conditional immortalized human podocyte cell line (50). This was developed in
collaboration with Dr. Mundel et al. (31) using the same
strategy as described above to generate conditionally immortalized murine cell lines.
Both cell lines were generously shared, and thus became
the leading workhorses for researchers worldwide to study
podocyte biology. However, caution must be exercised and
following facts must be considered when translating experimental ﬁndings from cultured podocyte cell lines. These
immortalized cell lines are convenient compared with the
primary cell lines, but they remain artiﬁcial and are an
insufﬁcient surrogate because of the way they are derived,
via an insertion of an unnatural gene into their genome.
Moreover, podocytes in culture are grown on petri dishes as
a monolayer without the presence of their natural neighbors, mesangial and endothelial cells. Some alternatives that
are adopted to address these issues coculture podocytes
with glomerular endothelial cells to better study the permeability, or grow podocytes in a Matrigel to attain a threedimensional effect.
Another bottleneck is that the capillaries in the renal
glomerulus are formed by three cell types, mesangial cells,
endothelial cells, and podocytes, and in natural environment, all three are exposed to the mechanical load arising
from glomerular capillary pressure and glomerular ﬁltration. Among these glomerular cell types, the effect of mechanical stress has been studied ﬁrst in cultured mesangial
cells. The podocytes in culture encounter neither the conventional mechanical stretch nor the ﬂow of primary urine
ﬁltrate. Thus, it is not surprising that they do lack SDs
between neighboring cells (51), and express only a limited
amount of speciﬁc marker proteins, such as nephrin, podocin, or transient receptor potential cation channel 6 (52). To
test if these conditionally immortalized podocytes can tolerate the physiologic intraglomerular conditions, several
mechanical and ﬂuid shear stress models were generated
to imitate the in vivo conditions (53–55). The ﬁndings report
that the immortalized podocytes were mechanosensitive,
that is, they were extremely sensitive to the ﬂuid shear
stress. In response to the stress, they underwent unique
alterations in their shape and cytoskeletal architecture; however, these changes were reversible. More speciﬁcally, the
transversal F-actin stress ﬁbers were diminished, vinculin
distribution was altered signiﬁcantly, enhanced localization
of cortactin at their cell periphery, and frequent appearance
of lamellipodia were observed, which overall is indicative of
a highly motile podocyte phenotype. Further, as the shear
forces arising from the ﬂuid ﬂow increased, a progressive
loss of podocytes was also observed (53–55).
Other pitfalls encountered with these conditionally immortalized cell lines include sensitivity to even minimal
deviations in temperatures as low as 1°C, deterring complete differentiation under nonpermissive conditions, careful handling of the cells, and maintaining sterile aseptic
conditions are required, extra added step of coating culture
dishes with collagen, aliquoting, and maintaining singleuse, high-quality IFN-g frozen stocks, maintaining cultures
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at no more than 80% conﬂuence to prevent overgrowth, loss
of contact inhibition and multilayering that has been shown
to negatively affect differentiation. Further, despite the
availability of state-of-the-art tools for manipulating cell
lines through gene expression or gene silencing, the biggest
hindrance that has crippled the podocyte ﬁeld is the compromised ability of podocytes to uptake and incorporate
foreign DNA, which is similar to the other postmitotic cells,
such as neurons or cardiomyocytes. Even with the introduction of myriad of effective transfection reagents, podocytes still suffer from relatively low transfection efﬁciency,
ranging between only 10%–20% in proliferating cells. Although transient transfection requires less labor and could
be time intensive, it does not lead to incorporation of the
gene of interest into the genome, thereby making it vulnerable to loss on subsequent cycles of cell division. Stable
transfection, in contrast, affords advantages such as incorporation of the gene into the genome, allowing for transmission of expression to the daughter cells and a growthselection process that allows for continuous expression of
transgene from virtually all of the cells. Therefore, although
the selection process and expansion of the stable transfectants (i.e., survivors postselection) usually take 2–3 months,
viral transduction (by means of retroviral, adenoviral or
lentiviral gene transfers) has emerged as the ideal method
for alteration of gene expression in podocyte cell lines.
Moreover, viral transduction can also be performed in
growth-arrested differentiated podocytes maintained under
nonpermissive temperature to conduct overexpression or
knockdown studies.

Union is Strength: Custom-Built Complexes by
Podocyte Coculture Systems
It is overly simplistic to see GFB as comprising one cell
type. In fact, it is a tripartite structure with podocytes,
endothelial cells (both of which are postmitotic, highly
specialized, interdependent cell populations), and an intervening GBM in between. Proteinuria, a common symptom
of glomerular diseases, is caused when proteins leak from
the GFB. Despite enormous advances made in the pathogenesis of kidney diseases, the underlying steps leading to
proteinuria remains to be completely uncovered. To gain
a full insight into the proteinuric disease etiology and to
conduct functional studies in vitro, generation of a threedimensional model of the GFB became in need. The year
2002 marked the ﬁrst attempt for generating a sandwich
model in which immortalized primary rat podocytes were
grown on collagen-coated coverslips overlaid with Matrigel
(56,57). Then the HUVECs were seeded on top of the Matrigel. However, this model suffered from several limitations
because the podocytes adhered to the matrix proteins on
both the sides, and the assembly did not create the intended/necessary separation between podocytes and endothelial cells. Subsequently, in 2008, another method was proposed wherein the conditionally immortalized mouse
podocytes were grown on cell culture inserts hung into
wells and the endothelial cells were seeded at the bottom
of the wells (58). With this improvised procedure, spatial
separation between podocytes, extracellular matrix on the
membrane, and endothelial cells was achieved. Later, Slater
et al. (59) devised another coculture model in which the
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human conditionally immortalized podocytes and endothelial cells were grown on the opposite sides of a nanoﬁber
membrane, which was obtained by electrospinning collagen
type I and polycaprolactone on nickel micromeshes. Bruggeman et al. (60) described the production of thin ﬁlms of
hydrogel suitable for coculturing podocyte and endothelial
cells on the opposite sides of the ﬁlm. Hitherto, these were
the only two models that could mimic a correct and close
relationship between podocytes and endothelial cells. However, both methods were not adopted widely by the scientiﬁc community, most likely due to their specialized requirements for complex biomaterial synthesis. Consequently,
coculturing podocyte-endothelial cell types without a need
for any specialized instruments or devoted biomaterials was
established and patented (61). This coculture system is
composed of an isoporous membrane that is coated with
type IV collagen on both sides. Because type IV collagen is
the physiologic collagen present in the GBM to which both
podocytes and endothelial cells adhere in vivo (62), an
optimal adherence and growth of both cell populations
were achieved. Podocytes were attached or adhered to
the upper side of the membrane and endothelial cells on
the lower side. Additionally, this methodology allowed
researchers to use a third cell type at the bottom of the
well, thereby multiplying the possibility to study more
complex glomerular intercellular signaling events. Because
the coculture can be assembled with podocyte cell lines and
with primary podocytes, extending their use to cells derived
from transgenic mice, this three-dimensional model of the
GFB is thus considered quite versatile over other existing
methods. Although this type of three-dimensional coculture
system facilitates studies on intercellular signaling, an obvious limitation of this model is the extreme simpliﬁcation
of the ﬁltration barrier, as represented by the absence of SDs
in podocyte FPs as well as the absence of the hemodynamic
component.

podocytes in cell culture. To add further complexity, the cells
positive for podocyte markers were also found to coexpress
markers speciﬁc to other cell types, such as cytokeratin-8
(tubular epithelial cells) and a–smooth muscle actin (mesangial cells), indicative of transdifferentiation (67). On the basis
of their ﬁndings, authors also deﬁned a functional working
model, that is, in active glomerular disease or in response to
an assault, viable podocytes undergo dedifferentiation, which
endows them with an ability to proliferate, thereby causing
them to detach from the glomerular tuft; whereas in healthy
individuals, mostly senescent podocytes are shed. This hypothesis is intriguing because it offers a paradigm shift in our
understanding that adult podocytes either retain or regain
(during some damage or insult) the potential for replication
and thus may not be completely terminally differentiated as is
conventionally assumed.
Subsequently, few other groups also isolated, studied,
and compared urinary podocytes from healthy rats with
several models of experimental rat nephropathies (68–70).
Contrary to the ﬁndings of Vogelmann et al., no viable
podocytes were found in the urine from healthy rats. But
the urinary cells harvested from rats with membranous
nephropathy (MN) expressed a large variety of podocytespeciﬁc markers, including synaptopodin, nephrin, podocin, WT-1, and GLEPP1, although the latter was not detected
in human urinary podocytes. Further, they did not observe
coexpression of podocyte markers with the markers of other
cell types (68). Continuing studies using other models of rat
nephropathies substantiated most, if not all, of the ﬁndings
of Vogelmann et al. (69,70). Hitherto, culturing podocytes
from urine to study podocyte pathophysiology has not
gained much popularity; rather, detection of podocytes in
the urine has only served as a promising marker for assessing the severity of glomerular diseases (71).

Podocytes or Pseudocytes?
Wealth Out of Waste: Podocyte Culture from Urine
The idea that the podocyte fragments or complete podocytes can be shed into urine stemmed from the observations
of Pascual et al. (63) and Hara et al. (64). They detected cells
that stained positive for the C3b complement receptor 1 and
podocalyxin, in the urinary sediments of patients with
kidney disease, although they are not speciﬁc markers for
podocytes. A few years later, two other groups conﬁrmed
their ﬁndings (65,66), establishing a premise that during
certain glomerulopathies, it is possible that injured podocytes can detach from the GBM and appear in the urine.
However, the evidence that these podocalyxin-positive cells
were truly podocytes still remained elusive, until Vogelmann et al. (67) successfully cultured these cells ex vivo, and
demonstrated unequivocally that podocytes do exist in the
urine of both healthy subjects and patients with active and
inactive glomerulopathies. Although the growth pattern of
urinary podocytes in cell culture was quite similar to both the
primary and immortalized cells, they only expressed some
(podocalyxin, WT-1, synaptopodin, P-cadherin) but not all
(GLEPP-1) of the markers of podocytes. Not only that, the
WT-1 expression was disappeared within a few weeks, which
was not observed in the podocyte culture of nonurine origin,
suggesting a strong likelihood of dedifferentiation of urinary

Conﬁrmation of the identity and authenticity of the desired cell type is always essential in any in vitro culture
system. The original and main criterion for the identiﬁcation
of cultured podocytes was their cellular morphology, which
tends to differ grossly from their factual in vivo phenotype.
This is because of variations in many factors such as handling, incubation, and storage of cells and culture components. The accepted standard is that the small, polygonal
cells with a cobblestone-like appearance are proliferating or
dedifferentiated podocytes and the large branched binucleated arborized cells are mature podocytes (15). Another
common, yet obsolete, method to conﬁrm podocyte identity
was by testing their selective toxicity to puromycin aminonucleoside (PAN) (72). The downside of this methodology
was that these puromycin-damaged podocytes were useless
for further experiments. Therefore, a nondestructive method
routinely used to identify podocytes in cell culture is immunoﬂuorescence or immunocytochemistry; both detect the
expression of podocyte-speciﬁc marker proteins. However,
one of the most difﬁcult conundrums faced by the experts in
the ﬁeld was to generate a toolbox that contains proteins
exclusively and unambiguously expressed by a true podocyte. Several proteins continued to be added and later removed from the list, but overall majority of the researchers
now use a palette of three to ﬁve podocyte-speciﬁc marker
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proteins to test and classify a cell as a podocyte. Krtil et al.
(24) tabulated an array of proteins that are most commonly
used as markers of podocytic phenotype. To conclude accurately, their recommendation is to include a cocktail of
markers that are expressed in different podocytic compartments (i.e., a protein of apical membrane such as GLEPP1,
podocalyxin, or PHM-5 antigen, a protein of FPs and SD,
including nephrin, podocin, CD2AP, cytoskeleton such as
synaptopodin, secreted protein) along with WT-1 as a general marker for both mature and immature podocytes.

It Is No More a Flight of Fancy
The GBM is sandwiched between podocytes and endothelial cells, which constitute the trilaminar GFB. Recapitulating such an arrangement in vitro is ultimately the goal
and dream of bioengineers, warranting development of
more optimal and sophisticated in vitro models. The ideal
model would require not only the two highly differentiated
cellular components (podocytes and endothelial cells) but
also a matrix support that can withstand the pressure and
sheer forces in a manner that mimics the biophysical properties of the GFB in vivo. Therefore, it is of paramount
importance to improve the cell culture techniques and develop complex systems that closely represent the physiologic environment; the implications of this will fuel the
discovery pipeline.
To ﬁnd alternatives, Ronconi et al. were the ﬁrst to identify
and isolate CD1331 CD241 renal progenitor cells (RPCs)
from the PECs of the Bowman’s capsule of adult human
kidney. Although this cell population represents only
1%–4% of all renal cells, it exhibited remarkable potential
to differentiate into different renal cells. Within this cell
population, a subset of CD1331 CD241 cells that are Podocalyxin2 displayed the potential to differentiate into podocytes and tubular cells in vitro (73). However, the next
question was to identify an efﬁcient source for RPCs. Interestingly, Da Sacco et al. (74) pioneered isolation and
characterization of a novel cell population from human
amniotic ﬂuid, which possessed the characteristics of podocyte precursors (called amniotic ﬂuid kidney progenitor cell
podocytes). Their ﬁndings demonstrated that differentiated
amniotic-ﬂuid kidney progenitor cell podocytes indeed possessed characteristics similar to the immortalized human
podocyte cell lines, not only morphologically, but also
expressed major podocyte proteins such as GLEPP1, podocin, synaptopodin, nephrin, and collagen type IV along with
sensitivity to PAN. Unlike existing immortalized cell lines,
the beneﬁts this system offers are: (1) this cell population can
be cultured from any mammalian model system and propagated for many passages without immortalization, (2) it
has a more nearly normal cell cycle regulation, and (3) there
is a clear developmental pattern of speciﬁc protein expression. Isolation of RPCs from urine was considered another potential noninvasive alternative approach, wherein
the progenitor cells were shown to indeed differentiate
in vitro toward podocyte-like cells (75,76). Thus, although
culture systems derived from these unique progenitor cells
represent an attractive alternative to current immortalized
cell lines, the low and variable number of progenitor cells
present in these biologic samples has stymied the success of
these systems.
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To overcome this hurdle, recent progress in stem cell
biology and the ability to reprogram any somatic cell type
into pluripotent stem cells (PSCs) has opened a new dimension, because it essentially allows the generation of, in
principle, any desired cell type (77). The induction of kidney
organoids from PSCs including mouse/human embryonic
stem cells (ESCs) and human- or patient-induced PSCs
(iPSCs) has emerged as a promising approach. A kidney
organoid is a three-dimensional kidney-like tissue that contains podocytes, renal tubular epithelial cells, and other
types of cells. Deriving renal cells using iPSCs offers an
inestimable tool to study “kidney diseases in a dish”, or
podocytopathies. Additionally, this approach is advantageous because it promotes generation of renal cells via recreation and mimicry of all of the in vivo stages of embryonic
kidney development. The procedure begins with differentiation of iPSC into intermediate mesoderm and metanephric mesenchyme, followed by generation of nephron progenitor cells that are later induced to become multiple cell
types on exposure to certain speciﬁc growth conditions (78).
Since then, robust protocols have been developed and modiﬁed to push the cells to commit toward a particular lineage
or subset of cells (79). For example, using either two- or
three-dimensional culture approaches, and varying the
choice and/or timing of growth factors, one can achieve
induction of either one renal cell type (e.g., podocyte-like
cells) (80,81) or self-organizing kidney organoids consisting
of segmented nephrons (82–85). Using a gene-editing system (CRISPR/Cas9), the kidney lineage markers SIX2 and
NPHS1 were ﬂuorescently tagged to monitor the maturation of podocytes and progenitors in real time as indicators
of nephron commitment (SIX2) and podocyte health
(NPHS1) (86). Morizane et al. (87) also developed a protocol
to induce human ESCs and iPSCs toward glomeruli and
renal tubules via nephron progenitor cells with high efﬁciency. The iPSC-derived podocytes were conﬁrmed by
their ability to express podocyte-speciﬁc markers, endocytic
internalization of albumin, and the disappearance of pluripotent markers (88). Further, they exhibited transcriptomic
and protein expression proﬁles that matched those of mature podocytes, a feat that no other method has been able to
achieve so far (89). Not only the expression levels of NPHS1
and NPHS2 genes in these induced podocytes were incredibly higher than that of the immortalized podocyte cell line,
but also expressed abundant SD-related proteins with functional responsiveness to PAN-induced injury. The induced
podocytes, however, still lacked typical interdigitated structures of FPs and expression of some important genes when
compared with adult human podocytes (90). To assess how
close podocytes in kidney organoids are to genuine podocytes, Wu et al.(91) performed a detailed evaluation using
single cell RNA sequencing of kidney organoids generated
using the protocols developed by Takasato and Morizane.
Although the latter contained more podocytes (29%) than
the former, podocytes derived from both the organoids
displayed incomplete differentiation and a lack of expression of many transcription factors compared with human
adult podocytes, suggesting the immaturity of the organoid
podocytes. Nevertheless, these signiﬁcant advancements
not only afforded a valuable tool to generate an unlimited
and renewable pool of podocytes for clinical research, but
also opened an avenue for regenerative medicine, wherein
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these podocytes have a potential for use in cell-based therapies for combating kidney diseases associated with podocyte loss or dysfunction.
Although current protocols induce transformation of
iPSCs into kidney organoids that resemble ﬁrst-trimester
kidney development (83,92), a fully functional “kidney in
a dish” has not yet been established. This was due to lack of
glomerular microcirculation, peritubular vascularization,
and hemodynamic ﬂow throughout the entire organoid
tissue; all of which led to a stunted glomerular and tubular
maturation in vitro. Therefore, to improve this model system
and favor maturation, organoids were transplanted in
mouse kidneys. This led to extensive graft vascularization,
which was accompanied by a fenestrated glomerular endothelium, a GFB including GBM protein deposition, and
polarized podocytes (93–95).
Type IV collagen, an essential GBM component, forms
three distinct networks by combining its six a-chains. Although, the trimers of a-1,1,2 predominate in early mouse
glomerular development, the networks comprised of a-3,4,5
are most abundant in the mature GBM (96). The speciﬁc cues
that initiate this isoform switch during GBM maturation are
unknown. Although podocytes are known to produce the
appropriate collagen IV isoforms, crosstalk between podocytes and adjacent cells is believed to provide essential cues
for synthesis, secretion, and ultimate assembly of the matrix
proteins (97). Matrisome analysis of glomeruli derived from
organoids (OrgGloms) revealed enrichment of mature GBM
components (98). Type IV collagen chains a-1 and a-2 were
found abundantly, indicating the formation of basement
membrane in OrgGloms. Additionally, the mature type IV
collagen a-5 and a-6 chains were expressed in high abundance in the Bowman’s capsule as the a-5,6,5 network (98).
However, a-3 and a-4 chains could not be detected, suggesting alternative cues such as blood supply might be
required for this isoform switch and for the assembly of
a-3,4,5 mature network (99). Although the OrgGloms suffer
from this limitation, there are several glomerular proteins
present within the OrgGloms, which are absent in the
immortalized cultures, including the mature type IV collagen a-6. Therefore, OrgGloms certainly show greater congruence and resemblance to the human glomerular tissue,
and offer higher-quality data when compared with the other
in vitro systems.
Continuous efforts were made by the researchers to address and improve the limitation of these systems, that is,
their inability to recapitulate assembly of mature type IV
collagen trimers, which is a marker of true differentiation. A
recent study by Bantounas et al. differentiated the hPSC lines
into kidney progenitors and allowed them to undergo
rudimentary morphogenesis in vitro, then implanted the
differentiating cells from two-dimensional cultures into immunocompromised mice subcutaneously (in vivo). This
technique was shown to generate more mature kidney
structures than reported previously. Evidence for the maturity of these implanted glomeruli comes from the fact that
they become substantially vascularized and express mature
GBM proteins, such as type IV collagen a-3 chain with
a fused trilaminar structure, and podocyte FPs and SDs (95).
Although transplantation of kidney organoids into murine models has substantially induced their maturation,
experiments are still laborious, technically challenging,

and expensive. Moreover, in future, the use of kidney organoids for disease modeling or drug testing would potentially reduce the use of animals, but organoid transplantation would still require their use. Therefore, generating
mature kidney organoids in vitro was the next aspiration
of the researchers, which prompted them to discover novel
methods to stimulate organoid maturation without the involvement of protracted animal models. Toward this end,
robust high-throughput screening platforms to study the
effect of several factors on organoid maturation and differentiation were developed (86,100). Further, organoids also
contain many cell types other than podocytes, which might
obscure molecular details associated with this unique cell
population. Yoshimura et al. (90) addressed this problem by
tweaking organoid differentiation in a way to produce
a podocyte population with a high degree of purity.
Along with the organoid vascularization that provides
sufﬁcient nutrients to the tissue for maturation, shear stress
and hemodynamics are other crucial factors that stimulate
organoid differentiation (76). Therefore, to improve the
current model system, signiﬁcant progress has been made
over the past decade in generating “organs on a chip” by
implementing ﬂow using microﬂuidic systems (101). This
technique was extrapolated successfully to engineer a “glomerulus on a chip” (GOAC) (89). Brieﬂy, to reconstitute the
podocyte-endothelial interface and imitate the microenvironmental cues, poly(dimethylsiloxane) (PDMS) chips consisting of two microchannels were used. The top channel
contained podocytes and the bottom had glomerular endothelial cells separated by a porous extracellular matrix–
coated membrane (made of polycarbonate, PDMS). The
functionality of the GFB was demonstrated by albumin
retention in the vascular channel and expression of podocytespeciﬁc markers, such as nephrin, WT-1, podocin, and VEGFA (89,101). Using GOAC, the ﬁrst steps toward modeling of
various diseases from hypertensive to diabetic nephropathy have already been initiated, with propitious results
(102,103).
In most of the current glomerular chips, podocytes, and
glomerular endothelial cells are separated by PDMS, which
is a synthetic membrane. Although these synthetic membranes are equipped with pores that allow free exchange of
media and growth factors, they still do not facilitate proper
crosstalk between the glomerular cells, which is the key for
efﬁcient GFB function. Fairly recently, a GOAC was devised
that is devoid of an artiﬁcial membrane separating the two
monolayers (podocytes and glomerular endothelial cells)
(104). The chip is a microﬂuidic layer sandwiched between
two 175 mm glass organoplates (MIMETAS, Netherlands).
On these microﬂuidic chips, the cells maintained their morphology, formed capillary-like structures, and expressed SD
proteins, at least for a month. Proper interaction of glomerular cells also led to the de novo deposition of GBM extracellular matrix components comprising collagen IV trimer
and laminin. Thus, this system not only afforded a greater
resemblance to the structural components of the glomerulus
but also allowed a broader window to perform long-term
studies (104). Further, this system was shown to recapitulate
the function of the glomerulus, including perm-selectivity.
When the glomeruli on the chip were exposed to sera
from patients with antipodocyte autoantibodies, the chips
showed albuminuria proportional to patients’ proteinuria.
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Although the system is reproducible and versatile, it still
suffers from some major limitations, such as (1) the bidirectionality of the ﬂow (in vivo the ﬂow in the vascular lumen
is unidirectional, namely, the glomerulus receives its blood
supply from afferent arterioles before exiting into the efferent arterioles and is never recirculated), and (2) the GOAC
did not include mesangial cells, an important component of
the normal glomeruli. This necessitates development of
better models in future with four lane chips, allowing culture of three different cell types. Because the MIMETAS
technology has already demonstrated the possibility of producing functional proximal tubules (105), the next step is to
combine the GOAC and the tubules to generate a functional
“nephron on a chip” where ﬁltration and reabsorption can
be studied simultaneously.

Are These Systems Equipped to Study Podocyte Health
and Disease?
To develop podocentric therapies, robust and effective
high-throughput screening assays have been developed to
test compounds that afford either protection to the podocytes or are deleterious. However, the challenge lies in
ﬁnding the right balance between high throughput model
systems of limited physiologic context (immortalized or
primary podocytes) and model systems with lower throughput but greater physiologic relevance (kidney organoids)
(Figure 2).
In addition to establishing a robust screening assay that
allows for the classiﬁcation of compounds into positive and
negative hits, selecting a disease-relevant phenotype with
a corollary to human disease is of utmost importance.
Changes in the actin cytoskeleton and apoptosis have been
considered congruent readouts to characterize diseased
podocytes. To this end, high content–imaging technology
that can capture such morphologic and cellular changes has
been successfully used in drug-screening platforms with
immortalized podocytes (106–109).
Besides using immortalized podocyte cell lines for drug
screening, an alternate strategy uses glomeruli harvested
from nephrin-EGFP knock-in mouse lines (110,111). This
system functions on the principle that the podocytes
that migrate away from the glomerular core undergo
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dedifferentiation with a concomitant loss of podocytespeciﬁc markers, such as nephrin. On the basis of this,
the compounds that maintain or promote GFP ﬂuorescence
are classiﬁed as putative factors that oppose podocyte dedifferentiation. This model system, unlike immortalized
cultures, takes advantage of using glomeruli/podocytes
ex vivo that closely mimics the in vivo situation.

Organoids as the “Avatars” for Precise and
Personalized Medicine: Journey from Benchside to
Bedside
To overcome the limitations of a reductionist approach
using isolated podocytes in culture for target identiﬁcation
and validation, organoids are quite promising as a model
system to study both nephrogenesis and nephropathies
(83,92,99). Although high throughput for compound screening using the glomerulus-on-a-chip model system is limited
and mostly used to study a structurally and functionally
intact GFB, a recent study shows its applicability for modeling kidney diseases, including MN, diabetic nephropathy,
and Alport syndrome (AS), a hereditary CKD characterized
by mutations in the a-chains of COL4 genes (104). As a proof
of principle, the chips generated using the AS podocytes
were shown to exhibit impaired permselectivity to albumin,
due to a dysfunctional assembly of the GBM, a hallmark of
AS. Further, a podocyte-targeting drug such as alpha-melanocyte-stimulating hormone, clinically used to reduce
proteinuria in MN patients, was shown to reverse the proteinuria induced by the MN sera in the GOAC, demonstrating the applicability of the system in drug screening. These
remarkable and encouraging ﬁndings support the use of
GOAC for drug screening studies, which is a major unmet
need for research in nephrology.
Recently, organoid cultures from both normal kidney and
clear cell renal cell carcinoma tissue were isolated and
characterized (112). Although the organoids from healthy
kidney present us with the model system for screening drug
candidates for nephrotoxicity and studying drug-induced
kidney diseases, deriving organoids from renal cancer
patients represents generation of preclinical model system
that can provide unprecedented opportunities for studying
the molecular mechanisms underlying renal cell carcinoma,
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Figure 2. | To study podocyte health, disease, and drug discovery, the challenge is to find a model system that is appropriately balanced.
Although the high throughput reductionist assay systems suffer from limited physiologic relevance, the lower throughput systems afford greater
physiologic relevance and opportunities for translational research. As we go to the right, the culturing complexity also increases substantially.

394

KIDNEY360

Blood/
Fibroblasts

Early renal
clusters

hiPSCs

Kidney
organoid

Direct reprogramming
DEVELOPMENTAL
MODEL

DRUGSCREENING
MODEL

DISEASE
MODEL

REGENERATIVE
MEDICINE

Figure 3. | Translational journey of kidney organoids from benchside to bedside. Human-induced pluripotent stem cells (hiPSCs) can be
isolated from healthy humans or even patients to create (patient-specific) kidney organoids to study specific nephropathies. The kidney
organoids can also be used as developmental models to study nephrogenesis. Organoids can be used to generate disease models, either by
introducing a genetic modification corresponding to a particular disease, or by exposing the organoids to certain disease-inducing compounds.
Organoids as disease models then present us with the opportunity to perform high throughput drug screening and toxicity tests, thereby opening
the avenue for development of podocentric therapies. Finally, kidney organoids have a potential to contribute to regenerative medicine by
facilitating recreation of a functioning kidney.

identifying new diagnostics, prognostic biomarkers, and
personalized patient treatment (112). Because numerous
reviews have already reported the applications of kidney
organoids for regenerative medicine and as developmental, toxicity, and disease models, we are only illustrating
their translational journey from benchside to bedside in
Figure 3.
To summarize, recent advancement in stem cell biology
and microﬂuidic platforms is envisioned to overcome some
of the challenges posed by canonical culture models such as
primary or immortalized cell lines. Three-dimensional kidney organoids that recapitulate the GFB could therefore
become a valuable tool to unravel molecular mechanisms
underlying kidney diseases and develop effective therapies.
Indeed, iPSC-derived kidney organoids are used actively in
podocyte research for the past 5 years. However, many
factors have dampened the use of this model, including
maturation, functional properties, and molecular and physical interactions between podocytes and other cell populations. Deeper understanding of podocytes using a combination of several techniques, including kidney organoids,
single cell RNA sequencing, and microdevices is envisaged
to accelerate scientiﬁc advances toward the generation of
genuine and effective podocyte culture model in vitro.
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