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Abstract
Chronic kidney disease (CKD) is a major healthcare burden that takes a toll on the quality of life of many patients. Emerging 
evidence indicates that a substantial proportion of these patients carry a genetic defect that contributes to their disease. Any 
effort to reduce the percentage of patients with a diagnosis of nephropathy heading towards kidney replacement therapies 
should therefore be encouraged. Besides early genetic screenings and registries, in vitro systems that mimic the complexity 
and pathophysiological aspects of the disease could advance the screening for targeted and personalized therapies. In this 
regard, the use of patient-derived cell lines, as well as the generation of disease-specific cell lines via gene editing and stem 
cell technologies, have significantly improved our understanding of the molecular mechanisms underlying inherited kidney 
diseases. Furthermore, organs-on-chip technology holds great potential as it can emulate tissue and organ functions that are 
not found in other, more simple, in vitro models. The personalized nature of the chips, together with physiologically relevant 
read-outs, provide new opportunities for patient-specific assessment, as well as personalized strategies for treatment. In this 
review, we summarize the major kidney-on-chip (KOC) configurations and present the most recent studies on the in vitro 
representation of genetic kidney diseases using KOC-driven strategies.
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Introduction

Genetic kidney diseases are a major cause of chronic kidney 
disease (CKD) development and account for the majority 
of pediatric cases and ~ 10% of adult cases in need of kid-
ney replacement therapy [1]. With the latest technological 
advances, like next generation sequencing and genome-wide 
association studies, it is expected that even more genetic 
cases will be identified. This is good news as in a majority 
of the cases a genetic diagnosis helps patients and doctors 
to gain insight into disease prognosis, treatment, or trans-
plant decisions [2]. However, in many cases, there is still no 
therapy available to halt the disease progression and patients 
rely on kidney replacement therapy for their survival.

The kidney is a complex organ, home to multiple cell 
types with specific roles and functionalities. Their coordi-
nated activity enables the clearance of metabolic waste prod-
ucts and balancing fluid and blood electrolytes. The nephron, 
the functional unit of the kidney, is comprised of different 
structural segments, each with its own assigned function. 
Every segment is susceptible to genetic mutations, with the 
majority of the genetic kidney disorders manifesting as glo-
merulopathies and tubulopathies. These disorders result in 
an overall malfunction of the kidney with life-threatening 
consequences. Although next-generation sequencing tech-
nologies can promote the clinical understanding of these 
genetic kidney diseases by providing guidance for molecular 
diagnostics and personalized treatment, this alone will not 
suffice. The combination of next-generation sequencing data 
and appropriate disease modeling will most likely provide 
a detailed vision of the complex genetic etiology. This was 
previously shown in a study where researchers found a vari-
ant of the PKHD1 gene, of which mutations cause polycys-
tic kidney disease (PKD), and through in vitro testing of 
patient-derived cells were able to find ciliary defects in these 
cells, which were not detected earlier [3].
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The development of disease models to understand the 
mechanisms of human genetic kidney disorders is of great 
interest. However, meeting the specificities of each disorder 
when proposing a model is not a trivial task. A plethora 
of disease models, ranging from zebrafish and C. elegans 
to rodents and in vitro patient-derived cell culturing, have 
contributed to the identification of novel genetic causes, new 
therapeutic targets, and to the development of new treat-
ments. For a better overview of these models, we guide the 
reader to the work of Molinari et al. [4].

Although the ease of manipulation of in vitro cellular 
models allows the straightforward dissection of disease 
molecular mechanisms, the complexity of in vivo (animal) 
models supports the study of multiple cell interactions and 
tissue homeostasis in a (patho)physiologic context. Never-
theless, animal models do not fully genocopy or phenocopy 
human disease due to interspecies differences. They are 
too physiologically complex for a minimal reconstruction 
approach. The heterogeneity and the low frequency of cer-
tain kidney disorders prompt for the quest of more accu-
rate and human patient-specific disease models [5]. With 
the current developments in (bio)manufacturing and the 
robust isolation and generation of disease-specific cells and 
organoids, in vitro disease models based on organs-on-chip 
(OOC) technology have been pushed to the forefront of sci-
entific discoveries. OOC technology refers to microfluidic 
cell culture systems with controlled, dynamic conditions 
that directly replicate the microenvironment of tissues in 
the human body. OOC-based approaches are beyond tradi-
tional, flat, 2D cultures, as they exhibit tissue- and organ- 
level functions that are not found in other, more simple, 
in vitro models. Due to their physiologically relevant read-
outs, OOC are used for preclinical drug testing and, more 
recently, as controlled, miniature representation of specific 
patients and diseases [5, 6]. In this review, we will first con-
sider the major traits of genetic kidney diseases and discuss 
the cell-based in vitro models for their study. In this context, 
we will provide an overview of the current advances in the 
development of OOC-based in vitro models towards study-
ing genetic kidney disease and discuss their potential use as 
tools to facilitate further insights into disease pathomecha-
nisms and development of new therapeutical interventions.

Genetic kidney diseases

A large number of human genetic diseases (> 150)  that 
affect kidney development or kidney tissue maintenance lead 
to functional and structural defects [1], as observed in most 
cases of CKD [7]. The range of phenotypes associated with 
genetic aberrations is remarkably wide. The renal cells that 
are most involved in the pathogenesis of various inherited 
kidney diseases include the following: (1) podocytes, the 

main performers of the renal glomerular filtration barrier, 
and (2) the (proximal) tubular epithelial cells of the nephron 
responsible of secretion, reabsorption and ion exchange [8]. 
A comprehensive overview of genetic kidney aberrations, 
their molecular and biological implications and associated 
pathological presentation has been prepared by others and 
is beyond the scope of the current review [9, 10]. As a sum-
mary, Fig. 1 includes the most common diseases and their 
altered phenotype throughout the segments of the nephron. 
The increased acceptance of early genetic testing and the 
establishment of national and international registries, allow 
for a real-time overview of genetic, medical, and family his-
tory. In this direction, the web-based registry, established by 
European Rare Kidney Disease Reference Network (ERK-
Net) (https:// www. erknet. org), covers patients with rare 
kidney diseases, provides epidemiological and therapeutic 
management information, and includes patient cohorts for 
clinical research [11]. The in-depth documentation of new 
phenotypes and the isolation of patient-derived cells, made 
available to the scientific community, would support the 
development of disease-specific in vitro representations of 
the disease toward personalized therapeutic discoveries, with 
the ultimate goal to delay the onset of early-stage CKD [12].

In vitro cell‑based models of genetic kidney 
diseases

Several disease models (animal and cellular) for inherited 
kidney diseases have been developed to identify aber-
rant pathways and novel therapeutic targets, or as drug 
screening and testing platforms [4]. Deviating from ani-
mal models that are unable to fully recapitulate human 
pathophysiology, human models are becoming highly 
appealing [13]. In vitro cell cultures have been shown to 
be efficiently applied to dissect the molecular pathways of 
genetic diseases, while providing a fast and cheap platform 
for high-throughput drug screening. Special attention has 
been paid to identify new cell sources in such a way that 
patient-derived cells or cells with a predefined mutation 
can be tested. Hence, not only can we better understand 
the pathological manifestations of the disease, but also 
design targeted and personalized therapies towards the 
phenotype and/or repairing the defective gene [10]. The 
easy and non-invasive isolation of podocytes and proximal 
tubule epithelial cells (PTECs) from patient urine sam-
ples can generate primary kidney cell cultures that retain 
the genetic signature of the disease [10, 14]. However, 
these cells cannot be cultured indefinitely and/or lose their 
phenotypical signature and spontaneously dedifferentiate, 
mainly due to the lack of a kidney-like microenvironment. 
Via immortalization, their phenotype can be conserved. 
Similarly, cells can be obtained from patient’s kidney 
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biopsies and subsequently immortalized; however, the 
invasive retrieval procedure and the lack of availability 
of kidney material make this approach challenging and 
less used in practice [10, 15]. Still, immortalized, patient-
derived cell lines may lose their sensitivity to external 
stimuli, such as drugs, becoming a faux representation of 
an otherwise dynamic and highly responsive biological 
system. Moreover, since these cell lines cannot be gener-
ated from every single patient, they are solely a represen-
tation of one specific patient, and the extrapolation to a 
population of distinct and unique individuals is limited.

Using gene editing tools, such as clustered regularly 
interspaced short palindromic repeat (CRISPR/Cas) tech-
nology, a candidate mutation can be precisely introduced in 
healthy cells, allowing a fast and easy generation of muta-
tion-specific diseased cells, paving the way toward precision 
medicine [16]. An example includes the recent application of 
CRISPR/Cas9 on a human PTECs line to generate a model 
for cystinosis that revealed novel insights into the molecu-
lar mechanisms of the disease and the potential therapeutic 
effect of a new combination treatment to alleviate the symp-
tomatology of the disease [17]. Using the same technology, 
we can target and modify virtually any cell type. By intro-
ducing the correct version of the gene into the genome of 
diseased cells, reversing the disease is in sight. Despite the 
versatility and the specificity of CRISPR/Cas technology 
that make it a powerful tool for the generation of disease 
models in vitro, this gene-editing tool still harbors some lim-
itations. The editing efficiency of the CRISPR/Cas system 
differs vastly among various cell types, which hampers the 
generation of disease models due to high optimization costs 
and time consuming experiments. Additionally, CRISPR/
Cas editing presents relatively high off-target effects, which 
could result in a misleading disease phenotype if not prop-
erly evaluated. Lastly, some cells may be sensitive to the 
DNA damage induced by CRISPR/Cas which can trigger 
apoptosis, preventing the generation and further study of 
these disease models [18].

The discovery of human-induced pluripotent stem cells 
(hiPSCs) has been instrumental for the growth of the in vitro 
disease modeling field [19–21]. These indefinitely growing 
cells are suitable alternatives that overcome ethical concerns 
related to animal studies and reflect the donor’s genetic back-
ground. In short, pluripotency is induced in adult somatic 
cells using four retrovirally transfected transcription factors 
(the Yamanaka factors) [22]. Then, hiPSCs can be directed 
towards the desired cell type by a finely tuned combina-
tion of growth factors [23]. Using hiPSCs, it is possible to, 
theoretically, generate all cell types existing in the kidney, 
which otherwise cannot be obtained by employing classical 
isolation strategies. When hiPSCs are isolated from a donor 
that carries a specific gene mutation, this characteristic will 
be maintained in the differentiated cells. Furthermore, using 

healthy hiPSCs and employing gene editing tools, such as 
CRISPR/Cas, insertions and deletions can be performed, 
which result in ‘diseased’ kidney cells after differentiation. 
Creating isogenic models also avoids misinterpretation of 
the results derived from differences in genetic background 
among donors. Nevertheless, the fact that these cells pos-
sess phenotypic heterogeneity, tumorigenicity derived from 
undifferentiated iPSCs in the cell population, and above all, 
inefficient recapitulation of late-onset diseases due to the 
lack of maturity in iPSC-derived cells limits their applica-
tion in personalised medicine [24]. To date, glomerular and 
proximal tubule cells have been successfully generated from 
hiPSCs [25–27].

Kidney-derived cells from hiPSCs and adult stem cells 
(ASCs) can also be cultured as 3D self-organized multi-
cellular structures, known as organoids, which offer a more 
in vivo-like representation of the cellular heterogeneity 
resulting in a superior disease model when compared to 2D 
cell culture. ASCs isolated from kidney tissue and/or urine 
were used to generate tubuloids, organoids recapitulating the 
adult kidney tubular epithelium. These tubuloids have then 
been thought to be included in a biobank in which different 
patient-derived tubuloids can be used for the study of inher-
ited kidney tubulopathies [28, 29]. Increasing the repertoire 
of disease-specific organoids will allow us to unravel the 
role of genotype in the disease process and whether common 
or divergent disease mechanisms occur in patients with the 
same diagnosis but different genetic context. The use of high 
content analysis methodologies, such as RNA sequencing 
and proteomics, enable the identification of molecular net-
works that are altered [30, 31]. Nevertheless, organoid matu-
ration is limited, comparable to embryonic kidney during the 
first trimester, even if maintained for long periods in culture 
[32]. Thus, their use to model fully developed kidney dis-
eases is limited. Even more, organoid cultures lack physical 
directional cues that drive the appropriate self-organization 
for the cells within the organ. To improve the level of matu-
rity of the organoid system, biomechanical stimulation (via 
flow) and the introduction of vascular networks (via flow or 
host implantation) have been proposed. These features are 
crucial for the complete study of phenotype and tissue- and 
organ- level manifestation of the disease [33]. The imple-
mentation of microfabrication and microfluidic devices, such 
as OOC, enables the introduction of flow in vitro, allowing a 
better representation of the in vivo situation [34–36].

Organs‑on‑chip: a toolbox to model human 
diseases

Organs-on-chip, also known as microphysiological systems, 
merge multiple research fields aiming to recapitulate key 
functional aspects of organs and tissues. The fundamental 
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principle is to culture cells under fluid dynamic conditions 
rather than in 2D static culture plates or 3D inert matrices, 
thereby mimicking the biomechanical stimulation and the 
movement of fluids that occur within the body. The OOC 
field has experienced significant advances as it develops 
concurrently with and incorporates methods for growth 
and maturation of cells, fast and efficient genome editing 
methods, high-throughput screening, intricate 3D bioprint-
ing, sophisticated sensors, controlled microfluidics, and 
microfabrication.

There is a wide variety of configurations, usually 
adapted to a specific application and organ particularities. 
However, all OOC have five defining characteristics: (1) 
the architectural arrangement of tissue-replicate, (2) the 
culture of multiple cell types to capture cellular interac-
tions, (3) the integration of mechanical cues in the form 
of flow (blood vessels, urine) and stretch (pulsatile blood 
flow), (4) sensing, and (5) drug stimulation or delivery.

The building blocks to develop the most trivial OOC 
configuration refer to the cells that will populate the 
chip, the compartmentalization (apical and basal) of the 

device and the fluid dynamics through the compartments 
(Fig. 2). With the advance of biofabrication and manu-
facturing techniques, more sophisticated configurations 
have been developed; however, in essence, all of them can 
be reduced to the assembly of the building blocks. Some 
of the most common OOC configurations are depicted in 
Fig. 2A–D. In more detail, an OOC consists of a cham-
ber with one or two micrometric channels enclosed by a 
permeable interface. The inlets/outlets are connected to a 
perfusion system that allows recirculation of the medium 
for its posterior analysis. The dynamic microenvironment 
created in the chip imitates native tissue interfaces and 
mechanical stimulation by providing shear stress and pul-
satile flows in (co-)culture systems. Regarding the per-
meable dividing interface, hollow fibers, flexible porous 
flat membranes, and hydrogels are being used. These are 
specifically designed and customized to allow crosstalk 
between cells and substance exchange within channels 
[37]. Fibers and membranes are stiffer, but more stable 
over time, whereas gels are not as durable. But gels can 
better mimic the native microenvironment, for instance the 
tubular interstitium. Additionally, sensors can be incorpo-
rated in the system, providing real-time readouts for the 
control of the cell culture (pH, oxygen levels, temperature 
[38], monolayer integrity [39–41], molecule absorption 
[41], cell orientation [42], and shear stress [41]).

Owing to the increased demand for these advanced mod-
els, standardized, user-friendly, and ready-to-use alterna-
tives are now available, proving that upscaling and high(er)-
throughput are achievable. Looking through the lens of 
specific context of use, for instance, the study of genetic kid-
ney dysfunctionality related to a particular nephron segment, 
researchers can opt for customizable platforms. For both 
commercial (Fig. 2E–I) and custom-made alternatives, the 
preferred materials for manufacturing the chambers are res-
ins and synthetic polymers, including silicones and thermo-
plastics. On top of being biocompatible and multipurpose, 
these materials have relatively low-cost, long shelf-life and 
can be easily combined with other polymers and hydrogels 
to increase their cell affinity. These materials also provide 
a better control of the compounds to be studied as poly-
dimethylsiloxane, the most common material used for the 
biofabrication of OOCs, absorbs hydrophobic compounds, 
making it a less suitable material for drug testing [43].

The micrometrical characteristics of OOC devices involve 
practical difficulties. For tailored devices, the design, manu-
facturing, and assembly are highly technical and laborious 
efforts that require facilities and techniques that may not be 
available for all research groups. Outsourcing the fabrication 
solves the matter, but increases the costs of the devices. The 
commercially available alternatives are ready to use. Moreo-
ver, training is often provided by the suppliers, easing their 
acceptance in the field. However, the commercial systems 

Fig. 1  Overview of the different segments of the nephron and their 
associated kidney genetic diseases. Glomerulus: congenital nephrotic 
syndrome (CNS) groups the genetic disorders that affect key glomer-
ular filtration barrier (GFB) structural proteins. Slit diaphragms are 
affected by mutations in the genes NPHS1 (Finnish type CNS), NPHS2 
(non-Finnish CNS) and WT1 (Denys-Drash syndrome) [7][7]. Within 
the GBM, the genetic disorders alter the encoding of collagen IV iso-
forms (Alport Syndrome, AS) [37], laminin (Pierson syndrome) [38], 
and LMX1B (less known, nail patella syndrome) [35]. Proximal tubule: 
formed by ciliated epithelial cells that are in close contact with capil-
laries. On the one hand, most of the disorders affecting the proximal 
tubule derive from aberrations in genes encoding for transporters of 
calcium, sodium, and potassium [50]. For instance, mutations in the 
genes CLCN5, OCRL1, causing Dent disease 1 and 2, respectively. 
Additionally, mutations in OCRL develop into Lowe syndrome [51]. 
On the other hand, mutations in genes encoding for key components 
in metabolic pathways are also associated with proximal tubulopathies. 
Defects in the CTNS gene lead to an abnormal intra-lysosomal accumu-
lation of cystine that causes cystinosis and acidosis, which could even-
tually lead to Fanconi Syndrome and kidney failure. Distal tubule: the 
distal tubule epithelial cells express epithelial sodium channel (ENaC) 
and potassium channels in the apical membrane. Thus, genetic diseases 
often affect the regulation of Na–K reabsorption [60]. Mutations in 
the genes SCNN1B or SNCN1G have been linked to Liddle syndrome, 
characterized by excessive Na + reabsorption [67]. distal renal tubular 
acidosis (dRTA) is rooted in mutations in SLC4A1 [68]. The dominant 
pseudohypoaldosteronism type 1 (PHA1) is associated with NR3C3 
mutations whilst recessive refers to SCNN1A, 1B and 1G [69]. Mag-
nesium transporters are also subjected to genetic diseases, such as Bar-
tter syndrome and its variant, Gitelman syndrome. While the former 
appears in the ascending limb of Henle’s loop, the latter is localized 
in the distal convoluted tube [70]. Gitelman has been associated with 
mutations in the SLC12A3 gene, which codes for the sodium-chloride 
cotransporter, and with CLCNKB gene, coding for renal chloride chan-
nel ClC-kb [70]. Collecting duct: the last segment of the nephron is in 
charge of water and Na + reabsorption. Aquaporin channels (AQP2) are 
also susceptible to mutations leading to dysfunction [72]

◂
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are not customizable and parameters, such as flow direction-
alities and rates, are fixed and inherent to the chip. Lastly, 
it is noteworthy that the readouts of OOC are restricted by 
the reduced number of cells and the limited access to the 
channels. The majority of the results are limited to imag-
ing techniques, such as immunohistological stainings and 
permeability of fluorescently labeled molecules, omitting 
futher genetic and/or molecular cellular analyses. Increased 
surface areas within the chip would allow further cellular 
characterization, but forfeit the micro features [44–46].

Kidney genetic diseases‑on‑chip

The goal of kidney-on-chip (KOC) studies is to provide a 
platform for a faithful replication of the key kidney func-
tions. The integration of specific mechanical (flow) and 
microenvironmental (extracellular matrix) cues should aid in 
the preservation of the geno- and phenotype of the cells and 
the associated functional performance, thus recreating the 
pathophysiology of the disease. A “one size fits all” perspec-
tive on KOC would limit the applicability of the system and 
may not represent the disease, or the individual patient, well 
enough. Nevertheless, not all studies incorporate the latter, 
mainly due to patient variability and difficulties in securing 
enough material to establish the models. In part, this can be 
attributed to the limited and fragmented interactions between 
KOC researchers and clinicians, or a lack of understanding of 
the disease to be studied in the KOC, and its potential clinical 

implications. These disconnections delay the development 
of robust, validated, and standardized models that can be 
applied across laboratories, research institutes, hospitals, and 
(pharmaceutical) companies. The assembly of collaborative 
and multidisciplinary teams would facilitate the establish-
ment of such models. Recently, the newly established Euro-
pean Organ-on-Chip Society released a roadmap of OOC 
development that emphasizes the context needs, initiatives, 
and specific actions to promote OOC adoption across disci-
plines. Additionally,  the harmonization and interconnection 
of local databases would generate a worldwide library of 
models, following the example of ERKNet [47].

This review highlights the first studies that have incorpo-
rated genetically compromised kidney cells in a KOC sys-
tem in an attempt to establish a disease model and evaluate 
drug efficacy. Interestingly, the reviewed articles focus on a 
specific function of the kidney, and, thus, attempt to repli-
cate a specific region of the nephron, rather than the whole 
unit. Several in vitro cell models that depict different genetic 
kidney diseases are available and have been extensively 
reviewed by Bondue et al. [10], however not all have been 
translated to a KOC platform. Indeed, the in vitro modeling 
of genetic kidney diseases using KOC is in its infancy, and 
we believe that the current attempts advocate for an adoption 
of this approach by the research community at large.

Glomerulus‑on‑chip

The first function of the nephron is blood filtration in the 
renal corpuscle and occurs when solute-laden blood passes 
across the glomerular filtration barrier (GFB) composed of 
podocytes, the glomerular basement membrane (GBM) and 
endothelial cells. On-chip replicas of the GFB have been 
proposed based on the use of podocytes and endothelial 
glomerular cells, and their innate ability to secrete the GBM 
components [48]. Petrosyan et al, used a microfluidic device 
designed to replicate GFB using different types of podo-
cytes and endothelial cells [49]. Podocytes derived from 
amniotic fluid of Alport syndrome (AS) patients were also 
incorporated in the model. Similar to the in vivo situation, 
the defective GBM produced by the diseased podocytes led 
to impaired permselectivity for albumin. Exposure to high 
levels of glucose and to the aminonucleoside puromycin 
were also assessed, proving the suitability of this model to 
mimic conditions of diabetic nephropathy and drug-induced 
nephrotoxicity [49]. Petrosyan’s model was based on the use 
of a commercially available chip, represented in Fig. 2E. 
Although the OrganoPlates® enable high-throughput stud-
ies, the system is limited by the use of collagen I in the 
intermediate channel (not a native component of the healthy 
GBM) and bidirectional flows achieved by a 2D rocker. In a 
similar approach, Iampietro et al. used a microfluidic device 
to study urine-derived AS podocytes. It was proven that the 

Fig. 2  One-size does not fit all. The KOC platform that integrates 
the mechanical (flow), biochemical (drugs), functional (transport) 
and microenvironmental (extracellular matrix, ECM) cues to unravel 
the performance of patient-derived cells. Below, the schematic rep-
resentation of various OOC devices. The common components of 
the chips are cells (kidney epithelial in orange and endothelial in 
purple), microfluidic channels and permeable interfaces (including 
porous membranes and ECM-like materials (in green)). (A) Hollow 
fiber with an outer monolayer of cells. (B)  Two channels separated 
by a porous membrane. Single (C) and two (D) channels surrounded 
by ECM-like materials. (E–I) Schematics of commercially available 
organs-on-chip applied for kidney-on-chip. (E)  MIMETAS BV pro-
poses several models, including Organoplate 2-lane with two chan-
nels and Organoplate 3-lane 40, with 3. Instead of a membrane, the 
adjacent channels are separated by their “PhaseGuide™”, a meniscus 
forming barrier that allows the direct interaction of the cells with an 
ECM-filled channel. (F) Emulate chips consist of four channels. The 
two perfusable channels for cell culture are separated by a porous 
membrane, while the lateral are connected to a vacuum pump that 
applies stretch forces to the membrane. G Humimic CHIP by Tissues 
relies on the attachment of the porous membranes of Transwells to a 
perfusable channel in order to create a multi-organ-on-a-chip. Simi-
larly, Hesperos (H) achieves co-cultures by connecting several wells 
by means of a continuous perfusion channel. CN Bio Innovations (I) 
uses modified Transwells to culture the cells. MIMETAS BV and CN 
Bio Innovations use rocking systems to create a bidirectional flow, 
while Emulate, Tissuse and Hesperos reproduce a uni-directional 
flow by circulating media from inlet to outlet

◂
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permeability of diseased podocyte–endothelial cell co-cul-
tures was higher than their healthy counterparts [50]. The 
same team has recently included in the device podocytes 
derived from patients carrying apolipoprotein L1 (APOL1) 
high-risk genotypes (HRGs) G1 and G2 [14]. APOL1 HGR 
mutations are known for increasing the risk of kidney-
related diseases affecting podocyte activity. Under perfu-
sion in the chip, the HRG podocytes exhibited pathologi-
cal phenotypes, such as altered cytoskeleton and increased 
permeability [14]. The system used by Levtchenko’s team 
presents some key advantages since it allows collagen IV 
coating and unidirectional tunable flow. Moreover, the cells 
and filtrate of the upper and lower compartments can be 
recovered, allowing their direct analysis. Diabetic nephropa-
thy [51] and glomerular hypertension [52] models have also 
been proposed.

Flow shear stress (FSS) has been used to maintain podo-
cyte maturation. Yang et al. proved that the combination of 
FSS and retinoic acid relented podocyte dedifferentiation, 
by characterizing the expression of maturation markers 
(NPSH1, NPSH2 and WT1) and cell morphology [53]. 
KOC has also been used to enhance the differentiation 
of hiPSC-derived podocytes [26, 27], and to improve the 
maturation and vascularization of glomerular organoids 
[54]. In both cases, the glomerular cells exhibited a more 
mature phenotype, evaluated by the increased expression 
of signature biomarkers when compared to static condi-
tions, and the formation of a robust barrier.

These advances advocate for the inclusion of patient-
derived cells into the KOC models, bringing them a step 
closer to personalized medicine. In parallel, consistent 
advances have been achieved by improving the cellular 
microenvironment of the KOC device to provide relevant 
architectures for the cell culture [55–58]. Besides the GFB 
forming cells, supporting cell types are also present in the 
glomerulus, including mesangial, granular, and macula 
densa. Although their contribution is key for filtration 
rate regulation, endocrinal communication, and structural 
support, they have often been overlooked and only a few 
models have included mesangial cells [59, 60].

Tubulopathies‑on‑chip

Inherited tubulopathies are characterized by impaired func-
tion of one or more specific transport molecules. The clinical 
presentation can range from alterations in the concentra-
tion of specific solutes in blood or urine to serious and life-
threatening disorders of homeostasis.

Proximal tubule

After the initial filtrate is formed, secretion and reabsorption 
of solutes occurs in the proximal tubule (PT) [61]. PTECs 

from variable sources have been seeded on chips, proving 
that the presence of FSS enhanced cell alignment, tight junc-
tion formation, and transporter expression [62–65]. Because 
the PT and vasculature are in close contact, both anatomi-
cally and in terms of cell interaction, a two-channel chip is 
the evident candidate to mimic this interaction. Vedula et al., 
presented a PT-on-chip comprised of PTECs and microvas-
cular endothelial cells [66]. Positive proliferation feedback 
loops were established upon co-culturing when compared to 
their previous works which included only PTECs [65], and 
glucose reabsorption from tubular lumen to the endothelial 
site was shown. Vriend et al. applied FSS to explore its effect 
on cell morphology and transporter activity in the PT [67]. 
FSS increased the uptake of albumin-FITC, increased trans-
porter activity, improved cell morphology and prompted 
elongation along the flow path. This was also true for the 
model that used cilia knockout cells (ciPTEC-KIF3alpha–/–), 
suggesting that apical microvilli are the main mechanotrans-
ducers of these cells. Naik et al. have recently developed a 
3D microfluidic model in which PT cells were genetically 
engineered to display the phenotype of Lowe syndrome/Dent 
disease. In this study, PT cells (HK-2  OCR–/–) cultured in 
the KOC showed shorter cilia when compared to healthy PT 
cells, which was solved when treated with siRNA. Similarly, 
the diseased cells showed increased collagen secretion, as 
seen in Lowe syndrome patients [68].

Another important function of the PT is the activation of 
vitamin D, important for the reabsorption of calcium [69]. 
This PT feature has been replicated in a KOC model that 
showed levels of vitamin D metabolism similar to in vivo, 
suggesting that these models can improve the maturity and 
function of PT cells when compared to 2D monolayer cul-
tures [70].

A different approach for perfusable channels was pur-
sued by the Lewis group [71]. By means of bioprinting, 
two adjacent channels were built in ECM-like substrates. 
PTECs and glomerular endothelial cells were then seeded 
in each channel. The same group later demonstrated active 
reabsorption of solutes, namely albumin and glucose, show-
ing the versatility of this model to mimic both healthy and 
disease conditions (hyperglycemia) [71]. In this way, this 
KOC model also incorporated the cells’ interactions with 
the microenvironment.

Distal tubule

Distal tubule (DT) possesses unique electrolyte transporters 
and, unlike the PT, the microvilli are smaller and less dense 
resulting in a wider lumen [72–74]. To our knowledge, only 
Wang et al.particularly focused on developing a DT-on-chip 
[75]. The team studied the infection with pseudorabies virus 
on electrolyte transport, particularly the  Na+–Cl– cotrans-
porter and  Na+K+–ATPase. A successful analysis of the 
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 Na+ reabsorption on the chip supported the evidence that 
the beforementioned genetic alterations could be investi-
gated further in this setup. The results proved that cells 
exposed to FSS showed better  Na+ reabsorption, tighter 
cell junctions, more acetylated tubulin expression, and 
larger cell heights with more microvilli on the apical side, 
when compared to the static controls [75]. Moreover, this 
report is the first one of its kind that included viral infec-
tions. This proof of concept opens the door to viral trans-
ductions on-chip, a field which remained unexplored and 
could potentially lead to the establishment of more precise 
in vitro models.

Collecting duct

The collecting duct (CD) is the final segment of the nephron 
and allows urine to be excreted as waste. The main process 
in this segment is the reabsorption of water and  Na+ [76]. 
To date, the only available OOC-based model was proposed 
by Jang et al. by culturing rat inter-medullary CD cells on 
a single-channel chip [77]. They established that FSS, the 
addition of arginine-vasopressin and osmolar differences 
between channels regulate cytoskeletal organization and 
aquaporin migration towards the apical domain. Moreover, 
the migration process was reversed after terminating fluidic 
stimulation [77].

The step forward: a combined KOC model

In the last few years, a substantial number of attempts to 
develop KOC have been proposed, including conceptual 
approaches based on computational models [78]. Neverthe-
less, the tendency is to move towards a system of chips in 
which each segment can be separately replicated and then 
connected. The combination of glomerular filtration and 
tubular reabsorption processes was proposed by Sakolish 
and Mahler who combined a biotic filter, mimicking glo-
merular filtration, with a PT chip [79]. Even though the 
glomerular segment lacked podocytes, their data supports 
that the combination of segments is not only possible, but 
also suitable to sustain enhanced junctions, baso-apical 
polarization, cytoskeletal reorganization and up-regulation 
of transport proteins. KOC has been combined with remote 
organs, including the liver, to establish systemic models 
[80]. A “body-on-a-chip” including kidney, intestine, liver, 
heart, lung, skin, blood–brain barrier, and brain has been 
recently proposed [81]. The addition of a diseased KOC in 
an otherwise healthy line-up of organs would provide further 
insight into how those genetic diseases that are largely lim-
ited to the kidney affect the activity of remote organs. Many 
kidney diseases manifest in other organs as well and, thus, 
in the “patient-on-a-chip” approach in which cells carrying 

the specific mutation, but representing different organs, are 
loaded on tissue-specific chips, the systemic implications of 
the disease could be recapitulated and therapeutically tar-
geted [54, 79, 82, 83].

Conclusion

Kidney-on-chip emerges as a powerful tool for the in vitro 
representation of kidney function as it provides a much-
needed dynamic platform for disease modeling and drug 
testing. From glomerulus to distal tubule, researchers have 
successfully proposed models for the nephron’s segments 
focusing on the replication of exchange barriers. Despite 
promising results and a technology readily and commercially 
available, the current approaches fall short when mimick-
ing genetic diseases. Novel protocols for harvesting primary 
cells and differentiation of hiPSCs into individual kidney 
cell types, combined with gene editing, would shape our 
understanding of the kidney (patho-)physiology and aid in 
the development of novel therapies. A step towards the per-
sonalized approach has been taken. Accelerating the process 
is a matter of unifying efforts and strengthening the dia-
logue between biologists, engineers, geneticists, clinicians, 
and patients, early in the development of the models. Taken 
together, the unique capabilities of OOC technology can be 
used to develop new in vitro models of human genetic dis-
ease models.
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