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Abstract 

 
Animal experimentation is the fundamental step that precedes the transfer to the clinic. Despite this, 

it involves a number of disadvantages, including ethical, economic and translational issues. In fact, 

animal-to-human translational success is not always guaranteed, and results in a phenomenon called 

“translational failure”. For these reasons, in recent years a new branch has developed in the field of 

preclinical studies, which is placed between the traditional 2D in vitro cultures and animal models: 

the experimentation in three dimensional (3D) dynamic models. The fluidic device technology 

usually consists of a small bioreactor that contains cells of human origin, and of a system that allows 

the continuous perfusion of fluid, for example a peristaltic pump, thus mimicking blood circulation. 

Through fluid flow control, viability, differentiation, orientation and cell function can be enhanced, 

while microscopic and molecular analysis allows monitoring and evaluation of cellular layers over 

time. The goal of this technology is not the faithful reproduction of the organ, but the construction of a 

minimally functional unit, which can recapitulate the function of the organ itself. For example, cells 

cultured on membranes can recreate interfaces between different tissues, such as alveolar-capillary 

interface, blood-brain barrier and, in case of kidney, the glomerular or tubular blood-epithelial 

interfaces. Drug-induced nephrotoxicity has been identified as a leading cause of severe acute renal 

failure in critically ill patients, and in the middle time, it is one of the leading factors in drug 

development failure, wasting tremendous money and time in pharmaceutical industry. For this reason, 

especially in the field of nephrology, it is urgently needed to correlate the in vitro nephrotoxicity 

assays to the in vivo animal testing and clinical trial, to better analyse drug metabolism, renal excretion 

or cell metabolic  functions. 

In the present study, I developed a multilayer millifluidic model to simulate the glomerulus, the 

filtration unit of the kidney nephron. Based on the physiological structure of the glomerular filtration 

barrier, the glomerulus consists in three layers: a layer of immortalized human glomerular endothelial 

cells (h-GECs), a porous membrane coated with type IV collagen and a layer of 
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immortalized human podocytes (h-POD-SV 40). A permeability test that measures the passage of 

serum albumin through the tri-layer, was used to assess the functional barrier integrity. 

In summary, in my PhD work I characterized different glomerular pathological models on a dynamic 

in vitro device, using stabilized human cell lines, with particular attention to the podocyte damage. 

In detail, the millifluidic model was applied to the fallowing projects:  

1. A model mimicking the Alport syndrome, a genetic disease characterized by an impairment of the 

glomerular basement membrane was achieved, by plating inside the bioreactor immortalized 

podocytes isolated from patients, in the absence of the coating with type IV collagen.  

2. A study on the role of the APOL1 high-risk genotype (HRG) as predisposing factor of various 

nondiabetic kidney diseases in African population was conducted, using a mutated podocyte line for 

the APOL1 gene isolated from urine of a human donor carrying The data obtained are presented in an 

article proof format in the text.  

3. Lastly, I investigated the pathophysiology of drug-induced acute kidney injury (AKI) with doxorubicin 

as model drug. In this project, the use of MSC-EVs as therapeutics was proposed. The results obtained 

so far have confirmed not only their ability of MSC-EVs to be internalized by cells, but also to revert 

the podocyte damage induced by doxorubicin. 

I also participated to the production of a review which lays the foundations for the use of EVs for 

therapeutic purposes, supported by our results of improvement of cell viability in the dynamic 

model, in agreement with what it has been observed in animal models. 
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Introduction  

 

1. The physiology of the glomerular filtration barrier 

 

The glomerulus, the filtering unit of kidney, is a tangle of capillaries surrounded by the Bowman’s 

capsule (Figure 1a), into which urine is filtered. Glomeruli filter approximately 180 litres of blood 

per day into the tubules, where 99% of the primary filtrate is reabsorbed and the remaining 1–2 litres 

of waste are excreted [1]. A glomerulus is composed by three major components: a fenestrated 

endothelium, a complex mesh of proteins composing the glomerular basement membrane (GBM) and 

a layer of specialized visceral epithelial cells, called podocytes, that form the slit diaphragms between 

interdigitating foot processes (Figure 1b) [2]. 

 

These structures, together, represent the glomerular filtration barrier (GFB). The GFB ensures the 

continuous ultrafiltration of plasma, retaining plasma proteins and permitting the formation of the 

primary glomerular filtrate, that enters a space delimited by the visceral and parietal epithelial cells 

before modification during transit through the tubule [3]. Since all components of the glomerular 

membrane are important for its function, proteinuria will occur regardless of which layer is affected 

by disease. 

 

 
Figure 1 
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Figure 1. a) A section of the glomerulus. b) The glomerular filtration barrier 
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2. The structure of GFB 

 

2.1 Endothelium 

 

Following the blood flow, then proceeding from the vascular side to the luminal side, it is possible to 

recognize firstly the layer made up of Glomerular endothelial cells (GEnC), cells uniquely adapted 

for selective permeability and filtration. There are many properties that make these cells difficult to 

analyze, including the position within the glomerulus, and for the experimental purposes, the fact that 

they are difficult to maintain in culture without altering their phenotype [4]. GEnC are unusually 

flattened, with a height around the capillary loops of ∼50–150 nm. Although capillaries with 

continuous endothelium are the most common type in skeletal muscle, cardiac muscle, and skin, the 

glomerular capillaries have endothelial cells with a large fenestrated area, appearing as trans-

cytoplasmic holes, constituting 20–50% of the entire endothelial surface [5]. GEnC fenestrations are 

thus localized in the region of cytoplasm that is opposite to podocytes foot processes and filtration 

slit across the basement membrane [6]. 

 

 

 
The fenestrations 

 

The most used model to analyze glomerulus formation is rodents, since it is completed within two 

weeks. The first cuboidal, fenestrated GEnC arise from the mesenchyme, and subsequently migrate 

into the developing glomerulus cleft [7]. During the capillary loop stage, endothelial cells proliferate 

and undergo various morphological changes, including evident thinning and the formation of 

fenestrations [8]. at the same time, the podocytes already present on the opposite side of the 

membrane, also developing, show poorly formed foot processes. Therefore, the formation of 

fenestrations and the maturation of the podocytic foot processes are two events that occur hand in 

hand: the fenestrations of immature GEnC initially present structures similar to diaphragms, which 
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then give way to podocytic ones [9]. In vitro and in vivo studies have led to the hypothesis that the 

vascular-endothelial growth factor (VEGF) plays an important role in the induction of endothelial 

fenestrations, not only in the glomerulus, activating signaling pathways effecting migration, 

proliferation, and permeability. VEGFs (VEGF-A to -E) comprise a family of growth factors that act 

through VEGF receptors (VEGFR) 1–3. Podocytes have been shown to begin expressing VEGF in 

the s-shaped phase, that is when immature GEnC are migrating into the cleft. GEnC express VEGFR2 

from this stage and maintain the expression through to maturity, while podocytes will continue to 

produce VEGF at high levels, suggesting the importance of the signaling role of this factor in the 

functioning of the glomerulus [10,11]. Using the transgenic technique, the production of VEGF by 

podocytes was manipulated, confirming that, during the development of GEnC, a deprivation of 

VEGF leads to the thickening of endothelial cells, and to the loss of fenestrae [12]. Conversely, 

overexpression causes the capillary loops to collapse. VEGF antibody blockade in adult animals also 

causes damage to the GEnC with thickening, detachment from the basement membrane and 

regression of fenestrations [13,14]. 

 

The unusually high density of fenestrae is thought to allow high permeability to water and small 

solutes in the glomerulus. In fact, the fenestrae are ∼60 nm in diameter, and albumin, which is 

restricted by the glomerular wall, has a diameter of only 3.6 nm. This evidence has been used in the 

past to suggest that endothelial cells do not contribute to the permselectivity of the glomerular barrier. 

However, endothelial cells possess a charge-selective coating with an active barrier role. Rostgaard 

and Qvortrup [15] described a high density of fibers in the windows, probably consisting of negatively 

charged proteoglycans. Other studies support a permselective layer at the endothelium [16-18]. These 

studies, which include both morphological and functional data, contribute to the notion that 

glomerular endothelial cells and their cell lining must be considered when evaluating the 

permselective properties of the glomerular barrier. 
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The endothelial glycocalyx 

 

More recently, it has been recognized that a thin meshwork of glycosaminoglycans covers the entire 

luminal glomerular endothelial layer, even bridging the fenestrations [19]. The recognition of the 

endothelial glycocalyx required special fixation and staining techniques, including the use of specific 

lectins for visualizing the glycocalyx, that are not routinely performed on kidney biopsies [20]. By 

using these tools, the contribution of the endothelial glycocalyx to the permeability properties of the 

GFB is now well established, as are alterations in its components as contributors to albuminuria in 

various glomerular diseases. Thus, the endothelial glycocalyx is now considered the initial, coarse 

barrier for macromolecular exclusion from ultrafiltration. 

Figure 2 
 
 

Figure 2: The glomerular endothelium. The endothelium is covered by a layer of glycocalyx: a mesh of cell-surface- 

anchored proteoglycans (core proteins and carbohydrate side chains, predominantly heparan sulfate and chondroitin 

sulfate) and adsorbed plasma proteins and glycosaminoglycans. Vascular endothelial growth factor (VEGF) is produced 

by podocytes and acts to maintain the adjacent glomerular endothelium [21]. 

 

So far many constituents of the endothelial glycocalyx have been recognized, including cell surface, 

anchored components such as proteoglycans (PGs) and sialoproteins, and adsorbed components such 

as albumin, orosomucoid and lumican 9 [22,23]. PGs consist of two parts: a central protein, such as 

glypican or syndecan, and glycosaminoglycan (GAG)-side chains; for example, heparan sulphate and 

chondroitin sulphate GAGs are very present and largely responsible for the anionic charge. 

Hyaluronate, on the other hand, is a non-sulphate GAG which may be anchored to the cell surface by 

various receptors and interacting proteins or simply adsorbed onto the cell surface‐anchored 

components [24]. Sialoproteins, possessing several neuraminic acid residues, are also prominent. 
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Adsorbed components of the endothelial glycocalyx are essential for normal function of the layer. 

Estimates of glycocalyx thickness vary greatly, but it appears that the layer extends up to 1 µm from 

the endothelial cell membrane and varies in composition and appearance between different blood 

vessels and vascular beds [25,26]. many mechanisms on the regulation of the glycocalyx composition 

have not yet been elucidated, but it is likely that this is determined by the balance between the stimuli 

that increase the biosynthesis of the glycocalyx (e.g. shear stress [27]) and those that lead to its 

degradation (e.g. inflammation [28]). 

 

 

 
2.2 Glomerular basement membrane 

 

Glomerular basement membrane (GBM) (Figure 3), that separates podocytes and endothelium is one   

of most studied basement membranes. Its role is not only structural, but actively participates in the 

selectivity of the filtration barrier, allowing water and small solutes to pass into the urinary space, but 

by holding back the passage of macromolecules and cells; in fact, proteinuria and hematuria are 

indicators of the malfunctioning of the barrier [1]. Structural and biochemical analyses in the past 

have succeeded in highlighting the 3-layer structure of the GFB, but not identifying exactly the 

components of the GBM. More recently, proteomic data based on mass spectrometry has shown how 

the basement membrane located in the glomerulus is unique for multiple characteristics, for example 

the prominent presence of collagen type IV. Other important components are laminins, nidogens, 

heparan sulphate, proteoglycans (HSPGs), agrin, perlecan and collagen XVIII, as well as a series of 

structures   with reservoir function for growth factors. Aspects of the cell important for cellular tissue 

homeostasis    such as proliferation, polarity, migration, signaling, differentiations, are regulated by this 

adhesive layer sheet. 
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Figure 3 

 

Figure 3. The major components of all basement membranes include laminins, collagen IV, nidogens and the heparan 

sulfate proteoglycans agrin, perlecan and collagen XVIII. The GBM is enriched in the α3α4α5 isoform of collagen IV as 

well as in laminin 521, which interacts with cell-surface receptors α3β1 integrin and α-dystroglycan on podocytes and 

endothelial cells. Minor components such as fibulin 1 are also present in the GBM. 7S, collagen IV 7S domain; GAG, 

glycosaminoglycan; LG, laminin G-like domain G; LN, laminin N-terminal domain; NC1, non-collagenous domain [1]. 

 

 

 

 

GBM assembly 

 

The formation of the mature GBM involves the fusion of two reticulates, produced in parallel by 

podocytes and endothelial cells during glomerulogenesis [29]. 

 

In vitro analyzes of the embryoid bodies have shown that the assembly of the GBM occurs according 

to a hierarchical order. This hierarchical assembly is evident from protein localization analysis, for 

example by time-lapse imaging of endogenous GFP-tagged basement membrane proteins in 

Drosophila during development, and the observation of embryonic lethality with the loss of basement 

membrane components. The first event consists in the secretion by the endodermal cells of the 

extracellular space of laminin heterodimers, which generate an immature basement membrane. This 

primordial reticulate binds to specific cell surface receptors, for example integrins, discoid domain 

receptors (DDRs), α-dystroglycan and syndecan [30]. Follows the deposition and polymerization of 

type IV collagen which establishes a lattice mesh on the laminin sheet. With the union of the two 
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basal layers, GBM consists of two laminin sheets on either side of a thick, central collagenous 

network. Hence, GBM is much thicker than any other basement membrane, reaching approximately 

330-460 nm in the human glomerulus [31] and 50-300nm in rodents [32]. The third step involves the 

deposition of the HSPGs perlecan and agrin, that connects laminin and collagen IV polymers via 

nidogen [33]. The thickness of the animal membranes is due to the incorporation of water molecules 

by the side chains of GAG, which in turn bind to agrin and other proteoglycans. According to the 

studies on Drosophila, the early drosophila embryo is capable of the laminin- α and laminin- β 

subunits [34]. the sequence of events occurring in this organism exactly matches the dynamic 

expression profiles of basement membrane orthologs in Caenorhabditis elegans embryos, as well as 

our understanding of basement membrane development from knockout studies in vertebrate models 

[35]. Studies on mice confirm the assembly hierarchy and the importance of the different basal 

components. In fact, it emerged that both a laminin and type IV collagen deficiency prevent the 

assembly of the basement membrane causing death in the embryonic state, earlier in the first case, 

late in the second. The lack of laminin prevents the membrane from being assembled [36], and the 

lack of collagen IV, causes instead an irregular morphology and rupture of the basement membranes 

throughout the embryo [37]. 

 

 

 
Complexity of type IV collagens 

 

Type IV collagen is encoded by six genes (COL4A1–6) in vertebrates, which form three triple helix 

trimers, α1α1α2, α3α4α5 and α5α5α6. The chains are large proteins that consist of a short, N-terminal 

~ 25 amino acid 7S domain, a long ~ 1,400 amino acid collagenous domain and a C- terminal ~ 230 

amino acid NC domain. Collagen IV is the element of GBM that confers flexibility and resistance to 

traction and compression, probably thanks to the central collagenous domain (which contains the Gly- 

X-Y sequences that permit triple helix formation) also contains about 20 short NC (or interruption) 
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domains [38]. Once secreted by the cell, the collagen chains assemble to form a polymer adjacent to 

the laminin sheet. the collagen IV network is characterized by the binding of the interprotomer via 

homophilic covalent crosslinking or between four adjacent 7S N-terminal domains or between two 

NC domains adjacent to the C terminal. The assembly of polymers, in particular the oligomerization 

of the NC domains, it occurs only outside the cells as this process depends on chloride ions, which 

are more abundant in the extracellular space [39]. Lysyl oxidase-like 2 (LOXL2) mediates covalent 

crosslinking at the 7S domains, creating the characteristic dodecamer of the collagen IV reticulum 

[40]. 

 

 

 
The GBM in glomerular filtration 

 

Although much is known about its components and assembly mechanisms, the contribution of GBM 

in glomerular filtration has yet to be clarified. The fact that GBM has a gel-like structure [41] has led 

to suppose that its permeability follows the principle of gel-permeation formalized by Ogston in 1958 

[42]. This principle, which relates the permeation to the molecular size, would suggest the passage of 

water and ions under the force of hydraulic pressure; the fenestrated endothelium and the podocyte 

slit diaphragms wouldn’t act by size selectivity, but only would offer resistance to capillary flow. 

 

Among the experimental evidences supporting this theory, there is a 2017 study based on the 

microscopic tracking of gold nanoparticles injected into the superior mesenteric artery of mice. These 

different sized nanoparticles were negatively charged or stable oligoclusters. It showed that 

permeation in the dense lamina of GBM is size-sensitive: nanoparticles comparable in size to IgG 

dimers do not penetrate it, particles the size of an IgG monomer permeate to some extent, finally 

albumin-sized particles permeate widely. in the dense lamina. Particles passing through the dense 

lamina tend to accumulate upstream of the podocytic glycocalyx which crosses the fissure, but none 

are observed upstream of the fissure diaphragm. Furthermore, the researchers found that albumin-

sized nanoparticles could be completely absorbed in this proximal tubule in small concentrations. 
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However, if the concentration is high, the reabsorption capacity of the tubule is saturated, producing 

albuminuria [43] 

 

In maintaining the selectivity function, the compression and tension of the GBM is also very 

important, which partly depends on the correct expression of the diaphragm proteins. For example, it 

has been demonstrated that the absence of podocyte nephrin precludes the formation of the slit 

diaphragm and causes massive proteinuria [44,45]. In the “gel compression model” the fluid flow of 

glomerular filtration compresses the GBM against the restraining foot processes, likely in an 

increasing gradient from the lumen to the podocyte [46] and the compressed GBM hinders transport 

of macromolecules but allows water and small solutes to pass freely. The effacement of podocytic 

foot processes would reduce the compression of the GBM, leading to an increase in the size of the 

pores and a physiologically significant increase in the passage of larger molecules. Infact, genetic 

models of kidney disease, such as Lamb2−/− or Col4a3−/− mice, show podocyte foot process 

effacement and GBM thickening, which is consistent with a requirement for interdigitating podocyte 

foot processes in the maintenance of GBM compression. 

 

As already shown, the anionic charge of the GBM and the glycocalyx have been held responsible for 

the repulsion of negatively charged proteins, such as albumin, but the question is actually more 

complex. Several studies have in fact contested this theory, citing as proof the fact that the depletion 

of HSPGs in the glomerulus does not affect glomerular function. A research conducted on mice has 

for example shown that the deletion of both agrin and perlecan, as well as the removal of heparan 

sulphate side chains by glomerular overexpression of heparinase, reduced the net negative charge of 

GFB but did not induce proteinuria [47]. The conflicting evidence on the role of charge selectivity 

suggests how much this phenomenon has not yet been fully understood. 
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2.3 Podocytes 

 

Podocytes, glomerular epithelial cells, are highly specialized and differentiated cells found on the 

outer surface of the glomerular capillary. Their complex structural architecture is characterized by a 

bulky cell body and important processes extending outward from their cell body, forming 

interdigitated foot processes (FP) that envelop the glomerular capillaries. Additionally, FP Podocytes 

comprise a slit diaphragm (SD) functioning in the middle, a lattice of proteins that actively participate 

in podocyte signaling. FPs also possess a negatively charged coating, a glycocalyx, which actively 

participates in the selection of solutes filtered at the barrier. If the podocytes are damaged or lost, as 

happens in pathological conditions, the GBM is physically altered. This results in a process called 

"foot process effacement", at the base of many kidney proteinuric diseases [48]. 

Cytoskeletal actin contributes to both morphology and cell function. The peculiar organizations of 

longitudinal microfilaments in the foot process and microtubules in the primary process have several 

functions which include providing structural support to the cell, the ability to contract and expand 

cells, anchoring themselves to intracellular molecules, to mediate cell signaling. 
Figure 4 

Figure 4. A 3D reconstruction af GBM, with particular attention for podocytes morphology and structure [49]. 
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Slit-diaphragm and transmembrane proteins 

 

The slit-diaphragm is a bridge that extracellularly connects a podocyte to the adjacent one. The 

podocyte component of maintaining the permselectivity function of the barrier is mainly due to the 

presence of particular proteins, such as nephrin, NEPH1, podocin, zona occludens-1 (ZO-1), CD2 

adapter protein (CD2AP), FAT and P-cadherin; these proteins together form a signaling network that 

connects the diaphragm with the cytoskeleton of the cell body [50]. Moreover, genetic mutations 

causing malfunction or inactivation of these proteins have been reported to lead to massive proteinuria 

and kidney failure [51]. Some examples of proteins essential for the podocyte function will be 

described below. 

 

Nephrin, a central component for glomerular ultrafiltration, possesses a small intracellular domain 

that has been shown to associate with the actin cytoskeleton and linked to adapter proteins, a 

transmembrane domain and an extracellular domain with eight distal IgG-like motifs and a similar 

motif . to proximal type III fibronectin. Nephrin molecules from adjacent foot processes are believed 

to interact trans to form the basic structure of the slit diaphragm, thus forming a porous molecular 

sieve. Recent research shows that the phosphorylation of nephrin and tyrosine regulates the 

morphology of podocyte cells via Nck adapter proteins. The super family of Nck adapter proteins has 

two members; Nck1 and Nck2 and both are associated with the regulation of actin dynamics [52]. 

 

CD2-associated protein (CD2AP) is another intracellular protein that can interact with the C-terminal 

domain of nephrin. Indeed, it appears that CD2AP may act as a linker between cell membrane 

receptors and actin-modifying proteins. The N-terminal domain of CD2AP binds to an intermediate 

protein, p85 and facilitates nephrin-induced AKT signaling that protects podocytes from apoptosis 

[53]. Phosphorylation of tyrosine in the cytoplasmic tail of nephrin by the Src family kinase initiates a 

signaling cascade that promotes antiapoptotic signals. 
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Structurally similar to nephrin, Neph1 is a transmembrane protein belonging to the Neph family, 

which includes 3 components (Neph1, Neph2, and Neph3). Neph1 and Neph2, located in the slit- 

diaphragms, can bind to nephrine forming heterodimers, but they cannot interact with each other. 

Especially Neph1, very similar to nephrine, is studied for its enormous importance for its role in cell 

signaling: mice deficient in Neph1 were shown to develop proteinuria and renal failure but the 

functional significance of Neph2 and Neph3 are not clear [54]. 

The large transmembrane proteins FAT1 and FAT2, located in the slit-diaphragms, contain 34 tandem 

cadherin-like repeats. Pre-clinical research conducted in mice shows that alterations in these proteins 

cause proteinuria, but their role has not yet been elucidated [55]. 

 

Podocin, located in the slit diaphragm in podocytes, is a 42 kDa hairpin-like integral membrane 

protein. it is encoded by the NPHS2 gene and is similar to nephrin and Neph1. However, unlike 

nephrin and Neph1, its N and C-terminal ends are directed in the intracellular space to the cell 

membrane of the podocytes. It has been proposed to serve as a scaffolding protein and contributes to 

the structural organization of the slit diaphragm. Podocin interacts with the intracellular domains of 

nephrin and Neph1 and CD2AP [56]. Podocin knockout mice die shortly after birth due to severe 

proteinuria [57]. 

 

 

 

 

2.4 Relevance of shear stress 

 

The flow of glomerular filtrate depends on the difference in hydrostatic pressure across the filtration 

barrier and consists of outflow from the glomerular capillaries, through the glomerular basement 

membrane (GBM) and into the Bowman's space [58]. 

 

The way in which the podocytes are connected in the glomerulus, through the slit diaphragmatic 

bridges, is a unique but at the same time very delicate system. while the outflow pushes the 
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endothelium towards the GBM, the inflow into the Bowman's space through the filtration slots tends 

to detach the podocytes from the GBM, which can end up in the urine. The fact that the podocytes 

detach depends on the reorganization of their cytoskeleton, which in turn depends on both tensile and 

shear forces. It now seems quite clear that the tensile forces are counteracted by the wall formed by 

the GBM [4], on the contrary the forces that oppose the shear stress need to be debated. Shear stress 

depends on both the flow rate and the geometry of the channel: A narrow channel or a higher flow 

rate corresponds to a higher shear stress. Filter flow exerts shear stress at 2 sites within the glomerulus: 

on the lateral walls of the foot processes within the filtration slits and on the podocyte cell bodies 

within Bowman's space. For example, in rats it has been calculated a shear stress of about 8 Pascal 

(Pa) acting on the side walls of the foot processes, while much lower values, about 0.05 Pa, has been 

found to act on the cell bodies of podocytes by filtrate flow through Bowman's space [60]. From a 

physical analysis of the forces acting on the glomerulus, the hypothesis would arise that it is the 

podocytic slit diaphragm that counteract shear stress, and this would be compatible with the function 

of size-selective filter. This theory would also explain the podocyte detachment mechanism. In short, 

the pressure increase causes a distension of the GBM which in turn will cause the expansion of the 

endothelial network and foot processes, increasing the filtrate flow per unit filtration surface area. If 

the pressure increases again, the GBM reaches a limit where it can no longer expand, and the filtration 

surface will no longer increase. From this point onward, increasing intracapillary pressures will drive 

increasing flows through a filtration barrier with a fixed area, increasing the flow-per-unit slit area. 

This wears out the podocytes, which seem to resist only as long as the connections are not irreversibly 

compromised. 

 

Evidence collected so far shows that podocytes are protected by the partial extension of GBM, but 

the increased flow causes the shear stress to increase. It is important to note that the heterogeneous 

distribution of fluxes and shear stresses may contribute to the heterogeneous pattern of early 

glomerular disease. this could, for example, explain the protective action of angiotensin blockade in 
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conditions of reduced renal mass, leading to reduced filtrate flows along the entire length of the 

glomerular capillaries [61]. 

3. Organ-on-a-chip technology 

 

The purpose of pre-clinical in vitro studies is to mimic what happens in vivo. The cost of drug 

discovery is steadily increasing due to the limited predictability of 2D cell culture and animal models 

[62]. The simultaneous evolution of fluidics applied to biotechnology and tissue engineering has given 

rise to organ-on-a-chip technologies, which offer an alternative to conventional   preclinical models for 

understanding pathophysiological processes. Organ-on-a-chip devices can replicate the basic 

structure of the functional units of an organ or a part of it, they can recreate a tissue barrier functionality, 

they can even simplify a multi-organ connection, they can be used for studying drug delivery systems. 

They can also use human cells directly and optimize (or possibly eliminate where possible) animal 

testing. Although there are still limitations regarding the materials used, detection, scaling, validation, 

cellular fidelity, organ-on-a-chip today represent the future of pre-clinical in vitro studies. Figure 1a 

shows the evolution of three-dimensional in vitro culture models, highlighting their pros and cons. 

 

Organ-on-a-chip is a fluidic cell culture device that is a more physiologically relevant in vitro model 

than cells grown in traditional media. Generally, this technology is composed of 3 fundamental 

factors: living cells possibly of human origin, a bioreactor within which they are seeded and a 

continuous perfusion system of fluid [63]. Normally pre-clinical in vitro studies, which represent the 

first stage of pre-clinical studied consist of growing living cells in a dish, and the absence of a flow 

makes the culture conditions very different from the real ones. Animal experimentation is also often 

not very predictive of the human response, as mouse cells often have different specific functions. For 

example, Kidney toxicity is a major cause of drug abandonment and failure. Only 2% of drug 

development failures are evaluated in the preclinical phase, and serious adverse effects in 420% of 

new drugs are discovered only after the clinical phases [64]. Micro- or milli- devices (depending on 

the volume of fluid flowing) may be a good solution. The ideal systems will therefore use human cell 

lines, they will not be two-dimensional, but will mimic the three-dimensional architecture and flow 
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conditions, and will ensure constant perfusion to the bioreactor. Furthermore, the reduced 

dimensions  allow to use little material, with considerable savings in time and costs (Figure 1b). 
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Figure 1. Future of drug testing. (a) Evolution of 3-dimensional (3D) physiologically relevant microfluidic models for 

nephrotoxicity screening. ECM, extracellular matrix. Adapted with permission from Wilmer MJ, Ng CP, Lanz HL, et al. 

Kidney-on-a-chip technology for drug-induced nephrotoxicity screening. Trends Biotechnol. 2016;34:156–170.8 (b) 

Drug testing challenge and dilemma. Reproduced from Dehne EM, Hasenberg T, Marx U. The ascendance of 

microphysiological systems to solve the drug testing dilemma [65]. 
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3.1 Cells used in dynamic kidney models 

 

The cells used for fluidic systems are diverse, including canine  cells [66], porcine tubular epithelial 

[67], opossum tubular epithelial cells [68]. The use of cells of different species can easily lead to 

errors in response assessment in human disease models and in therapeutic screening. To overcome 

this problem, human proximal tubule cells (hPTEC) [69] were also used. The disadvantage, however, 

consists in obtaining sufficient numbers of primary PT cells that have a limited number of population 

doublings (a maximum of ~12 doublings) [70]. Using antisense nucleotides or RNA interference 

(small interfering RNA transfected to tumor suppressor p53 or cyclin-dependent kinase inhibitor 

p16INK4a), doubling of human PT cells can be increased 3 to 5-fold. When seeded into hollow fibers, 

these small RNA-transfected interfering cells formed a confluent layer of cells that covered the inner 

surface of the hollow fibers within 1 week and well- developed microvilli were visible on the apical 

side of these cells. 

 

Promising, but not yet validated, is the use of HPTEC-like cells derived from embryonic stem cells 

[69]. More recently, induced pluripotent stem cells (iPSCs) have been explored as a continuous source 

of primary cells. CRISPR33 mutant renal organoids have also shown promise in disease models and 

drug development studies [71]. 

 

 

 

3.2 Materials used for design 

 

3D printer technology is often applied to the production of materials for innovative fluidic culture 

systems. The main characteristics of these materials must be: long life, biocompatibility, 

haemocompatibility, gas permeability, transparency, possibility of sterilization. 

Polydimethylsiloxane (PDMS) is therefore often used [72], which has these characteristics, although 

it tends to absorb hydrophobic compounds, which could preclude its use for some pharmacological 
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tests [73]. Thermoplastics composed of polycarbonate, polystyrene and poly (methyl methacrylate), 

all of which have low absorption of hydrophobic compounds, are therefore often preferred in fluid 

systems [74]. 

 

These systems can then be implemented by hydrogel-based materials or natural polymers capable of 

mimicking physiological scaffolds. For example, Ng et al. showed hPTECs proliferated mostly in 

hollow fibers covered with a layer of fibrin and hydrogel. important for the determination of the 

system conditions are the biosensors. They have often been incorporated into bioengineered scaffolds 

to assess cellular behaviour in response to changes in the microenvironment. Ferrel et al. developed 

a   microfluidic bioreactor from polycarbonate membranes coated with type IV collagen and seeded with 

human kidney epithelial cells and MDCK cells [75]. These bioreactors contained integrated 

electrodes for measuring transepithelial electrical resistance, kidney epithelial cell growth, and tight 

junction integrity. 

 

 

 

3.3 Drug development and testing 

 

An obligatory stage for the marketing of a new drug is animal testing, with all the disadvantages that 

this entails. Animal studies are expensive and slow, nephrotoxic responses are often species-specific. 

The use of human cells in vitro, in addition to avoiding ethical problems, could more accurately 

predict the response of the drug in clinical trials [76]. The cells of the proximal tubule are frequently 

targeted by drugs [77], as they have high capacity for reabsorption and transport of molecules, for this 

reason they are therefore particularly interesting to test in advanced models. For example, many 

models based on these cells have been useful in discovering the nephrotoxicity of cisplatin [78] and 

the recovery of this damage by cimetidine [79]. 

However, in order to correctly predict the response to a drug, one cannot ignore the presence of a 

fluid flow that mimics the passage of blood. 3D fluidic models are therefore the most suitable models. 

Drugs that disrupt renal blood flow have traditionally proved challenging for in vitro nephrotoxicity 
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screenings. Vasoconstrictors such as catecholamines and calcineurin inhibitors reduce the supply of 

oxygen, causing damage to the renal cord [80]. Recently developed blood vessel-on-chip devices 

have shown that vasoconstrictive behaviours can be evaluated in organ-on-chip models, raising the 

possibility that soon on-chip models may be available to model vasoconstrictive nephrotoxicity [81]. 

Integrated systems of multiple organ-on-a-chips could be even more interesting in the study of 

nephrotoxicity, as they could help evaluate the systemic and secondary toxicities of the new drug. 

In 2017 Vernetti et al. combined on-chip systems representing uptake (human jejunal enteroids), 

metabolism (primary human hepatocytes) and clearance (primary human proximal tubular epithelial 

cells) with skeletal muscle (human primary myocytes) and neurovascular (human neurons and 

astrocytes derived from iPSC), in which media were sequentially transferred from one organ to 

another [82]. Maschmeyer et al also developed a multi-organ on-chip model (Figure 3) that includes 

intestine (primary human small intestine epithelial cells), liver (primary human hepatic stellate cells 

combined with immortalized HepaRG cells), skin (human biopsy tissue), and cell line Human renal 

PT (RPTEC/TERT1) were similarly developed to evaluate drug absorption, distribution, metabolism 

and excretion, as well as multi-organ toxicity [83]. 

In conclusion, current data suggest that fluidic devices are the most reliable tools in predicting 

nephrotoxicity. Drugs for some pathologies vasoconstrictive nephropathy can already be successfully 

tested on vascular systems, or on multi-organ systems, however much progress still needs to be made 

to make data on other more complex pathologies replicable. 
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3.4 Kidney dynamic models 

 

In 2009, Kyung-Jin Jang and Kahp-Yang Suh released the first model that replicates a portion of the 

kidney on the chip [84]. The design foresees the presence of two compartments, an upper channel 

that simulates the urinary lumen and has a flow of fluid and a lower part filled with soil that mimics 

the interstitial space (Figure 2). Kidney cells are subjected to much less frictional stress than 

endothelial or lung cells; this device uses rat distal tubular cells, which have a shear stress ~ 1 dyn/cm. 

In short, Primary Rat Inner Medullary Collecting Duct (IMCD) cells are cultured within the canal. 

To generate an environment similar to that present in the tubule in vivo, a fluidic shear stress of ~ 1 

dyn/cm is applied for 5 hours. This condition is considered optimal for the reproduction of the tubular 

environment, as evidenced by the polarization, cytoskeletal organization and molecular transport 

analyzed. 

Figure 2 

 
Figure 2. Fabrication and operation of a the multi-layer microfluidic device (MMD) of Kyung-Jin Jang and Kahp-Yang Suh . (a) 

The MMD is a sandwich assembly of polydimethyl siloxane (PDMS) channel, polyester membrane, and PDMS reservoir bonded 

with plasma treatment. (b) Photograph showing the operation of MMD that is connected to a syringe pump with silicone tubes. 

The MMD is placed on a culture dish containing an outside tubular fluid (OF). (c) Schematic of the device on a culture dish. 

(d) Microscope image of IMCD cells within the MMD. Cells are grown confluently after seeding 3 days. This image shows 

complete isolation of cells in the channel without any leakage. 

 

 

 

Later, Jang et al. present a second article in which the design of the device remains essentially unchanged, 

but human proximal tubular cells are used. In this model, the author tries to 
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reproduce the nephrotoxicity induced by cisplatin [79]. Primary kidney epithelial cells are isolated 

from the proximal tubule and cultured on the upper side of a porous polyester membrane, which 

divides the main channel of the device into two adjacent channels, thereby creating a luminal apical 

canal and an interstitial basal space. Exposure of the epithelial monolayer to an apical stress (0.2 

dyne/cm-2) which mimics the presence of live renal tubules, leads to greater polarization of epithelial 

cells and the formation of primary cilia, which is different from traditional culture systems in 

transwell. 

 

Worthy of note is a work published in 2015 by a group of German researchers [83], in which a micro- 

physiological system was developed that is able to maintain, for 28 days of co-culture, the 

functionality of 4 organs (intestine, liver, skin and kidney), reproduced in proportion in a miniaturized 

system. The pre-formed models of the human intestine and skin were integrated into a four-organs- 

chip on standard inserts for cell culture, with a size 100,000 times smaller than the human organ. A 

three-dimensional based spheroid, equivalent to 10 liver lobules, mimics renal function, while a 

barrier, which separates the flow of medium flowing through the organs from the fluids excreted by 

the kidney, was generated by a polymeric membrane covered by a single layer of human proximal 

tubular epithelial cells. This approach represents the first attempt to create an in vitro multi-organ 

microfluidic system, which could be very useful for drug testing. 

Figure 3 

 

Figure 3. The microfluidic four-organ-chip device of Maschmeyer. a) 3D view of the device comprising two 

polycarbonate cover-plates, the PDMS-glass chip accommodating a surrogate blood flow circuit (pink) and an excretory 

flow circuit (yellow). Numbers represent the four tissue culture compartments for intestine (1), liver (2), skin (3), and 

kidney (4) tissue. A central cross-section of each tissue culture compartment aligned along the interconnecting 

microchannel is depicted. b) Evaluation of fluid dynamics in the 4OC using µPIV. Top view of the four-organ-chip layout 

illustrating the positions of three measuring spots (A, B and C) in the surrogate blood circuit and two spots (D, E) in the 

excretory circuit. 
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In the last 5 years, as evidence of the rapid evolution of this technology, two research works have 

been presented that propose two different models of glomerulus-on-a-chip. In 2016, Zhou et al. show 

the possibility of mimicking hypertensive nephropathy by means of a microfluidic device that 

reproduces the functionality of the glomerulus and performs filtration in a physiological 

microenvironment with complex hydrodynamic factors [85]. This glomerulus-on-a-chip consists of 

4 units: each contains 4 interconnected cell culture chambers, to simulate the glomerular capillary 

network. The size of the inlet channels is greater than the size of the sample outlet channels, since the 

diameter of the afferent arterioles is greater than that of the efferent arterioles. Each unit has been 

designed to connect to a common inlet from which a syringe pump applies a certain flow rate of the 

culture medium (Figure 4). 

Figure 4 
 

Figure 4. Glomerulus-on-a-chip (GC) microdevice of Zhou group. The effective filtration pressure depends on glomerular 

capillary pressure, capsular pressure and shear force. The microfabricated glomerulus mimic device uses compartmentalized 

PDMS microchannels to form a GFB on a membrane coated with ECM. (B1) The device recreated the physiological 

glomerular filtration function by supplying perfusion flow in the upper microchannel and causing mechanical forces (e.g., 

glomerular capillary pressure, shear force, and stretch stress) to act on the GFB membrane; (B2) a pathological glomerular 

microenvironment was established by perfusion flow regulating mechanical forces. 

 

 

In short, a porous membrane is coated with a basement membrane extract; subsequently, murine 

endothelial glomerular cells (GEnC) and murine podocytes (MPC-5) are seeded on opposite sides of 

the membrane. When the cells come to confluence, the culture medium is introduced into the 

endothelial compartment at a rate of 5 μl/min, which is then recovered from the podocyte 
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compartment, i.e. after passing through the filtration barrier. To simulate hypertensive nephropathy 

the flow rate was increased to 10-15 μl/min. Under these conditions, it has been proven that as the 

flow rate increases, the shear stress increases in a directly proportional manner. Of particular 

importance was the method adopted to verify the functionality of GFB: fluorescein-isothiocyanate 

(FITC) conjugated to inulin, FITC-fetal bovine serum (BSA) and FITC IgG were used to approximate 

small, medium and large molecules, respectively. From the analyzes carried out, it emerges that the 

permeability of GFB co-culture is considerably lower than the single monolayers of endothelial cells 

and podocytes. 

 

Glomerulus-on-a-chip models are far less represented, partly due to the difficulty of culturing human 

glomerular cells. One research published on the subject is from April 2017 also proposed a model of 

damage induced by diabetic nephropathy [86]. To reproduce the human glomerular 

microenvironment, a two-layer compartmentalized device was designed, formed by parallel channels, 

in which primary glomerular micro-tissues subject to microflow were grown. The capillary canal was 

infused with glomerular microtissues under low flow, to reproduce the luminal capillary side of the 

glomerulus. The central canal was injected with Matrigel, which forms a 3D structure suitable for the 

adhesion and development of isolated glomeruli. Finally, a third channel was used to collect the filtrate 

of the capillary channel, thus representing the capsular side of the glomerulus. This device has been 

used to reproduce glucose- induced critical pathological responses in diabetic nephropathy as observed 

in humans. The results showed that hyperglycemia plays a crucial role in the development of 

increased permeability of the albumin barrier and glomerular dysfunction, factors that lead to 

proteinuria. 

 

The development of a functional glomerulus-on-a-chip was stymied by a lack of functional podocytes 

until the recent work by Musah et al. [87], who obtained terminally differentiated podocytes from 

human iPSCs. These podocytes were cocultured with endothelial cells on opposite sides of a laminin-

coated membrane in a system with separate microfluidic channels mimicking urinary and blood flow. 

Production of basement membrane collagen and a tissue-tissue interface were observed 
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as was a physiological differential clearance of albumin and inulin. Adriamycin caused podocyte 

disruption, loss of function, and cell death in this system mimicking the toxicity of Adriamycin in 

vivo were observed. 

 

Figure 5 
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Figure 5. Model of Musah et al. a) Schematic representation of glomerular capillary wall with podocytes and 

endothelial cells separated by the GBM. Arrow shows directional flow of molecules from the capillary lumen to 

urinary space. F) Three-dimensional reconstructed views of the tissue–tissue interface formed by hiPS-cell-derived 

podocytes (top, green) and human glomerular endothelial cells (bottom, magenta) showing that cyclic application of 

10% strain enhanced the extension of podocyte cell processes through the pores of the flexible ECM-coated PDMS 

membrane so that they insert into the abluminal surface of the underlying glomerular endothelium (insets). 
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4. Therapeutic potential of extracellular vesicles derived from 

mesenchymal stem cells.  

 

In the last decade, the therapeutic potential of extracellular vesicles derived from 

mesenchymal stromal cells (MSC-EVs) is gaining increasing interest. To introduce the 

topic, fundamental for my thesis project, here is a review that aims to explore the 

therapeutic effects of MSC-EVs in the field of solid organ transplantations. The notions 

provided by the text, from biogenesis, to classification, to their immunosuppressive and 

regenerative role, lay the foundations for the testing of MSC-EVs as therapeutic 

molecules against acute renal damage in the dynamic glomerulus in vitro, as will be 

explained later in this thesis work. 
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Abstract: Extracellular vesicles (EVs) play an important role in cell-to-cell communication by
delivering coding and non-coding RNA species and proteins to target cells. Recently, the therapeutic
potential of EVs has been shown to extend to the field of solid organ transplantations. Mesenchymal
stromal cell-derived EVs (MSC-EVs) in particular have been proposed as a new tool to improve
graft survival, thanks to the modulation of tolerance toward the graft, and to their anti-fibrotic and
pro-angiogenic effects. Moreover, MSC-EVs may reduce ischemia reperfusion injury, improving the
recovery from acute damage. In addition, EVs currently considered helpful tools for preserving
donor organs when administered before transplant in the context of hypothermic or normothermic
perfusion machines. The addition of EVs to the perfusion solution, recently proposed for kidney, lung,
and liver grafts, resulted in the amelioration of donor organ viability and functionality. EVs may
therefore be of therapeutic interest in different aspects of the transplantation process for increasing
the number of available organs and improving their long-term survival.

Keywords: exosomes; regenerative medicine; machinery perfusion; transplant; preconditioning

1. Introduction

Solid organ transplantation represents the gold standard treatment for patients with end-stage
organ failure. Specifically, kidney transplantation has become a routine procedure because of its
beneficial effects on patient survival and quality of life, together with its economic aspects [1]. Although
the global observatory on donation and transplantation reported a total of 139,024 solid organ
transplants worldwide with 90,306 kidneys in 2017, this met less than 10% of the global need [2]. Data
from Eurotransplant [3], NHS-UK [4], and US registries [5] show that 141,568 patients are waiting
for a transplant, 82% of which are kidney transplants. Therefore, the gap existing between the need
for transplants and organ availability represents a major challenge to be addressed by scientific
community [6]. To reduce this gap, novel strategies have to be explored. The main option being
explored at present is the increase of the pool of deceased donors, including donors after circulatory
death (DCDs), which actually represent about 20% of the deceased donors worldwide, and older donors
with comorbidities such as hypertension, mild renal impairment, and death from cerebrovascular
events (extended criteria donors, ECDs) [7]. Nevertheless, organs from DCDs and ECDs are more prone
to developing an ischemic-reperfusion injury (IRI) compared to standard donors, and consequently
represent an increased risk of primary non-function and delayed graft function (DGF) [8]. In addition,
long-term graft survival is still a critical factor that needs to be improved.
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Among the different strategies in regenerative medicine, EVs have been recently recognized as
a promising and innovative tool with which to accelerate tissue recovery after organ damage. EVs are
a heterogeneous group of membranous vesicles that possess a central role in the mechanisms of
cell-to-cell communication [9,10]. In the last decade, interest and knowledge in the field of EVs has
increased enormously, and it is now well established that EVs may influence the function of target cells
by transferring bioactive molecules and genetic materials, inducing epigenetic changes in recipient
cells [11–13].

In this review, we present the current literature regarding the potential application of stem-cell-derived
EVs, dissecting their possible application as an innovative therapeutic tool to precondition grafts before
transplant as well as to prevent ischemic/reperfusion damage (Figure 1). In particular, we describe their use
in pre-transplant solid organ preservation in association with normothermic and hypothermic perfusion
machines. In addition, their role in the limitation of IRI is highlighted for kidney, liver, lung, and heart.
Finally, we present their immunomodulatory properties in bone marrow transplantation.
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2. Stem-Cell-Derived EVs and Regenerative Medicine

EVs released by healthy cells are very heterogeneous in size and composition, and they can be
classified based on their origin and dimension into two main categories: small EVs, ranging between
30 and 100 nm, and large EVs, ranging between 50 and 1000 nm [14].

Among small EVs, exosomes are the most characterized vesicles, considered to originate from
multivesicular bodies after their fusion with the cell membrane [15]. However, other subtypes of small
EVs different from the multivesicular-body-derived exosomes have been identified, for instance after
plasma membrane budding [14].

Large EVs, also called microvesicles/ectosomes, comprise different populations of vesicles originating
from the budding of the plasma membrane [16]. The different EV populations express common and
specific surface markers. For instance, tetraspanins such as CD9, CD81, and CD63 are mainly expressed
by small EVs [14]. In addition, small EVs are characterized by the presence of molecules of the endosomal
sorting complex required for transport (ESCRT), heat shock proteins (HSP70 and HSP90), and auxiliary
proteins (ALIX, TSG101, and VPS4). In terms of variance, large EVs are specifically characterized by
expression of the CD40 ligand [17,18]. The detailed composition of EV cargo has been deeply dissected
and several databases collecting these results are now available, such as EVpedia [19], Exocarta [20],
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and Vesiclepedia [21]. EVs can be isolated from the majority of body fluids such as plasma and serum,
amniotic and seminal fluids, saliva, urine, or nasal and bronchial lavage fluids [9,22].

Is important to take into consideration that a limitation to consistent EV characterization is
the variability in EV isolation protocols. Depending on the size of EVs and on the fluids of origin,
different techniques can be utilized, including ultra-high-speed centrifugation, polymer precipitation,
immunoaffinity capture, or microfluidics-based techniques, among others [23]. Rigor criteria for EV
isolation and characterization were recently proposed by the International Society for Extracellular
Vesicles (ISEV) [14].

Stem-cell-derived EVs possess many characteristics in common with the originating cells;
for instance, they carry some transcription factors classically expressed by stem cells, such as Nanog
and Oct-4, as well as stem (CD133 and c-Kit) and mesenchymal markers (CD105, CD29, and CD73) [24].
It has been clearly demonstrated that stem-cell-derived EVs recapitulate the pro-regenerative capacity
of the cells of origin and, in particular, those derived from mesenchymal stromal cells (MSCs) appear
the ideal candidates to favor tissue regeneration. MSC-EVs may be isolated from MSCs derived from
different adult tissues such as bone marrow, peripheral and cord blood, adipose tissue, or neonatal
birth-associated tissues including placenta and umbilical cord [25]. Several studies have shown that
MSC-EVs possess strong pro-regenerative properties using preclinical models of renal, lung, liver, and
heart injuries, mimicking the beneficial effect of the cells themselves [14,26,27]. The activity of EVs
mainly results in the reduction of apoptosis, oxidative stress, and inflammation and in increase of cell
proliferation [24,28,29].

3. Normothermic and Hypothermic Perfusion Machines

In order to increase the number of successful transplants, the use of machine perfusion is currently
proposed to ameliorate the function of organs from marginal donors such as DCDs and ECDs. Dynamic
perfusion of organs appears a useful strategy to evaluate pretransplant graft function, limiting the
discard rate [30–32]. Moreover, this approach reduces the incidence of DGF in recipients receiving
organs from ECDs and DCDs.

At present, dynamic machine perfusion can be done in hypothermic (HMP) or in normothermic
(NMP) conditions with or without oxygen. Several studies have demonstrated that both HPM and NPM
are useful in the assessment of organ viability prior to transplantation [32–34]. Specifically, HMP is able
to reduce DGF and to increase the graft survival of organs harvested from ECDs, but conflicting results
have been reported on the beneficial effects of HMP on grafts from DCDs [35–40]. Another beneficial
effect of HMP is the removal of inflammatory mediators that may have detrimental effects on graft
function. The delivery of oxygen added to the hypothermic perfusate may help to restore adenosine
triphosphate (ATP) content [41–44]. Because of the unknown effects of this oxygenated perfusion on
transplanted patients, a large international randomized controlled trial has been planned to investigate
the beneficial effects of oxygenated short-term perfusion of kidneys from ECDs (Consortium for Organ
Preservation in Europe COPE Trials) [45].

As oxygenated machine perfusion, NMP may protect organs from IRI by restoring ATP levels [46,47].
In particular, ex vivo normothermic perfusion, consisting of circulation through the harvested organs of
warm oxygenated red-cell-based solution, is able to restore the metabolism and function of the graft
prior to transplantation [48–50]. NMP could offer a better evaluation of organ viability compared to
HMP, especially in kidney and liver grafts because of urine or bile production, together with a better
preservation of graft function [51].

Both HMP and NMP allow the delivery of targeted therapies to organs prior to transplantation.
In particular, these approaches offer the potential to explore the effects of several therapeutic strategies,
such as gene-silencing, nanoparticles, and cell therapies, in a fully functioning graft [52–57].
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4. EVs for Kidney Transplant

An innovative EV-based application for organ preservation is the use of EVs in the perfusion
solution. A first report in the literature recently demonstrated that EVs released by MSCs, delivered in
the perfusate during organ cold perfusion (4 h), preserve and protect kidney function. Histological
and genetic analyses on EV-treated kidneys revealed upregulation of enzymes involved in energy
metabolism and reduction of global ischemic damage. In addition, the analysis of lactate, LDH,
and glucose in the effluent fluid confirmed a greater use of energy substrates by EV-treated kidneys,
supporting the report of improved functionality (Table 1) [58].

Moreover, an extensive number of publications have highlighted the beneficial effect of EVs
in preclinical models of IRI, further implying their possible application to limit organ damage [9].
In particular, EVs isolated from different MSC sources [59–62] have been shown to accelerate renal
recovery after damage, promoting cell proliferation and blocking inflammation and apoptosis when
intravenously injected after IR damage [63]. The mechanisms of action reported appear different
between the EV sources: MSC-EVs obtained from Wharton’s jelly stimulate tubular proliferation and
reduce inflammation and apoptosis via mitochondrial protection [61,62], while those from cord blood
promote tubular dedifferentiation and proliferation by the transfer of human HGF [60]. Moreover,
EVs isolated from bone marrow MSCs were protective mainly by suppressing inflammation when
injected under the renal capsule [64]. In addition, EVs obtained from MSCs isolated from glomeruli
have also been demonstrated to be capable of reducing ischemic damage [65].

Moreover, a recent publication demonstrated that EVs isolated from the venal perfusate of rats
subjected to remote ischemia preconditioning ameliorated renal function when injected into another
animal with IRI. To explore the underlying mechanism, authors tested in vivo, in the same IRI model,
the effect of EVs released by human proximal tubular cells cultured in hypoxia, supporting the thesis
that remote ischemia precondition activates a repairing program into tubular cells by the release of
pro-regenerative EVs [66].

Whereas all the studies mentioned above evaluated classical ischemic damage in models of
renal artery clamping, Wu and co-workers tested for the first time the effect of EVs in a rat model
of IRI after DCD renal transplantation [67]. The authors confirmed that Wharton’s jelly MSC-EVs,
intravenously injected after renal transplantation, mitigated renal damage, improving survival and
function. In particular, MSC-EVs were shown to reduce cell apoptosis and inflammation, to stimulate
HGF production, and subsequently to alleviate fibrosis [67].

Table 1. List of EV applications for organ preconditioning. Abbreviations: bone marrow (BM), human
liver stem cells (HLSCs).

Organs EV Sources Type of
Perfusion

Time of
Preconditioning Results References

Kidney BM-MSCs Hypothermic 4 h Preservation and protection Gregorini et al. [58]

Lung BM-MSCs Normothermic 6 h Improvement of ventilation and
hemodynamic parameters Gennai et al. [68]

Lung BM-MSCs Normothermic 6 h Restoring permeability and
reduction of inflammation Park et al. [69]

Lung BM-MSCs Normothermic 1 h Attenuation of IR dysfunction and
immunomodulation Stone et al. [70]

Lung BM-MSCs Normothermic 3 h Reduction of inflammation and
oxidative stress Lonati et al. [71]

Liver HLSCs Normothermic 4 h Limitation of the progression of
ischemic injury Rigo et al. [72]

5. EVs for Lung Transplantation

Adult lung transplantation is considered the most effective strategy for end-stage pulmonary
disease, although the reported 5-year survival rate is only 50% [73]. Infections, immunomodulation,
and IRI are in fact some of the aspects involved in lung transplant failure [74]. Through ex vivo lung
perfusion, donor lungs can be evaluated and reconditioned, while organs are perfused and ventilated [75].
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The use of MSC-EVs has been proposed as a valid alternative for the rehabilitation of marginal human
lungs [68]. Upon administering MSC-EVs in the perfusion fluid, a dose-dependent increase of alveolar
fluid clearance, a decrease of lung weight gain, and an improvement of airway and hemodynamic
parameters were observed as compared to perfusion alone (Table 2). Moreover, the study showed
that CD44 was involved in the EV uptake mechanism, as the efficacy of MSC-EVs decreased with the
administration of anti-CD44 antibody.

A significant improvement of inflammatory conditions has also been ascribed to the EV effect on
lung bacterial infections. For example, MSC-EVs have been demonstrated to be effective in restoring
lung protein permeability and reducing inflammation in Escherichia-coli-endotoxin-induced acute
lung injury in mice. In particular, MSC-EV treatment restored protein permeability and reduced
inflammation, extravascular lung water, and total protein levels in the bronchoalveolar lavage fluid,
demonstrating a reduction in pulmonary edema [76]. On this path, in a recent work, the effects of
MSC-EVs were investigated in an ex vivo perfused human lung model, injured with severe E. coli
pneumonia [69]. The paper confirmed a significant increase of alveolar fluid clearance and decrease
in protein permeability, as well as the lowering of the bacterial load and the neutrophil count in the
injured alveolus (Table 2). MSC pretreatment with a toll-like-receptor 3 agonist before the isolation of
EVs increased their bactericidal activity.

Moreover, Stone and colleagues demonstrated the attenuation of IR dysfunction in lungs after
treatment with MSC-EVs both in vivo and in ex vivo perfusion systems [70]. In particular, they observed
a decrease of pro-inflammatory cytokines and upregulation of keratinocyte growth factor, PGE2, and
IL-10. Recently, in a mouse model of ex vivo lung perfusion, EV-treated organs showed decreased
vascular resistance and a rise of perfusate nitric oxide metabolites. Moreover, EV treatment prevented
the reduction in pulmonary ATP and increased the medium–high-molecular-weight hyaluronan in
the perfusate. The genes modulated in the pulmonary tissue by EV administration were involved in
anti-inflammatory and anti-oxidative stress pathways [71].

6. EVs for Liver Transplantation

The use of EVs released by stem cells as an innovative option to improve the viability of
pre-transplant livers was recently assessed in a model of ex vivo rat liver NMP. HLSC-EVs (EVs
isolated from human liver stem cells) were added to perfusate 15 min after the initiation of NMP and
administered for 4 h within the perfusate. The results showed that HLSC-EVs limited the progression
of ischemic injury, with a significant reduction of the levels of aspartate aminotransferase and alanine
aminotransferase and a decrease of histological damage compared with results of NMP alone (Table
2) [72]. Moreover, the authors demonstrated that HLSC-EVs were uptaken by hepatocytes, supporting
the thesis that EVs may recondition liver cells before transplantation [72].

Moreover, the potential therapeutic use of stem-cell-derived-EVs for liver regeneration, has been
also clearly demonstrated in pre-clinical models of liver IRI. In fact, hepatic ischemia and related
inflammation should be limited to avoid complication after liver transplantation [77]. The intravenous
injection of murine MSC-EVs prior to IRI reduced the area of necrosis and apoptosis with concomitant
increased liver function [77]. In addition, MSC-EVs have been shown to limit liver inflammation and
oxidative stress [77]. Similar results were obtained using EVs isolated from MSCs from inducible
pluripotent stem cells [78] or bone marrow [79]. Recently, Yao et al. demonstrated that human umbilical
cord MSC-EVs protect hepatic apoptosis post-IRI, modulating neutrophils and reducing oxidative
stress [80].

7. Stem-Cell-Derived EVs as Future Therapeutics in Heart Transplantation

EVs have been shown to be powerful allies against cardiovascular damage. Some important
interconnected effects related to EVs could improve the success of a heart transplantation, including
immunomodulatory properties, the improvement of heart function and vessel formation, and the
amelioration of myocardial function during IRI [81].
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Much evidence confirms the hypothesis that cardiac progenitor cells release pro-regenerative
and anti-fibrotic EVs in response to hypoxic conditions [82,83], mainly due to their miRNA cargo [82].
Moreover, cardiac-progenitor-cell-derived EVs, released into their environment, can stimulate migration
of endothelial cells [84] and inhibit both cardiac fibroblast activation and collagen synthesis [85].

In parallel, MSC-EV treatment has also been proven as a therapeutic option to limit ischemic
damage in the heart. In particular, MSC-EV administration increased phosphorylated-Akt and
phosphorylated-GSK-3β, as well as ATP/NADH level, and could reduce phosphorylated-c-JNK and
inflammatory response in ischemic/reperfused hearts [86].

8. EVs for Islet Transplantation

Today, there are still many factors that limit the success of pancreatic islet transplantation, including
islet source limitation, sub-optimal engraftment, lack of oxygen and blood supply for transplanted
islets, and immune rejection [87]. In parallel with the other described organs, MSC-EVs may also be of
benefit for islet transplantation.

One of the primary reasons for apoptosis and reduced beta-cell function in transplants is hypoxic
damage. Recently, EVs from human-umbilical-cord-derived MSCs were shown to have a therapeutic
effect on the survival and function of neonatal porcine islets exposed to hypoxia [88]. The use of EVs,
in comparison with medium alone, enhanced the yield and survival of porcine islets, and showed
an improvement of the function through the amelioration of mitochondrial respiration efficiency [88].

In addition, Di Wen and colleagues showed that MSC-EV administration through delivery of
small RNAs promoted islet function and inhibited immune rejection [89]. In a mouse model, they used
MSC-EVs transfected with shFas and anti-miR-375 in order to silence Fas and miR-375 in human
islets, observing an improvement of islet viability and function. Moreover, the authors observed the
inhibition of peripheral blood mononuclear cell proliferation and the enhancement of T-cell regulatory
function. Based on these works, EVs from different sources appear of interest to increase the possibility
of successful islet transplantation.

9. Role of MSC-EVs in the Amelioration of Graft Versus Host Disease

EVs derived from bone marrow MSCs possess an immunosuppressive potential that can be
harnessed to treat graft versus host disease (GVHD), which today represents the greatest complication
after allogeneic transplantation. The majority of the literature on the subject has generically focused on
the effects of the whole MSC secretome, including EVs and soluble factors. Recently, the specific role of
EVs has been highlighted, showing an effect on innate and adaptive immunity (Table 2).

For example, in 2005, Aggarwal and Pittenger highlighted that the secretome, released by MSCs,
be responsible for modulation of immune reaction, involved in GVHD [90]. In fact, if co-cultured with
purified subpopulations of immune cells, human MSCs were able to switch an inflammatory response
into a tolerant phenotype. In particular, MSCs induced mature dendritic cells type 1 and type 2 to
decrease TNF-α and to increase IL-10 secretion, respectively; they also induced T helper 1 lymphocytes
and natural killer cells to decrease interferon (IFN) γ secretion. In addition, they enhanced a regulatory
response, causing the T helper 2 cells to increase secretion of IL-4, increasing the proportion of regulatory
T cells and producing prostaglandin (PG) E2 [90].

Moreover, soluble factors released by MSCs, such as vascular endothelial growth factor and IL-6,
were shown to inhibit T-cell proliferation and to be involved in a partial inhibition of dendritic cell
differentiation [91]. Selmani et al. not only confirmed the role of the MSC secretome in modulating
innate immunity, but they also sustained its strong modulation of adaptive immunity [92]. Moreover,
they reported that the nonclassic HLA class I molecule HLA-G is responsible for the immunomodulatory
properties of MSCs [92].

In a recent work, it was shown that bone marrow MSC-EVs recapitulate the therapeutic effects of
the cells against acute GVHD [93]. A systemic infusion of MSC-EVs in mice with acute GVHD was
associated with the suppression of CD4+ and CD8+ T cells and with the preservation of circulating
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naive T cells, possibly due to the unique microRNA profiles of MSC-EVs. The analysis on microRNA
cargo in MSC-EVs identified that their target genes were involved in regulation of the cell cycle, T-cell
receptor signaling, and GVHD [93]. These findings suggest that MSC-EVs could be a new potential
therapeutic option to prevent GVHD, to be tested in future clinical trials.

Table 2. Immunomodulatory properties of MSC secretome/EVs.

Cell Types Actions Mechanisms Effector References

T lymphocytes

Decrease of TH1 secretion of
IFN-γ [91]

Increase of TH2 secretion of
IL-4 [91]

Increase of the proportion of
T-regs [91]

Suppression of T-naïve
differentiation [94]

Decrease in proliferation and
migration [94]

Decrease of CD4+CD8+ [94]

Constitutive production
of COX2 and PGE2

[91–93]
Secretion of TGF-β [91]

Secretion of soluble
HLA-G5 [93]

Secretome [91–93]
EVs [94]

S. Aggarwal et al. [91]
Z Selmani et al. [93]

S. Fujii et al. [94]

DC

Reversion of maturation of
DCs [92]

Decrease DC1 production of
TNF-α [91]

Increase DC2 production of
IL-10 [91]

Secretion of IL-6 [91] Secretome [91,92] S. Aggarwal et al. [91]
F. Djouad et al. [92]

NK
Inhibition [91]

Alteration of secreted
cytokines [91]

Secretion of indoleamine
2,3-deoxygenase [91]

Secretion of PGE2 [91]
Secretion of TGF-β [91]

Secretome [91] S. Aggarwal et al. [91]

10. Conclusions

The organ demand is continuously increasing and there is a constant need to expand the pool of
donors. Increasing organ availability represents a major challenge in the field of transplantation.

Among the most recent innovative strategies, the use of EVs seems very promising. The application
of EVs in the perfusion solution, recently proposed for kidney, lung, and liver grafts, results in the
amelioration of donor organ viability and functionality. Moreover, consolidated results describe the
beneficial effects of EV administration in several preclinical models of IRI. In particular, stem-cell-derived
EVs have displayed strong pro-regenerative properties in different models of renal, lung, liver, and
heart injuries. IRI is an unavoidable consequence after transplants and the severity of this phenomenon
affects the graft outcome, leading to delayed graft function, graft rejection, chronic rejection, and chronic
graft dysfunction. The development of strategies to limit the progression of IRI is fundamental for the
success of transplants. Altogether, EVs appear the ideal candidate to target different aspects during
transplantation process.
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5. The PhD project:  

 

Protecting effect of mesenchymal stem cell-derived extracellular 

vesicles in a milli-fluidic advanced in vitro model of glomerular 

filtration after doxorubicin damage 

 

5.1 Main findings  

 
Mesenchymal stem cells-derived extracellular vesicles (MSC- EVs) have been recognized as 

responsible for most of the beneficial effects attributed to MSCs and they contain a variety of soluble 

factors capable of activating downstream signaling. However, to better investigate the molecular 

mechanisms of pathology and regeneration, we need human organ–like devices that not only use 

human cells but also mimic 3D architecture and flow conditions within real human organs. The aim 

of this part of my thesis has been to evaluate the regenerative potential of MSC-EVs  in a millifluidic 

in vitro 3D model of glomerulus, used  to reproduce a pharmacological damage. To do this, I set a 

millifluidic in vitro 3D model of glomerular filtration, a three-layers structure composed by human-

GECs and human-POD-SV 40 cell lines, and the basement membrane in between coated with a matrix 

of Collagen type IV. The barrier thus formed is set up inside a bioreactor, in a closed milli-fluidic 

circuit in which fluid flows continuously at a certain flow rate. I obtained a standardized protocol and 

an adequate configuration of the milli-fluidic circuit, realizing co-cultures of human glomerular 

endothelial cells (h-GECs) and human podocytes (h-PODs) in bioreactors subject to continuous 

reperfusion. Once designed this device, I administered MSC-EVs for 24h in the endothelial part of 

the closed circuit of the glomerulus in vitro, to confirm the cellular ability to internalize the 

extracellular vesicles. The results obtained confirmed not only the ability of MSC-EVs to be 

internalized by cells, but also their therapeutic potential, improving podocyte vitality after 

pharmacological damage induced by doxorubicin. 
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5.2 Introduction 

 
Human fluidic culture systems represent a significant challenge today. In particular, the capability of 

in situ continual monitoring of organ behaviours and their responses to therapeutic compounds is 

critical in understanding the dynamics of drug effects and therefore accurate prediction of human 

organ reactions [1]. Numerous advances have been made in applying these technologies to renal 

pathophysiology. Individual components of the nephron, such as proximal tubule, distal 

tubule/medullary collecting duct, have been successfully mimicked using fluidic devices and making 

a great contribution to the understanding of the molecular mechanisms underlying drug toxicity and 

therapies [2]. Within the glomeruli, there are unique and highly specialized cells able to establish an 

intense cross-talk between them, this cross-talk is the reason why the damage suffered by one of these 

cell types generates a response in the others as well [7]. Glomerular cells are critical to normal 

physiology, but they are targets of a number of damaging processes in disease, including immune, 

metabolic, vascular and malignant disorders. However, the information in our possession, coming 

mainly from in vivo models, does not completely clarify the mechanisms of glomerular biology 

and the pathogenesis of the disease [7]. It therefore appears clear that we need to progress beyond 

standard histopathology in order to describe glomerular diseases more effectively [8]. 

 

My PhD project is placed in this context and is based on an innovative technology that recapitulate 

the glomerular filtration barrier (GFB) in a bioreactor continuously crossed by culture medium. The 

complexity and uniqueness of this filter cannot be approximated with traditional culture systems but 

requires systems that better mimic its function and that allow us to test new therapeutic molecules, 

like extracellular vesicles (EVs). EVs are heterogeneous, naturally occurring, membrane-enclosed 

structures of varying sizes that are secreted by most cell types. Apart from apoptotic bodies, vesicles 

are distinguished on the basis of their biogenesis, cellular origin and size into 2 macroscopic 

categories: microvesicles and exosomes. While the microvesicles are generated by membrane lipid 

microducts that exit the cell membrane, allowing for retention of the mother cell membrane proteins, 

exosomes are a more homogeneous population, derived from GTPase-dependent fusion and internal 
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budding of endosomes/multivesicular bodies (MVB) [9]. 

 

Mesenchymal stem/stromal cells (MSCs) derived EVs have been proven to contain genetic and 

protein material that upon transferring to recipient cells can activate several repair mechanisms to 

ameliorate renal injury. In the literature there is a substantial number of publications supporting their 

role in promoting tissue repair and reduce inflammation in different pathological models, including 

models of acute kidney injury (AKI) [10,11] and chronic kidney injury (CKI) [12,13]. In this thesis 

project, we have demonstrated not only the ability of MSC-EVs to penetrate cells, but preliminarily 

we showed that they are capable of reverting cell damage in an in vitro dynamic model of AKI;   this 

result opens the way to many future possibilities, concerning the development of new non- invasive 

therapies. 
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    5.3 Materials and methods 

 
Cell lines 

Cultured podocytes 

 
A laboratory-available podocyte line was used, obtained as described [14]. Briefly, decapsulated 

glomeruli were isolated by differential sieving from renal cortex fragments taken from surgically 

removed kidneys Caucasian patients, treated with collagenase and seeded in Dulbecco’s modified 

Eagle’s medium (DMEM) containing 20% FCS and d-valine. Primary cultures of podocytes were 

obtained by plating at high-density glomeruli untreated with collagenase. After a 10 day-incubation 

in DMEM-20% FCS, the cultures were trypsinized and the outgrowing podocytes were expanded. 

Phenotypic characterization was performed according to cell morphology (polyhedral cells with 

cobblestone-like appearance); positive staining for synaptopodin, WT-1, cytokeratins, vimentin, and 

laminin; negative staining for smooth muscle-type myosin, FVIIIr: Ag, and CD45; and cytotoxicity 

in response to 50 μg/ml of puromycin aminonucleoside. Established lines of podocytes were obtained 

by infection of pure primary cultures with a hybrid Adeno5/SV40 virus, as described [15]. Individual 

foci of immortalized cells were subcultured and cloned. Once the immortalized line was obtained, it 

was sometimes evaluated for podocytes proteins (Figure 1). The cells were cultured in DMEM High 

Glucose (Euroclone) 10% FCS, with the addition of penicillin/streptomycin, L-glutamine. The 

adherent monolayer was detached by trypsin treatment for 5 min at 37 °C. 

Figure 1 
 
 

Nephrin 

Synaptopodin 

CD2AP 
 

Actin 

CTL H-PODs 

 
 

 

Figure 1: Expression of Podocytes markers by h-PODs used, in comparison with a validated conditionally 

immortalized human podocyte cell line developed by transfection with the temperature-sensitive SV40-T gene [16]. 
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Endothelial cells 

 
Human primary kidney glomerular endothelial cells, isolated from human kidney tissue, were 

acquired from Cell Biologics and subsequently immortalized. Cell line stabilization occurred at 

passage 2 by a retrovirus containing p-BABE-puro-hTERT plasmid (Addgene plasmid 1771), and 

selected using antibiotic resistance (1 µg/ml puromycin, Gibco, Thermo Fisher). The immortalized 

line, used from passages 9 to 62, was constantly subjected to FACS analysis, to evaluate the 

maintenance of the main endothelial markers (Figure 2). Cells were expanded in flasks previously 

coated with attachment factor (Sigma-Aldrich) and cultured in complete EndoGRO 10% FCS, with 

the addition of penicillin/streptomycin and Mycozap to prevent contaminations. Cells were 

detached by trypsin treatment for 5-10 min at 37 °C. 

 
 

Figure 2 
 

 

 
Figure 2: GEC Expression of endothelial markers. 

 

 

 

 
 

Mesenchymal Stem Cells 

 
Mesenchymal Stem Cells (MSCs) were obtained from Lonza, cultured and characterized as previously 

described [17,18]. Briefly, the MSCs were cultured in the presence of Mesenchymal Stem Cells Basal Medium 
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(MSCBM, Lonza). To expand the MSCs, the adherent monolayer was detached by trypsin treatment for 5 

minutes at 37°C, after 15 days for the first passage and every 7 days for subsequent passages. Cells were seeded 

at a density of 10,000 cells/cm2 and used within the passage six. At each passage, cells were counted and 

analyzed for immunophenotype by cytofluorimetric analysis. The following antibodies, all phycoerythrin (PE) 

or fluorescein isothiocyanate (FITC) conjugated were used: anti-CD105, -CD146, -CD90 (Miltenyi Biotech); 

-CD29, -CD44, -CD73, -CD34, -CD45, -CD80, -CD86, -CD166, HLA-I (Becton Dickinson Biosciences 

 

Pharmingen). All the cell preparations at different passages of culture expressed the typical MSC markers: 

CD105, CD73, CD44, CD90, CD166 and CD146. They also expressed HLA class I. MSC preparations did not 

express hematopoietic markers like CD45, CD14 and CD34. They also did not express the co-stimulatory 

molecules (CD80, CD86 and CD40). The adipogenic, osteogenic and chondrogenic differentiation ability of 

MSCs was determined as previously described [17]. 

 

 

 

Three-dimensional millifluidic co-culture system 

 
Functioning of the millifluidic dynamic model 

For dynamic experiments, it has been used a dynamic system fabricated by IVtech Srl (Italy). This 

millifluidic device allows a continuous perfusion for live cells seeded in a chamber called LiveBox 

Figure 3 
 

a 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Ivtech millifluidic dynamic system. a) Live flow composed by two peristaltic 

pump and the flow rate control system; b) a bioreactor Live Box for co-cultures. 

 

52



Recirculation of fluid 

(LB) (figure 3). The main body of device, the LiveFlow (LF), is composed of two pumping heads, 

each one driving two independent circuit. 

 

A circuit is in turn made up of three devices connected to each others: a peristaltic pump ables to 

apply a specific flow-rate to the fluid in the system, LB studied to recreate an in vitro physiological 

barrier and tanks containing liquids entering and leaving the system. LB is a silicone chamber with 

two compartments separated by a porous membrane: one lower compartment for GECs and one upper 

for podocytes. In short, podocytes medium contained in one of the two inlet tanks flows up to the 

peristaltic pump, which gives a flow rate ranged between 50 to 500 µl/min to the fluid that arrives in 

the upper part of LB, where the podocytes are present. In the same way, an endothelial culture medium 

is conveyed into the inferior part of the room. during the experiments conducted, two different 

configurations has been used. In one of these, the liquid leaving the chamber re-enters the system in 

a constant recirculation (Figure 4a). In the second configuration, in the lower part the liquid flows in 

Figure 4 
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Figure 4: Different configurations of dynamic system used. 

 

recirculation and in the upper part the culture medium enters and is collected at the exit (Figure 4b). 

In recirculation 

outgoing 
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Preparation of co-cultures 

 

The support on which the cells are sown is a track etched membrane (ipCELLCULTURETM, it4ip) 

in PET, 12 µm thick and equipped pores (Ø 0.45 µl). The membrane is initially inserted between 

the two plastic rings that will fit into the LB and the assembled structure is placed on a dish; the 

coating with type IV collagen follows. A 25% solution of type IV collagen diluted in 70% ethanol 

is used to completely coat the membrane, first on one side, then on the other. Then the membrane is 

left overnight in incubator in a poor medium. On the convex side of the membrane are seeded 

100.000 h-GECs in 100-120 µl of medium. After five hours in incubator (37°C, 5% CO2), the time 

deemed necessary for the cells to adhere to the support, LB is mounted so that the endothelial part is 

facing downwards, and bottom part is filled with endothelial medium. Subsequently, 100.000 

podocytes are seeded on the part of the membrane facing upwards, in 500-600 µl of medium. The 

next day endothelial medium is changed completely, while about 300 µl of podocytes medium are 

added through top entry channel. After a day in the incubator, the chamber is attached to the circuit 

to allow the passage of fluid. 

 

 

 

Damage to the GFB 

 
Acute damage to GFB is achieved with doxorubicin (DXR) 0.5 µg/ml, directly under dynamic 

conditions. The reservoirs from which the fluid comes are filled with different solutions for the 

upper or lower part of the bioreactor: for the podocyte (upper) part DMEM HG without FBS, for the 

endothelial part (lower) DMEM HG with the addition of 0.5 µg/ml of DXR (Figure 5). 

Figure 5 
 

 
 

 

 

 Figure 5. Bioreactor view during DXR treatment. the medium with DXR flows in the lower 
endothelial part, but because of the flow itself, a part permeates through the GFB, enriching the 
medium that is flowing in the upper part.  
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The medium flows for 3h in the system in the recirculation configuration (Figure 4a), at a speed of 

80 µl/min. At the end of 3h, the medium is changed, and the chambers are washed. Then, the 

chambers are re-connected to the circuit for 24h, in the presence of complete EndoGRO (for GECs) 

and DMEM HG (for h-PODs), both with 2% FBS. 

 

 

 

Assessment of permeability 

 

The evaluation of the barrier integrity is quantified by the passage BSA conjugated with guanidine 

isothiocyanate (BSA-FITC) (Sigma) [19]. A solution of DMEM HG - BSA-FITC 1 mg/ml is made 

to flow in the circuit, in the endothelial part, for 3h at the flow rate of 80 ul/min. The configuration 

used is that in figure 4b: in recirculation for the lower part, while in the upper part normal DMEM 

HG enters and medium enriched in BSA-FITC comes out. The greater the damage to the filtration 

barrier, the greater the quantity of BSA-FITC that passes through it and reaches the outlet tank. The 

medium enriched in BSA-FITC and collected is then analyzed for fluorescence. in triplicate, 100 ul 

are taken from the outlet tank, placed in a 96-well plate and analyzed for fluorescence. 

 

 

 

Figure 6 
 

 

 
Day 0: 

Coating with 

collagen type IV 

Day 1: 

Preparation of 

co-culture 

Day 2: 

DXR treatment in 

dynamic or change 

medium 

Day 3: 

EVs 

treatment or 

medium flow 

for 24h 

Day 4: 

Evaluation of 

damage 

Figure 6. Timing of the experiment in dynamics. The first step is the coating of the bioreactor membrane with type IV 

collagen, both sides (day 0). The sowing of h-GECs and h-PODs (day 1) and the eventual treatment with DXR (day 2) 

follow. After 24h in medium poor in FBS or EVs treatment (day 3) the damage is assessed (day 4). 
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Apoptosis 

 

Cytofluorimetric evaluation of apoptotic cells was performed using the Muse™ Annexin V & Dead 

Cell Kit (Merck‐Millipore), according to the manufacturer's recommendations. Briefly, after 

dynamic treatment, cells were detached from membranes and resuspended in Muse™ Annexin V & 

Dead Cell Kit, and the percentage of apoptotic cells (Annexin V +) was detected. The assay utilizes 

Annexin V to detect phosphatidylserine on the external membrane of apoptotic cells. A dead cell 

marker (7‐AAD) is also used as an indicator of cell membrane structural integrity. 

 

 

 
Immunofluorescence studies 

 
Immunofluorescence was performed on cells co-cultured on membranes. After treatment in dynamic 

conditions, the membranes are removed from the support rings and sectioned. Cells were fixed in 4% 

paraformaldehyde for 20 minutes at room temperature and permeabilized with 0.1% Triton X100 

(Sigma-Aldrich)/PBS for 10 minutes at 4°C. Aspecific sites were blocked with 1.5% Bovine Serum 

Albumine/PBS for 20 minutes at room temperature, followed by incubation with primary antibodies 

for 1h at room temperature and 3 washes with PBS 1x-BSA 0.1%. Secondary antibodies and 

Phalloidin (1: 1000) are then put together for 1 h at room temperature. Finally, an 8 minutes treatment 

with DAPI (1: 10000) ensures the nuclear staining. After the final washing, coverslips were mounted 

with Fluoromount on cover glasses. In some cases, to obtain cross-sections of the cell-covered 

membrane, the membranes were included in OCT gel and stored at -80 ° C. After a few days we 

proceeded with the IF staining. Imaging was performed using a Leica TCS SP5 confocal system 

(LEICA Mycrosystems S.r.l.) equipped with 405 nm diode and an argon ion lasers. Samples were 

imaged using a 40X PlanApo/1.4 NA oil immersion objectives. Series of x-y-z images (typically 

0.19*0.19*0.5 µm3 voxel size) were collected along the z-axis at 0.5 µm intervals throughout the 
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sample depth (36 µm). Adjusting of colours and 3D reconstruction was performed using tools of 

Imagej. 

 

 

 

Extracellular vesicles 

 
Extraction of EVs 

 

Isolation of EVs was performed as described. Confluent MSC were cultured in serum‐free RPMI for 

about 18 h. Post culture, the medium was centrifuged for 30 min at 3,000g to remove cell debris and 

apoptotic bodies. After which, the supernatant was ultracentrifuged for 2 h at 100,000g, 4 °C using 

the Beckman Coulter Optima L‐100 K Ultracentrifuge with the rotor type 70 Ti 38,000 rpm. The 

pellet of EVs obtained was resuspended in RPMI supplemented with 1% DMSO. Suspension of 

MSC‐EVs was then stored at −80 °C until further use. EVs were analyzed using NTA analysis using 

the NanoSight NS300 system (Malvern Instruments, Ltd), mean size of EVs evaluated by electron 

microscopy was 90 nm (±20). 

 

Tests of Serum-EVs uptake by podocytes were made. In this case, serum EVs were obtained from 

healthy people. The serum was centrifuged for 5 minutes at 3000 rpm at room temperature, to 

eliminate any debris present. The supernatant is then subjected to another 30-minute centrifuge at 

3000 rpm. To recover the EVs, the supernatant is subjected to ultracentrifuge, as already described. 

 

 

 

EVs treatment 

 
After DXR treatment, the cells in the bioreactor are washed with PBS and the media in the tanks are 

changed. The input tank entering the endothelial compartment is filled with complete EndoGRO 

(without FBS) enriched with 4x109 MSC-EVs (20.000 EVs per cell), while in the upper part DMEM 
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HG without FBS flows. The configuration of the dynamic system is that of fluid recirculation both in 

the lower and upper part as shown in figure 4a, for 24h at 37°C, fluid flow of 80 µl/min. 

 

 

 

Staining of EVs 

 
The staining of the MSC-EVs or serum-EVs was achieved by staining the cells in suspension with 

VybrantTM Cell-labeling Solution (thermo Fisher Scientific). Briefly, MSCs were cleaved with trypsin 

for 5 min at 37°C and resuspended at a density of 1x106/mL in serum-free medium. After adding 5 

µl per ml of cell labeling solution, the suspension was incubated for 20 min at 37 ° C. Three washes 

were then made by adding warm medium and centrifuging at 1500 rpm for 5 min. After 10 minutes 

of recovery the cells were plated and the produced EVs collected [20]. 

 

 

 

Electroporation of EVs with MiRNA 39 of C.el. and use in dynamic model 

 
To verify the entry of the EVs into the podocytes, a part of the collected MSC-EVs were 

electroporated to allow the encapsulation of an exogenous MiRNA, Mir39 of the organism C.El., as 

described below. A suspension of about 200 ul was prepared containing 6x1010 EVs, 5 µl of miRNA 

39 (20 µM) and the reaction solution of the kit (NEONTM, Invitrogen). After an incubation of 30 min 

at 37 ° C, electroporation is carried out. The suspension is poured into a cuvette with 3 ml of the 

reagent E2, as indicated, and 10 discharges of 20 ms at 750 volts are performed. Then the suspension 

is placed at 4 ° C overnight. The following day an ultracentrifuge is made (2h, 4°C, 38,000 rpm), The 

EVs are resuspended in medium without FBS with the addition of 1% DMSO and stored at -80 ° C. 

 

The electroporated EVs are then inserted into the system, inside the tanks whose contents are directed 

towards the endothelial compartment. the configuration used is the one in recirculation of fluid 
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described in image 4a. after 24h of treatment the h-PODs are detached from the membrane and placed 

in Trizol reagent (thermoFisher) until the extraction of the mRNA. 

 

 

 

PCR analysis 

 
Total RNA was isolated from different cell preparations using Trizol reagent (Ambion, 

ThermoFischer) according to manufacturer's protocol. RNA was quantified spectrophotometrically 

(Nanodrop ND‐1000, Wilmington, DE). First‐strand cDNA was produced from 200 ng of total RNA using 

the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, ThermoFischer). For gene 

expression analysis, quantitative real‐time PCR (qRT‐PCR) was performed in 20‐µl reaction mixtures 

containing 5 ng of cDNA template, the sequence‐specific oligonucleotide primers (purchased from 

MWG‐Biotech, Eurofins Scientific, Bruxelles, Belgium) and the Power SYBR Green PCR Master 

Mix (Applied Biosystems). GAPDH mRNA was used as housekeeping normalizer. Fold change 

expression respect to control was calculated for all samples. 

 

To confirm the presence of miRNA 39 of C. El. inside the cells that had undergone dynamic treatment 

with electroporated EVs, qRT‐PCR was also used. Briefly, 200 ng of input RNA from all samples 

were reverse transcribed with the miScript Reverse Transcription Kit and the cDNA was then used to 

detect and quantify miRNA 39, using the miScript SYBR Green PCR Kit (all from Qiagen). All 

samples were run in triplicate using 3 ng of cDNA for each reaction as described by the manufacturer's 

protocol (Qiagen). Relative expression data were then normalized using the mean expression value, 

calculated on the overall miRNA expression in each array, according to a Ct detection cut‐off of 35 

PCR cycles. In this case, RNAU6B mRNA was used as housekeeping normalizer. 

All reactions were performed using an Applied Biosystems 7900HT real‐time PCR instrument 

equipped with a 96-well reaction plate. 
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Statistical analysis 

 

Data are showed as mean ± standard deviation (SD). At least three triplicates were performed for each 

experiment. Unpaired t test was used for analysis when two groups of data were compared, while 2way 

ANOVA with Dunnett’s multiple comparison test was applied when comparing more than two groups 

of data. All statistical analyses were done with GraphPad Prism software version 8.0 (GraphPad 

Software, Inc.). P values of < 0 .05 were considered significant. 
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5.4 Results 

 
Setup of a glomerular millifluidic model 

 
A glomerular millifluidic model was obtained by assembling a tri-layer formed by a transparent 

membrane coated with type IV collagen and human glomerular cells. The membrane in PET, a 

material widely used in the medical field, allows for the microscopic evaluation of cellular changes 

according to the different treatments. The presence of collagen IV is important because it is a 

fundamental element for GFB, allowing the adhesion and maintenance of the cellular phenotype 

[21,22] and results to be more efficient than using type I collagen, which is not specific for the 

glomerulus [23]. The cells used are human and have been obtained from primary lines. 

Figure 1 
 

 

  

Figure 1. Co-culture assembly on bioreactor membranes. a) after being subjected to 24h of flow, the membrane of the 

bioreactor on which the glomerular cells are present was fixed to highlight the two cell types, visible thanks to the IF 

staining. Actin in green in a image and in red in b, c and d.; nuclei in blue. a) The membrane was included in OCT, preserved 

in nitrogen and subsequently cut in the cryotome to obtain a cross section. b) Using the 3D reconstruction tool available on 

Imagej it was possible to transversally highlight the presence of the 2 monolayers on the sides of the membrane (h-PODs at 

the top and h-GECs at the bottom). In c) the podocytic cell monolayer is represented, while in d) the endothelial monolayer. 

The membrane examined in b, c and d is the same. 

c d 

h-GECs 

h-PODs 

a b 
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Assembly of co-cultures in the bioreactors 

 
The co-culture assembly protocol was optimized,.and then following steps were developed. During the first 

phase, the membrane is covered on both sides with a 25% solution of type IV collagen, diluted in 70% 

ethanol (EtOH). the membrane is then rebalanced overnight in a culture medium and the next day it 

is possible to proceed with the seeding of the cells. The endothelial layer is set up in the lower part of 

the membrane, which will be upside down in the bioreactor, and after 4-5h the chamber is assembled 

and sown directly inside the h-PODs, in the upper compartment. The cell density is the same, 1x105 

cells per cell type. The in vitro glomerulus thus formed is placed in an incubator until the next day 

when it can be inserted into the dynamic circuit. Once the cells are adhered, the chamber is attached 

to the peristaltic pump which allows the passage of fluid at the rate of 80 µl/min (Figure 1). During 

perfusion, cells in the chamber have been subjected to a shear stress of ⁓6,4x10-5 dyn/cm2. To 

calculate roughly this value, we used the following equation: τ =6µQ/bh2, where µ is the medium 

viscosity (gm/cm/s), Q is the volumetric flow rate (cm3/s), b is the channel width, and h is the channel 

height [24–26]. Haemodynamic forces influence the functional properties of vascular endothelium. 

Endothelial cells have a variety of receptors, which sense flow and transmit mechanical signals 

through mechanosensitive signalling pathways to recipient molecules that lead to phenotypic and 

functional changes [27,28]. The importance of blood flow for the maintenance of glomerular 

endothelial cells is certainly one of the causes of the loss of the phenotype in traditional in vitro 

cultures. Already after 24h of perfusion, the h-GECs show an ordered and distended cytoskeleton, the 

actin is oriented in the direction of flow (Figure 2), in a similar way to what happens physiologically. 

Maintaining the integrity of the barrier also requires the production of laminin. Total absence of laminin 

is known to cause GBM to rupture and glomerular vascularization to fail, resulting in proteinuria, 

hematuria, and ultimately death [29]. As shown in figure 3c, the production of laminin increases 

considerably after only 24 hours of flow. 
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Figure 2 
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Figure 3 

Figure 2. Morphological changes of h-GECs in co-culture subjected to 

3h or 24h of perfusion (actin in red and nuclei in blue). Actin clearly 

appears more orderly and tidier in the direction of flow. The images were 

acquired with a Leica SP5 confocal microscope, 40x objective. 
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Figure 3. The effect of flow in the dynamic model. h-Pod/h-GEC co-cultures subject to perfusion for 

3h and 24h. After treatment the cells on the membranes were fixed and stained (nuclei in blue, actin in 

red, laminin, nephrin and podocin in green). the difference in expression of two of the major podocytic 

markers in the different times (a and b) is evident. Furthermore, the laminin secreted by the bilayers, 

which guides the formation of the extracellular matrix, is much more evident after 24h (c). The images 

were acquired with a Leica SP5 confocal microscope, 40x objective. 
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The podocytes, more loosely attached to the matrix, are particularly sensitive to shear stress. 

Conceptually, the slit diaphragm can be thought of as being composed of signal receptors (nephrin, 

podocin) that connect to signal integrators or adapters which then associate to the actin cytoskeleton. 

These markers that play a fundamental role in the dynamics of the actin cytoskeleton of podocytes 

result to be increased in a time-dependent manner in case of perfusion [25] (Figure 3a and 3b). 

 

 

 

Validation of the model through the permeability test 

 
Since proteinuria is the index of renal damage, a filtration test based on the use of BSA-FITC was 

adopted to evaluate the integrity of the barrier. Already shown in previous works in static conditions, 

it has however been adapted to the dynamic system [19,30]. In the dynamic circuit, the tanks whose 

fluid is directed towards the endothelial compartment are filled with DMEM HG enriched with BSA- 

FITC 1mg / ml, while simple DMEM HG is directed towards the h-PODs. The medium enriched with 

BSA-FITC proceeds in recirculation in the circuit, while the medium is collected in an outlet  bottle 

The medium coming out from the upper part of the chamber (podocytic compartment), will therefore 

be enriched by a certain amount of BSA-FITC and the measurement of fluorescence as a percentage 

is taken as an index of barrier integrity. In basal conditions, the presence of the complete glomerular 

tri-layer (the 2 cell types and the coated membrane), appears to oppose the greatest resistance to the 

passage of albumin. 

From figure 4 the great contribution to barrier permeability of h-GECs is clear, their morphological 

and charge characteristics are thought to be fundamental in maintaining glomerular physiology. The 

presence of podocytes alone is less effective in avoiding the passage of serum protein, it is comparable 

to the contribution of the membrane coated with type IV collagen; the uncoated membrane filters 

significantly more than the other conditions analyzed. 
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Figure 4 

Figure 4. Evaluation of filtration with permeability test. The passage of BSA-FITC through the 

GFB in the dynamic model was evaluated, in 5 different conditions: membranes free of col IV and cells 

(membrane), membranes coated with Col IV (Col IV), and membranes coated with COL.IV in presence 

of cells (only h-PODs , only h-GeCs and both cell types in co-cultures). The co-cultures were perfused 

for 3h, at 37 ° C. At the end of 3h the fluid exiting from h-POD compartment contained in the outlet 

tank was analyzed. 

 

 

 

EVs are internalized by podocytes in the dynamic model 

 
The cellular uptake mechanisms of EVs have been extensively debated in the literature. Certainly, 

one of the basic requirements for their use as therapeutics is to demonstrate that they can be 

internalized by target cells. The hypothesized mechanisms for cellular internalization include 

practically all known cellular uptake methods, from the most frequent to cell-specific mechanisms, 

not yet fully understood. The differences could concern both the type of vesicles and the cells being 

treated [31]. 
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Figure 5. Internalization MSC-EVs by h-PODs in the dynamic model. Co-cultures in bioreactors were subjected to a 

dynamic experiment for 24h with DII stained EVs from serum (a) and from MSC-EVs (b). c)The co-cultures in the 

bioreactors were subjected to a dynamic experiment for 24h in 3 different conditions: 24h of perfusion with culture 

medium (CTL), 24h of perfusion with Mir39 of free Cel (mir39), 24h of perfusion with EVs electro-pored with Mir39 and 

subjected to subsequent treatment with RNase (EV-mir39 + Rnase). For both conditions, both free miR39 and 

electroporated EVs were inserted into the tanks for the endothelial compartment, and the presence of Mir39 internalized 

by podocytes was then analyzed The images were made with leica SP5 confocal, 40X objective, while the orthogonal 

sections with the Imagej software. 
 

In the millifluidic system, the co-cultures were infused with 4x109 serum-derived EVs (figure 5a), or 

MSC-derived EVs, for 24h (figure 5b). Orthogonal view highlights a plane inside the cell. EVs 

previously stained in DII are clearly visible within the cell body. The advantage of using the 

millifluidic system is the ability to clearly focus on what is happening in the glomerular cell layers. 

A quick microscopic and possibly molecular analysis is possible. Finally, to eliminate any doubt about 

internalization, we electroporated MSC-EVs with an exogenous miRNA (miRNA39 
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from the organism C. Elegans). The co-cultures in the bioreactor were perfused for 24h with medium 

enriched with the exogenous miRNA, introduced into the circuit from the endothelial part. At the end 

of the perfusion, the podocytes were isolated and analyzed for the presence of the miRNA (Figure 

5c). 

 

From the results obtained, the internalization of miRNA39 is more effective if carried through the 

EVs, than if the miRNA is free in the culture medium.  

 

 

Mimicking a pharmacological acute kidney injury 

 
To demonstrate the capability of our millifluidic device, we used it to study the pathophysiology of 

drug-induced acute kidney injury (AKI) and to assess podocyte toxicity. We used doxorubicin (DXR) 

as model drug. A solution of DMEM HG-DXR (0.5 µl/mL) was circulated in the endothelial part of 

the chamber, while the simple medium flowed in the upper podocyte part. After 3h the noxious 

stimulus was removed and culture medium with 2% FBS was added, for 24h. After treatment, the 

podocytes were detached from the upper part of the chamber and their morphology and vitality 

(Figure 8a) was evaluated. Figure 6 shows a co-culture after treatment with DXR, fixed and subjected 

to IF staining, while figure 7 shows the mRNA expression of some podocyte markers after don DXR 

treatment, in comparison with co-cultured podocytes subjected to flow for 24h. The mRNA 

expression of damage markers caspase 3, 7 (CASP3 and CASP7) and metalloproteinase 9 (MMP9), 

as expected, are significantly increased. However, it is interesting to note that synaptopodin (SYN) 

and podocalixin (PDX) expression also increases after pharmacological treatment. 
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Figure 6 h- PODs h-GnEC 
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Figure 6. The effect of DXR treatment in the dynamic model. h-Pod/h-GEC co-cultures in orthogonal sections: the two cell 

types were plated on bioreactors and subjected to reperfusion. In the case of co-cultures treated with doxorubicin (DXR), the 

cells were first perfused for 3h with DXR enriched medium, then for 24h with canonical medium. In the case of the control 

co-cultures, after 24h of continuous perfusion with culture medium, the cells were fixed. They were then stained with DAPI to 

highlight the nuclei (in blue), and with phalloidin-texas red to highlight the actin (in red). The images were acquired with a 

Leica SP5 confocal microscope, 40x objective. 
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Figure 7. mRNA relative expression of h-PODs damage markers. CTLs are h-PODs in co-culters undergoing 3h of perfusion, 

while DXRs are h-PODs in     cocultures undergoing 3h of DXR treatment, followed by 24 of perfusion with medium without FBS. 

Cell damage markers increase, as do some of the major podocyte markers responsive to cell damage. The results obtained were 

made comparable by setting the controls equal to 1.
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Some evidence, in fact, correlate the increased levels of morphological markers, especially PDX, 

with the increase in proteinuria, probably due to the activation of pathways in response to the 

stimulus of reorganization of the cytoskeleton [32]. 

 

 

 

MSC-EVs penetrate podocytes under dynamic conditions and improve cell 

viability 

We preliminarily tested the effectiveness of EVs isolated from MSCs on our "glomerulus in vitro" 

previously subjected to DXR treatment. The dynamic model has been used for 24h in conditions of 

fluid recirculation both in the upper and lower part of the chamber, with the difference that in the 

endothelial compartment there was medium, but with the addition of 4x109 MSC- EVs. At the end of 

the reperfusion, it was possible to analyze the cells on the membrane. 

 

Figure 7 
 

 

 

 

 

 

 
 

 

Figure 7. Viability analysis of h-PODs after dynamic experiments. a) The bioreactors containing the co-

cultures were subjected to 3h of treatment with DXR, followed by 24h of dynamic treatment with low- serum 

medium, while the CTLs were subjected to 24h of constant perfusion. b) In comparison h-PODs coming from 

DXR treatment, and h-PODs in co-cultures treated for 24h with MSC-EVs after treatment with DXR. In both 

cases, after treatments the podocytes were detached, and a cell viability analysis was performed. 
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From the study of cell viability (Figure 7) a positive response to 24h therapy with MSC-EVs emerges, 

compared to cells that had only undergone treatment with DXR. 

70



 

5.5 Discussion 

 

Fluidic 3D models represent the future for pre-clinical in vitro experimentation. This is especially 

true for organs physiologically very affected by hemodynamics, such as liver, heart, kidney. 

We propose a simplified human glomerulus in vitro, which reproduces all the most important 

characteristics: the 3-layer structure, the presence of human endothelial cells and podocytes, the 

continuous perfusion of fluid that mimics hemodynamics. 

Glomerular hemodynamics are dependent upon integrated mechanical forces (including filtration 

pressure, flow, shear force, and traction force) which act by modifying cells and extracellular 

structures and which are fundamental for signaling and cell communication pathways. Changes in 

ultrafiltrate flow underlie the pathogenesis of many kidney diseases [33,34]. The flow of fluid acting 

on the glomerulus applies tangential forces and increased shear stress on the podocyte at 2 different 

sites: the foot processes, while the ultrafiltrate flows through the filter slots and the body surface of 

the podocyte, while the ultrafiltrate makes its way within Bowman’s space [35]. The podocyte body 

is stretched, foot processes are deformed, and cell body thinned, with bulging into the urinary space. 

It has been suggested that the mild to moderate foot process effacement that develops is an adaptive 

phenomenon improving podocyte adhesion and hindering its detachment [36]. These changes lead to 

podocyte detachment, extensive denudation of the GBM, adherence of the capillary wall to 

Bowman’s capsule, synechia and finally segmental sclerosis. These forces, and consequently these 

cellular responses, are not visible in traditional two-dimensional cultures and this does not make them 

optimal for the study of renal pathophysiology. 

The use of type IV collagen for membrane lining is important for the preservation of podocyte 

properties and the formation of endothelial monolayers. IV collagen is the physiological collagen 

present in the glomerular basement membrane to which both podocytes and endothelial cells adhere 

in vivo [37]. The extracellular matrix, which includes basement membranes, is known to regulate both 
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tissue architecture and cell phenotype through matrix receptors, such as integrins, cells are able to 

detect matrix changes, which induce intracellular signals that regulate multiple cellular events, 

influencing their survival, differentiation and gene expression [38]. 

Fundamental feature of our model is also the use of human cell lines. It has in fact been determined 

that both the response to renal damage [39] and the murine cellular characteristics [40] are different 

from human conditions. Kidney toxicity is one major cause of drug attrition and failure. Only 2% of 

drug development failures are screened in the preclinical stage, and serious adverse effects in 420% 

of new medicines are discovered only after the clinical stages. In the study of renal toxicity, the 

currently most used pre-clinical models cannot be effective in predicting. Organ-on-a-chip 

technology may be the optimal solution, which has minimal functional units that use primary human 

cells, rather than animal cells, like a real human organ. The ideal methods will not only use human 

cells, but will also mimic the 3D architecture and flow conditions within real human organs [1], with 

our system we have set ourselves this goal. Moreover, our Glomerulus-on-a-chip could be used in the 

future in a multi-organ curcuito, able for example to predict the metabolism of a drug [41]. 

Another interesting feature that distinguishes our model from most organ-on-a-chip models is the 

volume of fluid capable of flowing inside the circuit, not in the order of microliters, but in the order 

of milliliters. This fact, on the one hand, limits the number of repetitions of a given experiment that 

can be done at one time, but on the other hand it facilitates the execution and the possibility of reusing 

the cells after the dynamics. For example, one of the major problems of using micro-fluidic systems 

is the formation of bubbles, that arise because of the small size. Before or during the perfusion of 

fluid, bubbles can form easily in the channels of devices but are difficult to remove [42]. Cells in the 

device are very susceptible to detachment and injury from such bubbles, although in some cases, such 

air – liquid interface – mediated injury itself can be physiologically relevant such as mimic lung 

injury. In most cases, researchers should carefully avoid bubbles or dust. Using our system, the 

bubbles formed at the beginning of perfusion in the bioreactor can be easily removed by placing the 

72



 

bioreactor in a vertical position, with the output tubes facing upwards and connected to the collection 

tanks. After disconnecting the bioreactors from the pumping system, the cells can be analyzed both 

microscopically (the analysable surface is large and the membranes can be sectioned), as well as for 

gene or protein analysis. The PET membranes used are completely transparent, allowing the 

visualization of the cells during the experiment and afterwards. 

 

In order to evaluate the barrier functionality, we thought of an assay that was significant from the 

pathophysiological point of view and also simple to perform. Taking a cue from what had already 

been reported in literature, but adapting it to our needs, we examined the passage through the barrier 

of BSA-FITC. The passage of serum albumin from the endothelial lumen to the urinary lumen is 

universally recognized as an index of renal damage. after examining different timing and flow rates, 

we decided for the minimum time that allowed us to have an appreciable difference in filtration 

percentage (3h) and for the maximum speed that guaranteed cell adhesion (80 µl/min). The multiple 

differences between the volumes, surfaces, cell density, flow rate, shear stress of the different fluidic 

systems proposed so far, however, makes a comparison difficult. A comparison with what happens at 

the glomerulus level in the human organism is even more difficult. These are systems that 

approximate the glomerular cell response in a more physiological way than traditional culture models. 

It must be considered as a further step towards a more detailed investigation of the cellular and 

molecular processes that characterize GFB. 

 

To test the reliability of the dynamic model, we used Doxorubicin (DXR), the most effective 

anticancer drug available today. Despite this, DXR induces induced renal toxicity that overshadows 

its anticancer effects. Organ toxicity after doxorubicin infusion is a major cause for discontinuation 

of treatment [43]. Moreover, DXR has been widely used as a rodent model of proteinuric nephropathy 

leading to renal fibrosis [44]. We perfused the co-cultures with DXR for 3h and after 24h of perfusion 

with simple culture medium we examined them, verifying an effective decrease in renal viability and 
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an increase in cell damage markers. the concentration (0.5 ug / ml) was chosen in such a way as to 

produce acute but potentially reversible kidney damage. 

One of the greatest potential of this model is also the possibility of testing therapeutic molecules, as 

a tool to optimize subsequent animal experimentation. Extracellular vesicles (EVs), membrane 

vesicles that are secreted by a variety of mammalian cell types, have been shown to play an important 

role in intercellular communication. The contents of EVs, including proteins, microRNAs, and 

mRNAs, vary according to the cell type that secreted them. Accordingly, researchers have 

demonstrated that EVs derived from various cell types play different roles in biological phenomena. 

Considering the ubiquitous presence of mesenchymal stem cells (MSCs) in the body, MSC‐derived 

EVs may take part in a wide range of events. In particular, MSCs have recently attracted much 

attention due to the therapeutic effects of their secretory factors. MSC‐derived EVs may therefore 

provide novel therapeutic approaches [45]. In the last few years, several groups have investigated the 

therapeutic potential of MSC-derived EVs. Their therapeutic effects have been observed in several 

different types of diseases, including kidney injury, cardiac injury, and brain injury. These findings 

strongly support the idea that MSC-derived EVs imitate the phenotype of parent MSCs and hold 

therapeutic potential for a wide range of diseases. Since the recovery capacity of MSCs has been 

attributed to their secretory activity, extracellular vesicles originating from these cells have been 

tested on the kidney, due to the evidence showing the nephron's ability to repopulate after injury. As 

a part of the paracrine effect, Camussi’s group demonstrated that BM-MSC-derived EVs protected 

acute kidney injury (AKI), using a model mouse induced with glycerol [46]. The effect of EVs on the 

recovery of AKI was similar to that of MSCs. EVs induced proliferation and resistance to apoptosis 

in tubular epithelial cells. This effect was also confirmed using a lethal version of cisplatin induced 

AKI [18]. Furthermore, the same group showed that a single administration of MSC-derived EVs 

immediately after ischemia-reperfusion injury protected against the development of both acute and 

chronic kidney injury [17]. The 24h administration of MSC-EVs to the co-cultures through the 
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dynamic system tries to mimic the blood passage of vesicles inside the blood lumen through the 

barrier, after a pharmacological acute glomerular injury. After several tests, we found the minimum 

effective dose to be 2x104 EVs per cell. At this concentration we obtained a significant decrease in 

cell mortality, justified by the effective penetration of the vesicles within the cell types present in the 

glomerulus in vitro, in particular within the podocytes. Also evaluation of miRNA content of 

podocytes treated in the dynamic model with vesicles electroporated with miRNA 39 of C.El., gave 

a positive result. Finally, the observation of the internalization of the EVs obtained from serum is also 

very important. This in fact could be the basis for the use of autologous EVs of the patient, suitably 

engineered according to the therapeutic needs. The use of serum-EVs could speed up the purification 

times of the vesicles and not generate doubts about the immune-compatibility, being autologous. 
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6. Application of millifluidic device in renal disease models 

 

The glomerular dynamic model was created starting from a static model. This model, from which 

the cell plating and permeability evaluation protocol was translated, was necessary to carry out 

initial tests, as well as to have higher experimental numbers. 

In the first work presented below, published in September 2020, both culture systems were used. C. 

Iampietro and colleagues isolated, characterized and immortalized podocytes from urine of patients 

with Alport Syndrome. In this congenital pathology, an incorrect assembly of type IV collagen, a 

fundamental component of the glomerular basement membrane, causes severe renal failure. In this 

context, the dynamic system was achieved by avoiding the coating with collagen, usually carried 

out before cell plating. In addition, podocytes derived from AS patients and human glomerular 

endothelial cells were plated in co-culture. The results showed that the presence of these podocytes 

within the glomerular filtration barrier causes greater proteinuria than controls with healthy cells. 

In the second work presented Prof Levtchenko's research team had successfully immortalized for 

the first time a podocyte line having a mutation, G2, for Apoliprotein 1 (APOL1). In the African 

population, the G1 and G2 variants are related to pathological renal conditions. After characterizing 

the cell line, a functional test was needed to demonstrate the correlation with the glomerular defect. 

In this case, podocytes G2 or CTL were used in monoculture, under dynamic conditions. APOL1 

expression was induced by placing poly (I: C), a synthetic double-stranded RNA agonist of TLR3, 

directly into the dynamic system. After 16 hours, ie the drug's peak functioning, glomerular filtration 

was evaluated. 

The result in this case was very significant: the mutated podocyte population stimulated with Poly 

(I: C) increases filtration by more than 50 times compared to control podocytes or unstimulated G2. 
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Abstract
Alport syndrome (AS) is a genetic disorder involving mutations in the genes encoding collagen IV α3, α4 or α5
chains, resulting in the impairment of glomerular basement membrane. Podocytes are responsible for production
and correct assembly of collagen IV isoforms; however, data on the phenotypic characteristics of human AS podo-
cytes and their functional alterations are currently limited. The evident loss of viable podocytes into the urine of
patients with active glomerular disease enables their isolation in a non-invasive way. Here we isolated, immortalized,
and subcloned podocytes from the urine of three different AS patients for molecular and functional characterization.
AS podocytes expressed a typical podocyte signature and showed a collagen IV profile reflecting each patient’s muta-
tion. Furthermore, RNA-sequencing analysis revealed 348 genes differentially expressed in AS podocytes compared
with control podocytes. Gene Ontology analysis underlined the enrichment in genes involved in cell motility,
adhesion, survival, and angiogenesis. In parallel, AS podocytes displayed reduced motility. Finally, a functional per-
meability assay, using a podocyte–glomerular endothelial cell co-culture system, was established and AS podocyte
co-cultures showed a significantly higher permeability of albumin compared to control podocyte co-cultures, in both
static and dynamic conditions under continuous perfusion. In conclusion, our data provide a molecular characteriza-
tion of immortalized AS podocytes, highlighting alterations in several biological processes related to extracellular
matrix remodelling. Moreover, we have established an in vitromodel to reproduce the altered podocyte permeability
observed in patients with AS.
© 2020 The Authors. The Journal of Pathology published by JohnWiley & Sons Ltd on behalf of Pathological Society of Great Britain
and Ireland.
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Introduction

Alport syndrome (AS) is a genetic disorder that affects
one in every 50 000 newborns. Around 80% of AS fam-
ilies have X-linked inheritance caused by mutations in
the COL4A5 gene, while the others have autosomal
recessive, or less commonly autosomal dominant, dis-
ease, caused by mutations in COL4A3 or COL4A4 genes
[1]. These genes encode for three of the six different col-
lagen IV α-chains (α1–α6), which are assembled in type
IV collagen networks [2,3]. Collagen IV α3α4α5 hetero-
trimer is the main component of the basal membrane in
glomeruli, as well as in the cochlea, lens capsule, and ret-
ina [4,5]. Mutations in any one of the three genes lead to

the absence of the collagen IV α3α4α5 network, result-
ing in typical AS clinical features: kidney disease, hear-
ing loss, and eye abnormalities [1].

In particular, the absence of a correct collagen IV
α3α4α5 network impairs the functional properties of
the glomerular filtration barrier [6]. During nephronmat-
uration, podocytes express, assemble, and secrete colla-
gen IV α3α4α5 proteins that replace the initial
embryonic collagen IV α1α1α2 network in the glomeru-
lar basal membrane (GBM) [7]. After this developmen-
tal switch, the resulting mature GBM is a highly
organized 300–400 nm thick collagen IV network [8].
In AS patients, alterations of the GBM, presenting as
lamellation of the lamina densa, affect the function of
podocytes, which appear to be the first altered cell type.
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AS podocytes demonstrate foot process effacement,
resulting in impaired filtration of blood and passage of
blood and/or proteins into the urine [9,10]. Likewise,
in murine models of AS disease (Col4a3+/− and
Col4a3−/− mice), podocytes appear with specific mor-
phological alterations characterized by long filamentous
and round shaped projections as compared to the podo-
cytes of wild-type mice [11].

Since in glomeruli, the production of the collagen
IV α3α4α5 heterotrimer is restricted to podocytes
[12], their involvement in AS pathogenesis is of great
interest. Recently, the analysis of kidney biopsies of
AS patients clearly showed that podocyte loss starts
as early as birth and results in the progressive reduc-
tion of podocyte number per glomerulus with time,
correlating with overall renal damage [13]. In particu-
lar, podocyte number per glomerulus and podocyte
nuclear density are significantly reduced in AS
patients [14]. However, data on the phenotypic char-
acteristics of human AS podocytes and their func-
tional alterations are currently limited.

Several studies demonstrated that podocyte excretion
is a natural phenomenon which precedes proteinuria
[15,16] and that it might be a sensitive marker of glomer-
ular damage [16–19]. Importantly, this phenomenon
could also offer the possibility to isolate podocytes from
normal subjects and patients with glomerular disorders
[16]. Recently, podocytes isolated from the urine of AS
patients have been used for genetic characterization of
mutations [20]. However, the restricted cell doubling
of primary AS podocytes limits their use as an in vitro
model necessary for the characterization of their mor-
phological, molecular, and functional profile.

The goal of our study was to set up a novel human in
vitro model to evaluate possible functional and molecu-
lar alterations in human AS podocytes. Urine-derived
podocytes fromAS patients were isolated, immortalized,
and cloned, and their gene expression profile was char-
acterized by RNA sequencing, in comparison with nor-
mal urine-derived podocytes. Moreover, a three-
dimensional system of podocyte–glomerular endothelial
cell (GEC) co-culture was established to analyse the
selective filtration of AS podocytes, compared with con-
trol podocytes. Permeability was measured in both static

and dynamic co-culture conditions, confirming the
defective filtration observed in patients with AS.

Materials and methods

Patients
A total of three patients diagnosed with AS were
recruited in this study. All parents of the AS patients pro-
vided informed signed consent for urine collection and
subsequent experiments, and the Ethics Committee of
the University Hospital Leuven approved the research
protocol (S54695). The diagnosis was based on measur-
ing creatinine levels and estimated glomerular filtration
rate (eGFR) and was confirmed by the characterization
of the mutated Alport syndrome genes (Table 1). Patient
1 had decreased eGFR [chronic kidney disease (CKD)
stage 2], while patients 2 and 3 showed normal kidney
function. All patients had proteinuria and were treated
with enalapril. Patients 1 and 3 had perceptive hearing
loss; patient 2 had normal hearing. Urine-derived podo-
cytes were also isolated from a young healthy donor
(Table 1).

Generation of podocyte cell lines
Freshly collected urine was centrifuged at 200 × g for
10 min and the pellet was resuspended in DMEM/F-12
(Life Technologies, Carlsbad, CA, USA) supplemented
with 10% FCS (Invitrogen, Carlsbad, CA, USA),
50 IU/ml penicillin, 50 g/ml streptomycin, 5 mM gluta-
mine, 5 g/ml insulin, 5 g/ml transferrin, and 5 mg/ml
selenium (all from Sigma-Aldrich, St Louis, MO,
USA). Cells (AS and control podocytes) were immortal-
ized and subcloned using a temperature-sensitive Simian
virus 40 large T (SV40T) and human telomerase reverse
transcriptase vectors, as described previously [21]. AB
kidney-derived podocytes, immortalized using the same
protocol and kindly gifted by MA Saleem, were used as
an additional control [21].
Control and AS podocytes were grown at 33 �C and

transferred to 37 �C for 10–14 days to obtain fully dif-
ferentiated podocytes. Details are provided in

Table 1. Clinical features of control and AS patients.
Patient Age

(years)
Sex Mutated

gene
Mutation

type
Mutation Protein/

creatinine (g/g)
eGFR (ml/min per

1.73 m2)
Treatment

AS 1 14 F COL4A3 Compound
heterozygote

Maternal:
p.(Glu647Argfs*45)

c.1937dup
Paternal:

p.(Gly1602Alafs*13)
c.4803del

0.47 71 Enalapril

AS 2 11 F COL4A5 Heterozygote p.(Gly926Alafs*70)
c.2777del

0.6 135 Enalapril

AS 3 22 M COL4A5 Hemizygote p.Gly849Glu (c.2546G>A) 0.36 122 Enalapril
Control 11 F – – – Neg – –

eGFR: estimated glomerular filtration rate.
Normal protein/creatinine ratio: 0.2 g/g; normal eGFR: ≥ 90 ml/min per 1.73 m2; control: healthy urine donor.
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supplementary material, Supplementary materials and
methods.

Purification of glomerular endothelial cells (GECs)
Primary normal glomerular microvascular endothelial
cells were previously obtained from cell outgrowths of
human glomeruli and CD31 sorting, and characterized
by morphology and expression of a panel of endothelial
antigens [22] (see supplementary material, Supplemen-
tary materials and methods and Figure S1).

RNA extraction and RT-qPCR
RNA was extracted using Trizol (Life Technologies)
according to the manufacturer’s protocol. Aliquots of
total RNA (200 ng) were reverse-transcribed using a
High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA). Levels
of mRNA were assessed by qPCR, using a mix contain-
ing 5 ng of cDNA, 100 nM of each primer (see supple-
mentary material, Supplementary materials and
methods), and 1× SYBR Green PCR Master Mix
(Applied Biosystems), and assembled into a 96-well Ste-
pOne Real Time System (Applied Biosystems). Nega-
tive cDNA controls were cycled in parallel in each run.
Data are shown as relative quantification (2−ΔΔCt).
GAPDH expression was used to normalize cDNA
inputs. Sample similarity plots were generated using
Morpheus (https://software.broadinstitute.org/
morpheus/).

Protein extraction and western blotting
Cell pellets were lysed at 4 �C for 15 min in RIPA buffer
(Sigma) supplemented with protease and phosphatase
inhibitors. Details are provided in supplementary mate-
rial, Supplementary materials and methods.

ELISA assays
The concentrations of human VEGFA, Col4α3, and
Col4α5 in protein lysate and supernatant of differenti-
ated podocytes were measured using ELISA kits accord-
ing to the manufacturer’s instructions (n = 3
experiments in duplicate). Details may be found in sup-
plementary material, Supplementary materials and
methods.

RNA sequencing and analysis
Details are presented in supplementary material, Supple-
mentary materials and methods. RNA-seq data have
been deposited in the GEO database (http://www.ncbi.
nlm.nih.gov/projects/geo/) under the GEO accession
number GSE134011.

Single-cell tracking assay
For each condition, 2000 differentiated cells per well
were seeded in a polystyrene, transparent 96-well plate,
6 h prior to the assay, in triplicate, as described

previously [23]. For 12 h, each well was imaged every
5 min at the same coordinates using 10× magnification.
Live imaging was performed on a Zeiss LSM 880 Airys-
canmicroscope (Carl ZeissMicroscopy GmbH, Oberko-
chen, Germany). Microscopy images were further
processed and analysed using Zeiss ZEN imaging soft-
ware (Carl Zeiss, Jena, Germany) and Fiji/ImageJ free
software. In brief, ten cells were tracked per well, yield-
ing 30 tracked cells per cell line. The total distance trav-
elled and the speed of the individual cells were recorded.

Immunofluorescence
Immunostaining was performed on cells co-cultured for
48 h on an insert, fixed in 4% paraformaldehyde. Imag-
ing was performed using a Leica TCS SP5 confocal sys-
tem (Leica Microsystems S.r.l., Wetzlar, Germany).
Details are provided in supplementary material, Supple-
mentary materials and methods.

Three-dimensional co-culture assembly
For all co-culture experiments, GECs were seeded first
on the lower PET membrane side at a density of
8 × 104 cells per 12-well insert (static co-culture: 3 μm
pore size, Falcon-Corning, Glendale, AZ, USA;
dynamic co-culture: 0.45 μm pore size, ipCELLCUL-
TURETM Track Etched Membrane, it4ip S.A., Lou-
vain-la-Neuve, Belgium) and, after 6 h, podocytes
were seeded on the upper side at the same density. Each
cell type was cultured in its growth medium for 48 h
before the permeability assay and mediumwere changed
once the day after cell plating.

Millifluidic system
For dynamic experiments, we used a millifluidic device,
fabricated by IVTech Srl (Lucca, Italy), consisting of
two independent circuits that work in parallel. During
permeability tests, the medium was maintained with a
flow rate of 100 μl/min and cells in the chamber were
subjected to a shear stress of 8 × 10−5 dyn/cm2. To
roughly calculate this value, the following equation
was used: τ = 6μQ/bh2, where μ is the medium viscosity
(g/cm per s), Q is the volumetric flow rate (cm3/s), b is
the channel width, and h is the channel height [24–26].

Permeability assays
Permeability assays were performed after 48 h of co-cul-
ture by measuring BSA filtration. Complete medium (1
ml) containing or not FITC-BSA (1 mg/ml, Sigma)
was placed in the lower endothelial and upper podocyte
compartments, respectively. To measure the podocyte
filtration ability in basal to apical direction, 100 μl of
medium was taken after 6 h from the podocyte compart-
ment and the passage of FITC-BSA was determined by
fluorimetry in triplicate. For the dynamic system, podo-
cyte medium enriched with FITC-BSA (1 mg/ml) was
circulated into the endothelial compartment, while nor-
mal culture medium circulated into the upper
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compartment. After 3 h of perfusion, the passage of
BSA-FITC across the barrier was determined by sam-
pling of fluid from the upper channel. FITC signal was
measured in triplicates using a fluorimeter.

Statistics
Data are shown as mean ± SD. At least three repli-
cates were performed for each experiment. Two-tailed
Student’s t-tests were used for analysis when two
groups of data were compared, while two-way
ANOVA with Dunnett’s multiple comparison test
was applied when comparing more than two groups
of data. All statistical analyses were performed using
GraphPad Prism software version 6.0 (GraphPad Soft-
ware, Inc, San Diego, CA, USA). p < 0.05 was con-
sidered significant.

Results

Generation of conditionally immortalized podocyte
lines from urine of patients with AS
We generated conditionally immortalized podocytes
from the urine of three different patients with AS (aged
16.5 ± 5.5 years) and from a normal subject (aged
11 years). AS patient 1 showed compound heterozygous
mutations in the COL4A3 gene, while AS patients 2 and
3 had mutations in the COL4A5 gene in heterozygosity
and in hemizygosity, respectively (Table 1). All AS
patients were characterized by an altered protein/creati-
nine ratio (0.48 ± 0.12 g/g), but only patient 1 presented
a mildly reduced eGFR (Table 1).

Primary urine-derived podocytes were immortalized
by inducing the expression of temperature-sensitive
SV40T and telomerase reverse transcriptase allowing
growth at 33 �C and differentiation at 37 �C [21]. Nine
clones were picked for each patient and were subse-
quently grown as separate cell lines. Conditionally
immortalized podocytes previously obtained from a nor-
mal renal biopsy and characterized [21] were used as an
additional control. At the permissive temperature of
33 �C, AS podocytes proliferate in a comparable way
to normal urine-derived and kidney-derived podocytes,
used as controls (Figure 1A). After 10–14 days at
37 �C, differentiated cells showed an irregular and
enlarged cell body with formation of protrusions very
similar to controls (Figure 1A).

Podocyte marker expression in differentiated AS
podocytes
To confirm the podocyte feature of AS podocytes, three
clones for each AS patient were analysed for the expres-
sion of the specific podocyte markers synaptopodin,
podocalyxin, nephrin, podocin, WT1, and VEGFA. All
markers were expressed by AS podocytes, although a
reduction in some adhesion molecules in relation to uri-
nary and tissue control podocytes was observed, in line
with previous reports [27]. In particular, levels of

nephrin and podocin were reduced in AS podocytes
compared with controls (Figure 1B), while synaptopo-
din showed only a trend for reduction. No differences
were observed in WT1 expression. Increased expression
of VEGFA was also found in AS patients 2 and 3 (Fig-
ure 1C). VEGFA transcript levels were also significantly
increased in AS patient 2 compared with controls. AS
podocytes also expressed lower levels of SYNPO
mRNA, but not of PODXL (Figure 1D). Glomerular
endothelial cells were used as a negative control (Fig-
ure 1D). The expression of podocyte markers in AS
podocytes was significantly increased after 10–14 days
of differentiation at 37 �C, in relation to proliferating
cells at 33 �C (Figure 1E), as reported for control kid-
ney-derived podocytes [21].
Taken together, these results indicate that AS podo-

cytes express most of the typical podocyte markers, with
a specific reduction of glomerular slit diaphragm
proteins.

Collagen IV isoform expression in differentiated AS
podocytes
In order to better evaluate the collagen IV characteris-
tics in the three different AS patients of our study, we
created 3D models of the protein secondary structure
of the C-terminal C4 domains, the terminal portion
predictable by 3D modelling (see supplementary
material, Supplementary materials and methods). The
models of Col4α3 and Col4α5 represent the normal
3D aspect of the protein C4 terminal domains. AS
patient 1 presented frameshift mutations in COL4A3
leading to a truncated amino-acid sequence at residues
690 (maternal allele) and 1613 (paternal allele), result-
ing in alterations of the conformation of C-terminal
C4 residues as shown in Figure 2A. Similarly, frame-
shift mutation of COL4A5 in AS patient 2 resulted in
a truncated amino-acid sequence at residue 994, caus-
ing the protein to be truncated and unfolded (Fig-
ure 2A) from one of the two X chromosomes. In
AS patient 3, a single nucleotide variant of COL4A5
was present, leading to minor differences from the
reference sequence, as shown in Figure 2A.
We subsequently analysed the expression of collagen

IV isoforms in three clones for each patient. At protein
level,COL4A3 gene-mutated podocytes fromAS patient
1 showed a significant reduction of COL4α3 protein in
both the cell lysate and the supernatant compared with
control (Figure 2B). In addition, COL4α5 protein was
also reduced (Figure 2B). In parallel, podocytes from
AS patients 2 and 3, mutated in the COL4A5 gene,
showed a significant reduction of Col4α5 protein com-
pared with control both in cell lysates and in the superna-
tant (Figure 2C). A reduction in Col4α5 protein was
confirmed in AS patient 3 by confocal microscopy (see
supplementary material, Figure S2). COL4a3 protein
was also reduced in the cell lysate, but not in the super-
natant (Figure 2C), of AS patients 2 and 3, as confirmed
at mRNA level in AS patient 2 (see supplementary mate-
rial, Figure S3).
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COL4A1 and COL4A2 transcript levels appeared sig-
nificantly increased in AS patient 1 compared with con-
trol podocytes (Figure 2D). These analyses confirm the
alterations in collagen IV expression by AS podocyte
lines, reflecting disease mutations.

RNA-sequencing analysis of differentiated AS
podocytes
RNA sequencing was performed on podocytes isolated
from urine of the three AS patients to investigate the
characteristics of the AS transcriptome, using urine-

Figure 1.Morphology and marker expression of cultured AS podocytes. (A) Representative light microscopy images of undifferentiated (upper
panels) and differentiated (lower panels) podocytes from normal urine (U-pod), normal kidney (K-pod), and AS patient urine. Original mag-
nification:×20; scale bar: 20 μm. (B) Western blot analysis (representative images and quantification) of nephrin, podocin, synaptopodin, and
WT1 of differentiated control (U-pod and K-pod) and AS podocytes. Data are expressed as mean ± SD of band intensity normalized to vinculin
or GAPDH of three different experiments. *p < 0.05. (C) VEGFA ELISA performed on cell lysates and cell supernatants obtained from differ-
entiated AS podocytes, compared with control (K-pod). Data are mean ± SD of three different experiments. *p < 0.05. (D) RT-qPCR for synap-
topodin (SYNPO), podocalyxin (PODXL), and VEGFA transcripts. Data are shown as relative quantification, normalized to GAPDH and to control
podocytes (U-pod). Three clones for each AS patient were used and data are expressed as mean ± SD of three different experiments. GECs
were used as a negative control. *p < 0.05 AS patient podocytes versus U-pod; #p < 0.05 AS patient podocytes versus kidney-derived podo-
cytes (K-pod); $p < 0.05 and $$$p < 0.0001 AS patient podocytes versus GECs (negative control). (E) RT-qPCR for podocyte marker transcripts
(SYNPO, PODXL, VEGFA) and collagen IV isoforms (COL4A3, COL4A5) of AS patient 1 podocytes before and after differentiation. Data shown as
relative quantification, normalized to GAPDH and to undifferentiated AS patient 1 podocytes, expressed as mean ± SD. ***p < 0.0001.
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derived podocytes as a control. A specific signature
composed of 68 podocyte-typical genes, previously
described by Lu et al [28], was investigated. AS podo-
cyte lines did not reveal significant differences from
the control (Figure 3A,B), confirming the podocyte phe-
notype of all AS cell lines (three clones per patient).

To identify altered gene expression profiles specific
for AS podocytes, we analysed the differential expres-
sion analysis of the three different AS podocyte lines
(three clones per patient) with respect to control podo-
cytes and detected a total of 348 deregulated genes (|
log2 fold-change| ≥ 0.8, adjusted p ≤ 0.1) out of 17 948

Figure 2. Collagen IV isoform expression in AS podocytes. (A) 3D models of the C-terminal C4 domains for Col4α3 and Col4α5 in AS patients
were generated using Phyre2 software, as described in supplementary material, Supplementary materials and methods. Images show the
structural modifications of COL4α3 and COL4α5 chains predicted on the basis of the different mutations, compared with normal. In patients
AS1 and AS2, frameshift mutations cause the protein to be truncated and with predicted alteration in folding (c.1937dup and c.2777del), or
conformation (c.4803del). In patient AS3, a single nucleotide variant (c.2546G>A) leads to minor differences in protein folding. (B) COL4α3
ELISA performed on cell lysates and cell supernatants of differentiated AS podocytes and control kidney-derived podocytes (K-pod). (C)
COL4α5 ELISA performed on cell lysates and cell supernatants of differentiated AS podocytes compared with control kidney-derived podo-
cytes (K-pod). ELISA data are expressed as arbitrary units (A.U.) and are the mean ± SD of three different experiments normalized to control
(referred to as 1). *p < 0.05; **p < 0.001; ***p < 0.0001. (D) RT-qPCR for COL4A1 and COL4A2 genes. Data are shown as relative quantifica-
tion, normalized to GAPDH and to control kidney-derived podocytes (K-pod). Three clones for each AS patient were analysed and data are
expressed as mean ± SD. GECs were used as a negative control. $p < 0.05 and $$$p < 0.0001 versus K-pod; *p < 0.05 versus U-pod.
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(Figure 3C). Specifically, 295 genes were up-regulated,
while 53 were down-regulated. To functionally charac-
terize the differentially expressed genes, Gene Ontology
(GO) enrichment analysis was performed. GO enrich-
ment analysis of biological processes highlighted the
presence of genes involved in morphogenesis and devel-
opment of a branching epithelium, extracellular matrix
and structure organization, cell adhesion, and cellular
response to endogenous stimulus (Table 2). Moreover,
the GO cellular components confirmed the role of extra-
cellular matrix and adhesion components (Table 2).

Using Ingenuity Pathways Analysis (IPA), we observed
a high level of connectivity among a large subset of dif-
ferentially expressed genes in AS podocytes (supple-
mentary material, Figure S4). The differential
expression, identified by RNA sequencing, of collagen
molecules (COL6A1, COL6A2, COL8A1), MMP2,
extracellular matrix–actin interactors (LAMA5, TALIN2,
RHOD), and adhesion molecules (SEMA5A, SEMA6A)
was confirmed by RT-qPCR analysis (Figure 4A).
Moreover, players of the WNT signalling pathway
(WNT2B, WNT10A) and molecules involved in cell

Figure 3. RNA-seq analysis of AS patients. (A) Heatmap of podocyte signatures showing similar levels of expression of podocyte genes in AS
podocytes (three clones per patient) and in control podocytes (U-pod). (B) Pearson similarity plot of podocyte signature showing similar levels
of expression of podocyte genes in AS podocytes (three clones per patient) and in control podocytes (U-pod). (C) Pie chart representation of
up-regulated (red) and down-regulated (blue) differentially expressed transcripts in AS patient- compared with control urine-derived podo-
cytes. RNA-seq was performed on three AS patients (AS P1, P2, P3), including three clones for each patient, and urine-derived podocytes (U-
pod) as a control.
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survival (IGFBP5, NGFR) and angiogenesis (THBS1,
SERPINE1) were also confirmed as differentially
expressed in AS podocytes by RT-qPCR (Figure 4A).

Taken together, these data highlight differential
expression in AS podocytes of genes involved in cell
adhesion, motility, and survival, with alteration in extra-
cellular matrix and cell junction component biosynthe-
sis, including collagen molecules. We therefore
analysed the possible impact of the altered podocyte
phenotype on their ability to migrate. As shown in Fig-
ure 4B,C, AS podocytes showed reduced motility in
terms of speed and distance with respect to controls.

Static permeability analysis of GEC–podocyte co-
cultures
To study the functionality of AS podocytes in vitro, a co-
culture system that mimics the interaction between
GECs and podocytes was assembled. GECs were seeded
on the bottom side of PET inserts, and differentiated kid-
ney-derived or AS podocytes were seeded on the upper
side (Figure 5A). The co-culture obtained consisted of
two homogeneous confluent layers of cells separated
by a porous PET membrane, as shown by immunofluo-
rescence (Figure 5B,C). The orthogonal view of co-cul-
ture slides shows a single thick layer of differentiated
podocytes with typical protrusions, separated by the thin
membrane from a single flat layer of GECs (Figure 5B).
The 3D reconstruction allowed the inspection, in all
three dimensions, of the co-culture assembly (Figure 5C
and supplementary material, Video S1).

A filtration assay was performed by measuring the
transit of FITC-BSA from the lower GEC compartment
to the upper podocyte compartment in different experi-
mental conditions (Figure 5D,E). Albumin permeability

was significantly reduced when GECs or/and control
podocytes were plated on the insert after 6 h of incuba-
tion (p < 0.0001). In particular, podocytes alone showed
a higher resistance to albumin transit through the mem-
brane than GECs alone. Interestingly, the presence of
AS podocytes alone significantly increased albumin per-
meability after 6 h, compared with control podocytes
alone (p < 0.0001). Finally, the same significantly
increased permeability was obtained when GEC–AS
podocyte co-cultures were compared with GEC–control
podocyte co-cultures (p < 0.0001), reproducing the
defective permeability typical in AS patients. Cell
counts of the plated cells showed no significant differ-
ence between control and AS podocytes, excluding that
the altered filtration of AS podocytes was due to an
increased cell detachment.

Dynamic permeability analysis of GEC–podocyte co-
cultures
To analyse the permeability of AS podocytes in dynamic
conditions, we adopted a millifluidic system that allows
continuous perfusion in co-culture under 8 × 10−5dyn/
cm2 shear stress (Figure 6A). Cells plated on the PET
membrane were maintained in the bioreactor for 48 h
before starting the permeability assay (Figure 6B). The
albumin filtration rate 3 h after GEC–AS podocyte co-
culture was significantly higher than that in the GEC–
control kidney-derived podocyte co-culture (Figure 6C,
p = 0.0012), confirming the increased permeability in
AS conditions. The permeability assays were therefore
able to recapitulate the AS alterations and confirm from
a functional point of view the altered podocyte pheno-
type demonstrated by molecular analysis.

Table 2. Gene Ontology (GO) analysis of differentially expressed genes.

GO biological process ID Name P value
1 GO:0060429 Epithelium development 3.618E-9
2 GO:0035295 Tube development 1.375E-8
3 GO:0061138 Morphogenesis of a branching epithelium 2.574E-8
4 GO:0002009 Morphogenesis of an epithelium 2.688E-8
5 GO:0007155 Cell adhesion 2.980E-8
6 GO:2000026 Regulation of multicellular organismal development 3.537E-8
7 GO:0030198 Extracellular matrix organization 3.907E-8
8 GO:0022610 Biological adhesion 3.931E-8
9 GO:0071495 Cellular response to endogenous stimulus 4.120E-8
10 GO:0043062 Extracellular structure organization 4.122E-8

GO cellular component ID Name P value
1 GO:0031012 Extracellular matrix organization 1.062E-8
2 GO:0070161 Anchoring junction 1.614E-5
3 GO:0045178 Basal part of cell 1.905E-5
4 GO:0005912 Adherens junction 2.586E-5
5 GO:0030054 Cell junction 1.335E-4
6 GO:0005604 Basement membrane 1.600E-4
7 GO:0044420 Extracellular matrix component 2.458E-4
8 GO:0005615 Extracellular space 1.487E-4
9 GO:0005925 Focal adhesion 3.051E-4
10 GO:0005815 Microtubule organization centre 3.052E-4

This table (in two parts) shows the Gene Ontology (GO) analysis of differentially expressed genes in AS patients compared with control urine-derived podocytes: biological
process and cellular component. In each table, the identification (ID) number, the name, and the P value associated with the GO are given.
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Discussion

Increasing evidence indicates that AS podocytes possess
an altered phenotype, beyond their altered collagen IV
synthesis, which can be involved in the pathogenesis
and progression of the disease. In the present study, we
isolated and characterized podocytes derived from the
urine of three patients with AS, with genetic alterations
of either COL4A3 or COL4A5, to assess common patho-
logical features due to collagen IV mutations. AS

podocytes showed specific changes in the transcript
levels of genes involved in cell motility, adhesion, pro-
liferation, and angiogenesis, with related alterations in
their functional properties. In order to study their perme-
ability in vitro, we set up a co-culture system that repro-
duced the functional aberrations typical of AS.

The availability of human AS podocytes in culture is
at present limited. Podocyte-like cells have been recently
obtained from induced pluripotent stem cells (iPS) of AS
patients [29,30] and may represent a promising

Figure 4. Validation of differentially expressed genes in AS. (A) mRNA expression of genes differentially expressed in AS related to cell motil-
ity, survival, and angiogenesis was evaluated by RT-qPCR. Data are shown as relative quantification, normalized to GAPDH and to control
kidney-derived podocytes (K-pod). One clone for each AS patient was analysed and the results are expressed as mean ± SD of the three
AS patients. (B) Single-cell tracking assay showing reduced motility in AS podocytes compared with urine-derived podocytes (U-pod) and
kidney-derived podocytes (K-pod). Three independent experiments were performed. *p < 0.05; **p < 0.001. (C) Representative images of
the cell motility of control podocytes and AS podocytes.
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approach. However, it might be difficult to obtain a pure
population for podocyte characterization, as differenti-
ated iPS cultures contained only 30–50% cells with
podocyte-like morphology [29]. Human urine, both
from patients and from healthy subjects, has been used
previously as a non-invasive valuable source of podo-
cytes [16]. In patients with active glomerular disease,
podocytes are shed from the glomerulus as a response
to local environmental factors. Urine-derived podocytes
from both patient and healthy subjects appear positive

for podocyte markers, viable, and able to grow in culture
[16]. For instance, urine-derived AS podocytes have
been recently obtained and used for genetic studies
[20]. In the present study, by exploiting the accelerated
podocyte loss in patients with AS [13,14], we success-
fully isolated AS podocytes from the urine of three
young patients with different collagen IV mutations;
conditionally immortalized the primary cells; and gener-
ated clonal lines in order to avoid the presence of con-
taminating non-podocytic cell types [16]. A similar

Figure 5. Static permeability assay in podocyte–GEC co-cultures. (A) Schematic representation of co-culture and experimental set-up: podo-
cytes and GECs were co-cultured for 48 h before the permeability assay was performed, as described in the Materials and methods section. (B)
Immunofluorescence of co-cultures showing the entire field and cross-sections (XZ and YZ) of both the upper podocyte layer (left) and the
lower GEC layer (right). Cells were stained with phalloidin (green) and nuclear staining was performed with Hoechst dye 33342. Original mag-
nification: ×400. (C) Snapshot of a perspective view of 3D reconstruction of the co-culture system (see supplementary material, Video S1). (D,
E) FITC-BSA permeability indicating albumin passage from the GEC compartment to the podocyte compartment was measured over 6 h. AS
podocytes alone or in co-culture showed significantly increased filtration compared with control podocytes alone or in co-culture. Data are
expressed as the mean amount of filtered BSA-FITC of four different experiments using at least three inserts for each condition in each exper-
iment. ***p < 0.0001 insert versus all conditions; $$$p < 0.0001 AS podocytes versus K-pod; ###p < 0.0001 AS podocyte co-culture versus K-
pod co-culture. U-pod: urine-derived podocytes; K-pod: kidney-derived podocytes; AS 1-2-3 pod: AS 1-2-3 patient podocytes.
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procedure has been described for urine-derived podo-
cytes from patients with focal and segmental glomerulo-
sclerosis [27].
The evaluation of a podocyte signature, using a panel

of 68 previously described genes [28], demonstrated the
podocyte nature of our clonal cell lines. Interestingly, we
found down-regulation of nephrin, podocin, and synap-
topodin in AS podocytes, confirming an observation
already described in AS kidney biopsies [31]. The rele-
vance of nephrin and synaptopodin levels was previ-
ously underlined by their negative correlation with the
degree of proteinuria in AS patients [31]. Moreover,
we confirmed in each AS podocyte line the alterations
in the expression of the mutated collagen IV isoform,
confirming that these AS lines are useful for investigat-
ing the defective collagen IV protein network and the
related podocyte alterations.
Literature data describing the AS podocyte phenotype

are quite scarce. Reduced podocyte number per glomer-
ulus and podocyte nuclear density [14] are commonly
described in human AS biopsies; however, podocyte
hypertrophy is the only cell feature reported [32]. In a
murine model of AS, electron microscopy analysis
showed the presence of altered podocyte cell bodies with

disorganized primary processes and protrusions [11,33].
From a molecular point of view, the glomerular gene
expression profile in a mouse model of AS highlighted
induction of MMP-10 and of the matrix protein mindin,
suggesting the involvement of matrix factors in progres-
sion [34]. Our study provides evidence of an altered phe-
notype of AS podocytes, in comparison with control
podocytes, common to the three different collagen IV
mutations, reflected into altered functions, namely
decrease in cell motility and increase in permeability.
By gene profiling, we identified restricted and specific
alteration of pathways related to basal membrane adhe-
sion, cytoskeleton modulation, and angiogenesis. These
data clearly indicate that AS podocytes display altered
features related to their interaction with the matrix. We
identified 295 up-regulated and 53 down-regulated
genes as compared to control urine-derived podocytes.
Among differentially expressed genes, we found
MMP2, whose altered expression was previously
described in an AS canine model [35], and LAMA5,
whose mRNA and protein up-regulation were shown in
AS-mouse glomeruli [36]. Among the identified genes
and pathways differentially expressed in AS podocytes,
dysregulated activation of the WNT pathway has been

Figure 6.Millifluidic system and permeability assay in podocyte–GEC co-cultures. (A) Schematic representation of the millifluidic system, as
described in the Materials and methods section. Cells seeded in the LiveBox (LB) were perfused with fluids circulated by peristaltic pumps at
100 μl/min in two independent circuits. (B) Representative image of a chamber of LiveBox. (C) After 48 h of podocyte/GEC co-culture, the
passage of FITC-BSA from the lower to the upper compartment was measured in the dynamic system over 3 h. The permeability in AS co-
cultures was significantly higher than that in control kidney-derived co-cultures. Data are expressed as mean ± SD of three different exper-
iments performed in parallel in control and AS podocytes. *p < 0.05. K-pod: kidney-derived podocytes.
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related to podocytopathies and proteinuria [37,38],
while IGFBP5 has been described as a promoter of epi-
thelial and fibroblast responses in fibrosis [39].

Taken together, the data indicate a general alteration
in AS podocytes of matrix interaction and cytoskeletal
organization, both necessary to prevent podocyte efface-
ment and maintain permeability control. For instance,
reduction of synaptopodin, which in turn controls RhoA
activity [40], as well as of cytoskeletal proteins such as
vinculin, known to maintain an intact glomerular filtra-
tion barrier [41], may induce impairment of cell motility
and increase permeability. Further investigation of small
GTPase activities in urinary AS podocyte would be
important to support the findings.

The observed alterations were reflected by altered
podocyte functions, mainly related to cell motility and
adhesion. Furthermore, we could reproduce the in vivo
AS permeability alteration by assembling a co-culture
system of AS podocytes and GECs. In our co-culture
model, we preferred to avoid the addition of an exoge-
nous collagen IV coating, as this GBM component is
defective in AS [42]. In this system, we measured the
passage of BSA-FITC from the lower (GEC compart-
ment) to the upper (podocyte compartment) side, which
is driven by osmotic forces and is halted by the presence
of cellular elements [42,43]. Similar to the defective glo-
merular permeability in AS patients [1], AS podocyte–
GEC co-cultures showed significantly increased filtra-
tion of albumin compared with the control co-cultures.
To mimic the physiological haemodynamic component,
we switched from a static to a dynamic model using a
millifluidic device. Also in this dynamic system the per-
meability in AS podocyte–GEC co-culture was signifi-
cantly increased. We are, however, aware that this
model does not fully mimic the glomerular alterations
observed in AS patients, due to the lack of a glomerular
basal membrane. Moreover, the isolation of urinary AS
podocytes detached by the glomerular basal membrane
in a disease state may introduce a selection bias.

In conclusion, we describe here a new human in vitro
model that molecularly and functionally reproduces the
defective AS podocytes. Using urine-derived AS podo-
cyte cell lines, we characterized molecular and morpho-
logical defects common to collagen IV mutation and
related to cell adhesion, motility, survival, and angiogen-
esis. Moreover, altered permeability measured in AS
podocyte–GEC co-culture underlines the potentiality of
this model. In fact, this in vitromodel could also be used
for the screening of pharmacological compounds, which
might restore functional properties to AS podocytes.
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6. 2 Novel podocyte cell model from human apol1 high risk genotype 

 
 

Abstract 

 

 
APOL1 variants, G1 and G2, increase the risk of various nondiabetic kidney diseases in African 

population. To date, the precise mechanisms by which APOL1 risk variants induce injury on 

podocytes and other kidney cells remains unclear. Trying to unravel these mechanisms, most of in 

vitro studies used animal or cell models created by gene editing. In the present study, we have 

successfully generated for the first time APOL1 G2/G2 podocyte cell lines isolated from urine of a 

human donor carrying APOL1 high-risk genotype (HRG). Upon induction of APOL1 overexpression 

by polyinosinic-polycytidylic acid (poly(I:C), G2/G2 podocyte cell lines exhibited altered features, 

including downregulation of synaptopodin, alteration of cytoskeleton, reduction of autophagic flux 

and increased permeability in an in vitro model. The human G2/G2 podocyte cell model is a powerful 

tool for unravelling the mechanisms of APOL1-induced podocyte injury and the cellular function of 

APOL1. 
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Introduction 

 

APOL1 risk variants (RVs), G1 and G2, significantly influence the risk of various forms of chronic 

kidney diseases (CKD) among individuals of sub-Saharan African descent [1,2]. Prior to establishing 

its role in kidney diseases, APOL1 was known to protect against certain trypanosomes in humans and 

some primates [3]. APOL1 circulates in blood as part of a high-density lipoprotein (HDL) complex 

that also contains apolipoprotein A1 (APOA1) and haptoglobin related protein (HPR). This complex 

named trypanosome lytic factor (TLF) confers innate protection against subspecies of Trypanosoma 

brucei (T.b.) [4,5]. T.b. rhodesiense and T.b. gambiense have evolved a mechanism to evade the TLF 

lysis. T.b. rhodesiense evades lysis by expressing serum resistance associated (SRA) protein that 

binds to the C-terminus domain of the APOL1, in the process neutralizing its lytic activity leading to 

infection of the host and the development of sleeping sickness [3,6]. In turn, T.b. gambiense resists 

TLF via a multifactorial defence mechanism. APOL1 risk variants G1 and G2 restored the lytic 

activity of human serum, providing selective advantage to carriers against sleeping sickness caused 

by T.b. rhodesiense but not gambiense [7,8]. 

 

APOL1 is expressed in various tissues such as lung, placenta, pancreas, liver and kidney. In the 

kidney, different cell types express APOL1, including extra glomerular vascular endothelial cells, 

podocytes and proximal tubular cells [5,6]. However to date, reported data on the features of kidney 

disease related to APOL1 RVs have been mostly limited to podocytes [7]. 

 

APOL1 RVs confer susceptibility to podocyte and/or microvascular injury, so that individuals with 

two APOL1 risk alleles exposed to additional cellular stressors are more likely to develop cell 

dysfunction, injury and loss [8]. A better understanding of APOL1-induced podocyte injury is 

required in order to devise more effective therapies [8]. As such, cell and animal models 

overexpressing APOL1 G1 and G2 variants showed increased cytotoxicity by apoptosis, necrosis or 

inflammatory cell death (pyroptosis) [7-10], disrupted autophagic flux [8,11,12], altered 
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mitochondrial function, increased potassium efflux and enhanced stress response pathways [13,14]. 

In most of these studies, polyinosinic-polycytidylic acid (poly(I:C)), a synthetic double-stranded 

RNA, TLR3 agonist, was used for the activation of APOL1 driven by upregulation of IFNs. 

 

In most in vitro mechanistic studies of APOL1 variants, cell models were created using gene editing 

techniques such as viral vector transductions or CRISPR-cas9 technology [8,10-14]. Therefore, due 

to the artificial modifications, the outcomes might not completely represent the actual cell phenotype 

found in patients and, in addition, it is still unknown to which extent these mechanisms affect humans 

[15]. In this study, we generated for the first time a podocyte cell model derived directly from a human 

carrying APOL1 high-risk genotype (HRG) G2/G2. Using this model, we demonstrate dysfunction 

of APOL1 G2/G2 podocyte in comparison with the reference podocyte carrying APOL1 allele G0. 
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Results 

1. Generation and identification of novel podocyte model from human 

APOL1 high-risk genotype 

APOL1 genotyping and culture of cells harvested from APOL1 HRG 

carriers 

The study population was recruited among African community living in Belgium and APOL1 

sequencing analysis was performed. Out of 89 recruited participants, six (6.7%) carried HRG, being 

G1/G1 (n=1), G2/G2 (n=1), and G1/G2 (n=4) (Table 1). The low risk genotype (LRG) frequencies 

were 55.0%, 23.5% and 14.6% for G0/G0, G1/G0 and G2/G0, respectively. After collection of urine 

samples from the six participants carrying APOL1 HRG, only cells harvested from G2/G2 carrier 

proliferated successfully and twelve conditionally immortalized clones were generated. Interestingly, 

from four participants who carried HRG G1/G2, no growing cells were observed despite three 

consecutive urine collections from each donor. On the other hand, from the participant carrying 

APOL1 HRG G1/G1, cells were isolated and cultured, but they did not survive the antibiotic selection 

upon immortalization in three consecutive attempts. 

 

Participant Age 

(years) 

Gender Country Medical 

history 

eGFR 

 
(mL/min/1.73 m2) 

P/C ratio 

(mg/mg) 

APOL1 

Genotype 

 
1 

 
6 

 
M 

 
Ghana 

 
Kidney injury 

post neonatal 

asphyxia 

 
28 

 
0.15 

 
G2/G2 

2 28 F Cameroon Normal NA NA G1/G2 

3 37 M DRC Hypertension 98 0.25 G1/G1 

4 38 F DRC Normal 104 0.18 G1/G2 

5 40 M DRC Normal NA NA G1/G2 

6 43 F DRC Sickle cell 

trait 

112 0.12 G1/G2 

eGFR, estimated glomerular filtration rate; P/C ratio, protein to creatinine ratio; NA, data not available; DRC, Democratic 

Republic of Congo. M, male; F, female. 

Table 1. Baseline characteristics of participants carrying APOL1 HRG 
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APOL1 G2/G2 podocyte cell model characterization 

 

We amplified and sequenced the targeted exon 7 (883 bp) of APOL1 for the variant G2 from gDNA 

isolated from the APOL1 G2/G2 clones and a podocyte control cell line (APOL1 G0/G0) (Figure 1a). 

 

Then, we evaluated the expression of specific podocyte genes synaptopodin, CD2AP and podocalyxin 

in the two most proliferative clones isolated from APOL1 G2/G2 carrier in comparison with APOL1 

G0/G0 podocytes (Figure 1b, grey bars). In general, all podocyte genes were expressed in APOL1 

G2/G2 podocytes as well as the podocyte-specific proteins synaptopodin, podocalyxin and podocin 

(Figure 1c) confirming the podocyte phenotype. These two clones were further assessed for 

functionality. 

Figure 1 
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Figure 1. Characterization of human podocytes obtained from urine of the donor carrying APOL1 G2/G2: a. 

Genotyping of APOL1 G0/G0 and APOL1 G2/G2 podocytes upon amplification of exon 7. APOL1 G2/G2 clonal cell 

line presents a six-base pair deletion (TTATAA) as expected for the specific variant APOL1 G2. b. quantitative 

polymerase chain reaction (qPCR) analysis of expression of APOL1 and podocyte-specific markers synaptopodin; 

CD2-associated protein gene (CD2AP) and podocalyxin in APOL1 G2/G2 podocytes normalized to G0/G0 expression 

before and after exposure to poly(I:C). Each bar represents mean ± SD of a representative experiment with three 

technical replicates; three independent experiments were performed. c. Immunofluorescence staining of cultured 

podocytes for podocyte-specific proteins synaptopodin (green), podocin (green), podocalyxin (red) and the nuclear 

marker 4’,6-diamidino-2-phenylindole (DAPI) (blue), arrows point to bi-nucleated cells or arborized structure which 

are characteristic to podocytes. Magnification: 400x. 
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2. Functional features of APOL1-induced podocyte dysfunction in 

human APOL1 G2/G2 podocyte model 

Overexpression of APOL1-G1 and -G2 variants has been proposed as a mechanism of APOL1- 

associated kidney diseases mainly by affecting podocytes [1-3]. We performed various cell biological 

assays and assessed podocyte specific functions, which have been suggested as APOL1 HRG driven 

dysfunctions to validate our podocytes cell lines as a model to study mechanisms of APOL1- 

associated kidney disease. Overexpression of APOL1 was induced by incubation of podocytes with 

polyI:C for 24h in all assays. Results showed that poly(I:C) significantly induced APOL1 

overexpression independently of the presence of G2 risk variant (Figure 1b). Interestingly, upon 

APOL1 induction by poly:IC, podocyte specific genes were also differentially regulated (Figure 1b- 

black bars), drawing attention to the downregulation of synaptopodin. 

 

 

 
APOL1-induced cytotoxicity 

 

Normal podocyte density (number of cells per glomerular tuft volume) is necessary to maintain 

glomerular filtration. Reduction of podocyte density, caused by increased glomerular volume and/or 

reduced podocyte number is associated with proteinuria, glomerulosclerosis and end stage kidney 

disease in various progressive glomerular diseases. It was recently proposed in a mouse model of 

HIV-associated nephropathy, that APOL1-G0 expression in podocytes have a protective function 

against podocyte loss or injury when exposed to an environmental stressor. This protective function 

was absent in mice carrying Apol1-G2 variant [16]. We analysed podocyte detachment in culture 

upon overexpression of APOL1 induced by poly(I:C) in APOL1 G2/G2 versus APOL1 G0/G0 cell 

lines. The results showed high percentage of detached cells, but no significant difference in podocyte 

detachment related to the APOL1 variant (Figure 2a). 
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Figure 2 

 

 

Figure 2: APOL1-induced cell toxicity: a. Proportion of detached podocytes APOL1 G0/G0 and APOL1 G2/G2 by the total number 

of cells before and after 24 hours of incubation with poly(I:C). Each bar represents mean ± SD of a representative experiment; three 

independent experiments with three technical replicates for each cell line were performed. b. The WST-1 assay with two clones of 

G2/G2 and one G0/G0 podocyte cell lines after incubation with poly(I:C) (50 µg/ml) demonstrated similar cytotoxicity of APOL1 

upregulation in all cell lines. Each bar represents mean ± SD of three independent experiments with three technical replicates for 

each cell line. *p < 0.05; **p < 0.01 c. APOL1 G2/G2 podocyte with or without poly(I:C) (lower panels) and control cells (upper 

panels) were analysed by flow cytometry after FITC-annexinV/PI staining. The spot plots show the percentage of cells in each 

quadrant (L, live; EA, early apoptotic; LA, late apoptotic; N, necrotic) from a representative replicate of two independent 

experiments. d. Western blot analysis of three independent experiments in G0/G0 and G2/G2 podocyte cell lines in: basal level 

(G0/G0; G2/G2); after treatment with bafilomycin A (Baf, 100 nM) to induce an autophagic block; after 24-hour incubation with 

poly(I:C) (50 ng/ml) to induce upregulation of APOL1; and combined induction with poly(I:C) and treatment with bafilomycin A 

(poly I:C+Baf) (top left blot figure). Quantification of the protein abundance of LC3II and β-actin after immunoblotting in each cell 

line condition (top right figure). Assessment of autophagic flux using densitometric analysis of the LC3-II band (below table). 
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Moreover, upregulation of APOL1 in G0, G1 and G2 variants was shown to cause cell death in 

mammalian cell lines or model organisms [10,11,14,17]. Therefore, we investigated whether our 

human APOL1 G2/G2 podocytes could model cytotoxicity upon APOL1 upregulation induced by 

poly(I:C). The results showed that indeed the proportion of viable cells was significantly reduced in 

APOL1 G2/G2 podocyte clones (from 100% to 59.17% +/- 12.2% in clone 1 and to 59.01% +/- 11.9% 

in clone 2) as well as the control APOL1 G0/G0 podocytes (from 100% to 61.93% +/- 16.2%) (Figure 

2b). 

 

Enhanced apoptosis rate has been reported among various pathways of kidney cell damage associated 

with APOL1 RVs [13]. To evaluate the cell death effect of APOL1 overexpression in the human 

G2/G2 podocyte model we analysed apoptosis and necrosis by flow cytometry before and after 

incubation of cells with poly(I:C) for 24h. The results showed increased apoptosis rate rather than 

necrosis in APOL1 podocyte cell lines regardless of the genotype, suggesting that increased apoptosis 

owing to APOL1 induction is again variant-independent (Figure 2c). 

 

Additionally, APOL1 overexpression has been associated with autophagic cell death [18,19], 

therefore we evaluated the effect of APOL1 upregulation on autophagy in APOL1 G2/G2 podocyte 

clones and in APOL1 G0/G0 podocyte as control. 

 

Autophagy is a dynamic process, involving the generation as well as the degradation of 

autophagosomes. Therefore, the determination of autophagic flux (accumulation of LC3-II) is 

essential to assess and differentiate between the induction or suppression of autophagy. Accumulation 

of LC3-II indicates either the induction of autophagy or the inhibition of lysosomal function and/or 

fusion of autophagosomes with lysosomes [20]. Blockage of autophagic degradation by lysosomal 

inhibitor Bafilomycin (Baf) A1 allowed the evaluation of autophagic flux in podocytes. 

 

After exposure to poly(I:C) in the presence of Baf A1, LC3-II accumulation was lower in both 

APOL1-G0 and –G2 podocytes, however, the expression was significantly reduced in G2/G2 
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podocytes (Figure 3d), indicating reduced generation of autophagosomes, which was not present in 

control podocytes. Densitometric analysis suggested an overall reduction in autophagic flux of 

APOL1 G2/G2 podocytes compared with G0/G0 (9.2 vs 7.1 without and with Baf A1 respectively in 

G0/G0 and 7.2 vs 3.0 in G2/G2), likely due to autophagic degradation induced by poly(I:C) (Figure 

2d, table). 

 

 

 
APOL1-induced podocytopathy 

 

Podocytes exhibit a unique cytoskeletal architecture, which is linked to their function in maintaining 

the kidney filtration barrier [21]. Normally, loss of F-actin stress fibres and changes in lamellipodia 

mimic podocyte foot process effacement in vivo. We analysed podocyte cytoskeleton and distribution 

of adhesion sites in G2/G2 podocytes compared with G0/G0 in basal conditions and exposed to 

poly(I:C). Actin filaments were significantly reduced and disorganized in G2/G2 podocytes, but not 

in G0/G0 podocytes. Furthermore, after APOL1 induction, G2/G2 podocytes exhibited less adhesion 

sites than observed in basal conditions and when compared with G0/G0 podocytes (Figure 3a). 

 

Impairments of the podocyte cytoskeletal apparatus by genetic mutations result in proteinuria, 

dysfunctional glomerular filtration and consequent glomerular disease [21]. We have used a 

permeability assay to model in vitro the glomerular permeability, assessing the passage of albumin 

across a barrier formed by APOL1 G2/G2 podocytes before and after incubation with poly(I:C) for 

24h. In fact, our results showed that the in vitro glomerular barrier formed by APOL1 G2/G2 

podocytes treated with poly(I:C) exhibited significant higher permeability to albumin compared to 

podocytes at basal conditions (Figure 3b). 
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Taken together, these data indicate that APOL1 G2/G2 human podocyte model can mirror in vitro 

 

the renal cytopathology observed in patients carrying APOL1 high-risk genotype, representing a 

 

novel tool to support the investigation of APOL1-related kidney diseases and to test new therapies. 

Figure 3 
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Figure 3: APOL1-induced cytoskeleton abnormalities: a. Staining for actin filaments using phalloidin (phal) (green) 

and focal adhesion molecules using paxillin (pax) (red) and DAPI (blue) in APOL1 G0/G0 control cells and in APOL1 

G2/G2 podocytes in basal conditions and after APOL1 induction by poly(I:C). b. Perfusion assay on GMVEC membrane 

with APOL1 G2/G2 and G0/G0 podocyte cell lines using BSA-FITC. Each bar represents mean ± SD of three independent 

experiments with three technical replicates for each cell line. 
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Discussion 

 

The strong association between APOL1 gene expression with several nondiabetic chronic kidney 

diseases and its mechanisms have been widely investigated using animal or cell models created by 

gene editing [8,10-14]. Our group is acclaimed by the establishment of methodology to generate 

stable podocyte lines from cells exfoliated into urine of healthy subjects and patients [22-24]. Using 

the same approach, we successfully generated APOL1 G2/G2 podocyte cell model from urine of a 

human donor carrying APOL1 HRG (G2/G2). The obtained podocyte cell lines were characterized 

by the expression of podocyte genes and proteins and presented functional features of APOL1- 

induced injury when treated with poly(I:C). To our knowledge, this is the first G2/G2 human podocyte 

cell model derived from a patient carrying this genotype and it can be of great interest for researchers 

investigating cellular functions of APOL1. 

 

It has been suggested that African Americans carrying HRG have an increased urinary loss of 

podocytes resulting in an inadequate number of glomerular podocytes, owing to the interference of 

HRG with apoptosis and autophagic cell death pathways [11,25]. We attempted to isolate and expand 

these podocytes lost in urine; however, we only succeeded to develop podocyte lines from the only 

individual bearing kidney disease (Table 1, patient #1). Nonetheless, the intriguing absence of isolated 

and growing cells from urine of healthy APOL1 HRG carriers raises the question on the relationship 

between each of the three variants and the urinary podocytes loss. 

 

Anyhow, the association between APOL1 genotype and glomerular disease is factual. Using the new 

G2/G2 cell model, we confirmed several cellular phenotypes demonstrated in previous studies, 

indicating the auxiliary value of our model for unravelling molecular pathways of APOL1 related 

kidney cell damage. 

 

The endogenous expression of APOL1 is induced under inflammatory conditions, such as viral 

infections, primarily activating the Toll-like receptor 3 (TLR3) via increased type 1 interferons, which 
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is mimicked in vitro by cell incubation with poly(I:C) [10,26]. As expected, our G2/G2 podocytes, 

upregulated APOL1 expression after incubation with poly(I:C) regardless of the APOL1 genotype. 

Therefore, we examined the risk variant dependent cytotoxicity induced by the upregulation of 

APOL1 in G2/G2 podocytes compared with control cells. We found that APOL1 overexpression 

induced podocytes detachment, decreased cells viability and increased apoptosis rate in G0/G0 and 

G2/G2 podocytes at similar levels. Using a tetracycline-regulated system in human embryonic kidney 

293 (HEK293) cells, O’Toole et al. also suggested that ApoL1 overexpression drives variant- 

independent cytotoxicity [18]. In contrast, several other reports using HEK293 cells [9,12-14,17] or 

transduced human podocytes [11] but different methods of APOL1 induction, showed APOL1 

variant-dependent cytotoxicity. 

 

Poly(I:C) treatment induces a tremendous overexpression of APOL1 in all podocyte genotypes, which 

might be too harsh for the cells, hiding the specific toxicity due to variant-dependent APOL1 

overexpression. Therefore, the direct induction of APOL1 with IFNs [10] could be an alternative to 

induce a weaker, but more similar physiological activation of APOL1. 

 

Nonetheless, our podocyte cell model showed an overall reduction in the autophagic flux in G2/G2 

compared with G0/G0 podocytes in basal conditions, which was enhanced after treatment with 

poly(I:C). Several studies reported that overexpression of APOL1 led to autophagic cell death in 

different cell types [19,27]. Using TRE-APOL1 constructs in HEK293 cells, a lower degree of 

autophagic flux in cells transfected with a risk allele (as compared to G0-allele-expressing cells) was 

demonstrated. Fur¬ther analysis confirmed that risk-allele-transfected cells contained a greater 

amount of autophagic vacuoles, but fewer autolysosomes compared with cells transfected with the 

reference allele, indicating a blockage in autophagic flux [12]. The relevance of these findings were 

shown in human APOL1 HRG G1/G2 podo¬cytes and now confirmed by our model of G2/G2 

podocytes. Interestingly, in contrast to the aforementioned results, using HEK293 cell model, O’Toole 

et al. examined autophagy in three clones of each genotype (G0, G1, G2), 8 and 16 hours 
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after tetracycline induction. Investigators found that APOL1 overexpression did not affect autophagy 

at these two time points and that the autophagic flux was not altered by the expression of APOL1- 

G0, -G1, or -G2 [18]. 

 

Again, it becomes clear that the differences in cell type and protocols used for induction of APOL1 

overexpression highlight the heterogeneous nature of explanations of the proposed mechanisms 

linking APOL1 expression and altered autophagy. 

 

Usually, mechanisms underpinning acquired glomerular pathologies converge on abnormal 

podocytes cytoskeleton, suggesting that this subcellular structure could be targeted for therapeutic 

purposes [21]. Differences in podocyte cytoskeleton and its consequences were the most striking 

findings in our study. It has been suggested that APOL1 RVs promoted podocyte dedifferentiation 

with decreased expression of podocyte-specific genes [28,29]. Interestingly, we observed a 

downregulation of synaptopodin in podocytes after treatment with poly(I:C) (Figure 2b). 

Synaptopodin is an actin-associated protein of differentiated podocytes. It plays a role in modulating 

actin-based shape and motility of podocyte foot processes. Thus, a reduced expression of 

synaptopodin leads to an alteration of the podocyte cytoskeleton. We analysed the actin filaments of 

G2/G2 podocytes in comparison with G0/G0 before and after APOL1 overexpression. Our results 

showed that podocyte cytoskeleton was differentially arranged and actin filaments appeared to be 

disorganized in poly(I:C) induced APOL1 G2/G2 podocytes compared with the treated control cells. 

Furthermore, induced G2/G2 podocytes showed a lower number and distribution of adhesion sites 

than controls. These results suggest alteration of podocyte cytoskeleton driven by APOL1 

upregulation. 

 

Using lentivirus transduced human podocyte cell model, Lan et al. reported that overexpression of 

APOL1 -G1 and -G2 dramatically increased lysosomal membrane permeability and the leakage of 

lysosomal components into the cytosol, which was accompanied by APOL1-induced F-actin 

degradation and necrotic cell death in podocytes [11]. As a possible mechanism of disorganized actin 
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cytoskeleton in podocytes carrying RVs, Kuma et al. reported using transduced human podocyte cells, 

that APOL1-miR193a preserves the integrity of actin cytoskeleton in differentiated podocytes through 

the stabilization of the adherence complex, while disruption of APOL1-miR193a axis in podocytes 

expressing APOL1 risk alleles induces loss of this function. More specifically, their data showed that 

overexpression of APOL1 in G0 podocytes downregulated the expression of miR193a indicating an 

intact actin cytoskeleton, while the expression of APOL1 in G1 and G2 podocytes was associated with 

upregulation of miR193a resulting in a disorganized actin cytoskeleton [28]. 

 

Further studies should be performed to elucidate the functional significance of these findings. Still, it 

is well accepted that abnormal podocyte cytoskeleton and adhesion sites result in proteinuria and 

glomerulosclerosis [21]. In an assay to mimic the glomerular filtration in vitro, our APOL1 G2/G2 

podocytes treated with poly(I:C) showed increased permeability to albumin compared with baseline. 

 

In conclusion, we succeeded to generate APOL1 HRG (G2/G2) podocyte cell lines from a human 

donor, which represents a robust and powerful tool to unravel the mechanisms of APOL1 induced 

kidney injuries. 
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Materials and methods 

 

Ethics 

 

This study was approved by the Ethical Committee of the University Hospital/KU Leuven (S61246). 

The participants were recruited from the African community living in Belgium after signing an 

informed consent form. 

 

 

 
Reagents and antibodies 

 

All reagents were of analytical grade or used as specified. The antibodies used in this study include 

anti-synaptopodin (65294, Progen Biotechnik), anti-podocin (EB 12149, Everest Biotech), anti- 

paxillin (610569, BD Transduction laboratories), anti-podocalyxin (MAB 430, Millipore), anti- 

APOL1 (HPA018885, Sigma-Aldrich), anti-LC3-II (5F10, Nanotools), anti-β-Actin (Cell Signaling 

Technology), polyclonal Goat Anti-mouse IgG-HRP (DAKO), polyclonal Goat Anti-rabbit IgG-HRP 

(DAKO). Alexa Fluor-488-conjugated phalloidin was from Life Technologies, as well as Alexa-546- 

conjugated secondary antibodies. Poly (I:C) was purchased from Invivogen (San Diego, USA) and 

used in a concentration of 50 µg/mL. Radioimmunoprecipitation assay (RIPA) buffer containing 

10mM sodium phosphate, 150 mM NaCl, 1.5 mM MgCl2, 0.5mM Dithiothreitol (DTT), 1% Triton 

X-100, complete EDTA-free protease inhibitor tablets (Roche Applied Science) was used to prepare 

protein lysate. Fluorescein isothiocyanate (FITC)-Annexin V/Propidium Iodide (PI) for flow 

cytometry (Invitrogen) were used for apoptosis assay. WST-1 (11644807001, Roche) was used for 

cytotoxicity assay. 
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Participants and APOL1 genotyping 

 

Since the podocyte isolation requires fresh urine, participants were recruited among African 

community living in Belgium (n=89). From the whole blood samples collected, DNA was extracted 

using QIAGEN kit following the manufacturer’s instructions (QIAamp® DNA Mini kit; QIAGEN, 

Venlo, Netherlands) in the laboratory of Pediatric Nephrology, KU Leuven. APOL1 genotyping was 

performed for two renal risk alleles (G1 and G2). APOL1 high risk genotype (HRG) was defined by 

the presence of two risk variants (G1/G1, G2/G2 or G1/G2) while low-risk genotype (LRG) if zero 

or one risk variant were present. 

 

Blood and urine samples were collected from those who were identified carrying HRG to assess 

kidney function (eGFR) and urinary protein excretion. Serum creatinine and random spot urine 

protein/creatinine (P/C) ratio were measured according to standard laboratory protocols. Estimated 

glomerular filtration rate (eGFR) was calculated using the Schwartz formula [30] for participants 

aged less than 18 years and the Cockcroft-Gault (C-G) equation [31] for those aged above 18 years. 

 

 

 
Isolation and culture of podocytes exfoliated into urine 

 

From the participants in whom APOL1 HRG has been detected (6 out of 89), freshly voided urine 

was collected and exfoliated cells were cultured as previously described [22]. In brief, urine was 

centrifuged at 200g for 5 minutes, the pellet was washed in PBS and re-suspended in DMEM-HAM’s 

F-12 (Lonza, Basel, Switzerland) with 10% fetal bovine serum (Gibco), 50 IU/mL penicillin and 50 

mg/mL streptomycin (Lonza), 5 µg/ml insulin, 5 µg/ml transferrin, 5 ng/ml selenium (Sigma) 

(podocyte medium). Cells were immortalized and sub-cloned using a temperature-sensitive SV40- 

TERT viral system. Cells grew at permissive temperature of 33°C and, prior to the experiments, they 

were incubated at 37°C for 10 days to ensure growth arrest and differentiation. APOL1 WT (G0/G0) 
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podocytes used as control were already available and previously generated from a Caucasian donor 

[32]. 

 

Quantitative polymerase chain reaction (qPCR) 

 

The expression of the specific podocyte markers synaptopodin, podocalyxin and Cluster of 

Differentiation 2-Associated Protein (CD2AP) was analysed by qPCR in the clonal cell lines isolated 

from G2/G2 carrier and compared with APOL1 G0/G0 podocytes. qPCR was also used to analyse 

the expression of APOL1 in cell clones before and after 24 hours of incubation with Poly I:C (50 

µg/mL). Beta-actin was used as housekeeping gene. RNA was isolated using RNeasy Micro Kit 

(Qiagen GmbH, Hilden, Germany) according to the manufacturer’s instructions. 500 ng of RNA was 

used to synthesize cDNA using a mix of Oligo (dT) 12-18 Primer (Invitrogen: 1206193), random 

hexamer primers (Invitrogen: 1208582), dNTP mix (100 mM Invitrogen: AM8228G) and 

SuperScript® III, plus 5x first-strand reaction mix (Invitrogen). qPCRs were performed in triplicate 

using a CFX96 Real-Time detection system (Bio-Rad) with Platinum SyberGreen qPCR Supermix 

(Invitrogen, 11733-046), 10 µM of primers and 1.5 µl of cDNA. Results were analyzed using CFX 

ManagerTM software. 

 

 

 
Immunofluorescence staining 

 

The immunofluorescence staining was performed for the podocyte specific proteins synaptopodin, 

podocalyxin and podocin, as well as for analysing the podocyte cytoskeleton (phalloidin staining) and 

adhesion site (paxillin staining), as previously described [23]. Briefly, cells grown on glass coverslips 

were fixed with 4% paraformaldehyde for 10 min at room temperature and washed once in PBS. They 

were permebialized with 0.1% Triton X-100 (Sigma –Aldrich) for 5 min on ice and washed twice 

with PBS. Blocking solution (0.5% BSA, 0.2% gelatin, 0.5% FBS in PBS) was added 
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to cells for 1 hour. Cells were incubated with primary antibodies overnight at 4°C and further with 

AlexaFluor secondary antibodies for 1 hour in dark at room temperature. 4’, 6-diamidino-2- 

phenylindole (DAPI) was diluted to 1:1000 in mounting medium (DAKO, S3023) for nuclear 

staining. The cells were washed 5 times with PBS between steps. Samples were examined with a 

fluorescence microscope (Olympus BX41, Olympus Belgium NV). Image processing and analysis 

were performed using Image J. 

 

 

 
Detachment assay 

 

To analyse detachment of cells in culture upon upregulation of APOL1 induced by poly(I:C), 20,000 

APOL1 HRG podocytes and control podocytes were seeded in a 6-well plate. After 7 days at 37°C, 

cells were incubated with poly(I:C) (50µg/mL) for 24 hours. The supernatant was collected and 

detached cells were counted using the TC20™ Automated Cell Counter (Bio-Rad), which estimates 

the number of live and dead cells in the cells’ suspension. Percentage of detachment was represented 

as (number of detached cells) / (number of detached + attached cells). Three independent experiments 

were performed with three technical replicates in each. 

 

 

 

 

Cytotoxicity assay 

 

APOL1-mediated cytotoxicity in G2/G2 podocyte cell lines and in control cells was measured using 

a Water Soluble Tetrazolium salt (WST-1) cytotoxicity assay (11644807001, Roche®) according to 

manufacturer instructions. WST-1 is reduced in metabolically active cells to produce a blue 

precipitate, formazan. The detection of formazan level in the cells allows quantifying the number of 

viable cells. Briefly, cells were grown in culture, trypsinized and seeded at a density of 20’000 cells 

113



per well in a 96-well plate. Cells were incubated overnight in 33°C to allow attachment, and then 

transferred to 37° for 10 days. Poly(I:C) (50 µg/mL) was added for APOL1 induction. After at least 

16 hours of incubation, 10 µl of WST-1 was added in 100µl of medium per well and cells were 

incubated further for 2 hours at 37°C. Absorbance was then measured at 450 nm versus a 620 nm 

reference by using an ELISA reader. Three independent experiments were performed with three 

technical replicates in each. 

 

 

 
FITC-Annexin V / PI staining for apoptosis assay 

 

To analyse the APOL1-induced apoptotic cell death pathway, human HRG podocyte cell lines and 

controls treated or not with poly(I:C) were stained using the FITC-AnnexinV apoptosis detection kit 

and PI kit according to the manufacturer’s instructions. Samples were analysed by Fluorescence- 

activated cell sorting (FACS) within 30 min. The analysis allowed to obtain the proportion of live, 

early apoptotic, late apoptotic and necrotic cells contained in each sample. Two independent 

experiments were performed. 

 

 

 
Western blot for autophagy analysis 

 

Western Blotting was used to investigate the expression and possible modifications of LC3-II 

involved in autophagy. Immunodetection of LC3-II was performed in basal conditions and after 24 

hours of incubation with poly(I:C) in G0/G0 and G2/G2 podocytes. However, detection of LC3-II 

only shows a snapshot of protein levels in the cell without reproducing the dynamic information of 

the autophagic process, so-called autophagic flux. As autophagy is a continuously ongoing process, 

an increased level of LC3-II may result from either increased production or a decreased degradation 

of autophagosomes. To assess autophagic flux, cells were treated with 100nM Bafilomycin A1 (Baf 
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A1) (LC Laboratories) or dimethylsulfoxide (DMSO) as vehicle for 3 hours before collecting pellet, 

as previously described [33]. Baf A1 is a lysosomal inhibitor and autophagic flux blocker. It blocks 

the fusion of autophagosomes and lysosomes leading to an accumulation of the autophagosomal 

marker LC3-II. As such, in the presence of Baf A1, information is gathered only about LC3-II (and 

autophagosome) production. For the blotting, cells were lysed with 50-100 µl of RIPA buffer. The 

protein concentration was determined using BCA protein assay kit (Thermo Fisher). Equivalent 

amounts of protein were separated on a NuPAGETM 4-12% Bis-Tris Protein Gel (Invitrogen) and 

followed by blotting on polyvinylidene difluoride (PVDF) membrane. Primary and secondary 

antibodies were used according to the manufacturer’s instructions. Blots were developed using HRP- 

conjugated secondary antibodies and analysed using Image J software. Three independent 

experiments were performed. 

 

 

 
Perfusion assay for glomerular membrane permeability assessment using 

G2/G2 podocytes 

To perform the filtration assay, a dynamic millifluidic culture system (IVtech Srl) was used. The 

differentiated podocytes (80.000) were plated on the PET porous membrane (ipCELLCULTURETM) 

embedded in the central part of a small (2,5 mL of volume capacity) bioreactor. The membrane 

divides the cell-chamber into 2 compartments, each with an inlet and outlet channel, to allow, once 

connected the circuit, the continuous flow of fluid in one direction only. In case of administration of 

drug, the day after the setup of culture in the bioreactor, podocyte-medium were changed with 

medium plus 50 ug/mL Poly I:C, otherwise a normal change of medium was made. After 16 hours of 

drug incubation, or 2 days after setting the culture, the perfusion assay was performed. Firstly, in an 

incubator the bioreactor was connected to the main body of the system, capable of delivering liquid 

at a certain flow rate (in this case, 100 uL/min), directly into bioreactor. During the filtration assay, 

in each circuit a peristaltic pump allows the entry of medium with 1 mg/mL Albumin–fluorescein 
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isothiocyanate conjugate (Sigma-Aldrich) in the lower part of the bioreactor, and in the upper part 

instead of normal medium. After 3 hours of perfusion, the liquids coming out of the two 

compartments of the bioreactor are separately collected and their fluorescence is measured, in 

triplicate. A higher fluorescence indicates lower podocitary integrity. 

 

 

 
Statistical analysis 

 

Statistical analysis was performed using Microsoft Excel® and GraphPad Prism® software. Data 

from at least three independent experiments were analysed for each condition, unless stated in 

methods. Immunofluorescence images were obtained from randomly selected cells from three 

independent experiments, and the images shown are representative of the majority of cells. Statistical 

significance was evaluated using Student’s t-test and considered as significance when p< 0.05 (*p < 

0.05; **p < 0.01; ***p < 0.001; ****p <0.0001). 
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Conclusions and directions for future research 

In light of the results obtained, the following can be concluded: 

 
 

• We have developed a 3D milli-fluidic glomerulus system, characterized by its key elements: a tri-

layer formed by h-GECs, a membrane covered by type IV collagen and h-PODs. 

• We developed an easy and simple to detect permeability assay, to evaluate the integrity of the 

filtration barrier. We validated the model through the evidence that the complete in-vitro glomerulus 

offers greater resistance to the passage of albumin. 

• Through the infusion into the system of electroporated MSC-EVs with an exogenous miRNA, we 

confirmed the internalization of the vesicles in the podocytes. Microscopic analyzes confirmed this 

finding. 

• We tried to create an AKI in vitro model, with the use of DXR directly in the dynamical system, 

describing a decrease in cell viability and an increase in the expression of damage markers in 

podocytes. 

• To repair the acute pharmacological damage, MSC-EVs were used, perfused for 24h in the endothelial 

compartment of the circuit. this resulted in a decrease in cell mortality. 

• We tried to mimic with success glomerular disorders, in particular AS, AKI and APOL1-mutated 

podocytes 

 

Future implementations: 

 
 

• The results with EVs need further investigation. Molecular and protein analyzes could be performed 

to understand the activated pathways. 

• The role of glomerular endothelial cells in different damage patterns needs to be investigated. 

• Multi-organ systems in series could be very useful in the study of toxicology. 

 
• An interesting implication could be the use of these models in personalized medicine: using for 

example cells or extracellular vesicles taken from the patient's serum. 
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