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The mechanobiology of kidney podocytes in health and disease
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Abstract (250 words)

Chronic kidney disease (CKD) substantially reduces quality of life and leads to
premature death for thousands of people each year. Dialysis and kidney organ transplants
remain prevalent therapeutic avenues but carry significant medical, economic and social
burden. Podocytes are responsible for blood filtration selectivity in the kidney, where they
extend a network of foot processes (FPs) from their cell bodies which surround endothelial
cells and interdigitate with those on neighbouring podocytes to form narrow slit diaphragms
(SDs). During aging, some podocytes are lost naturally but accelerated podocyte loss is a
hallmark of CKD. Insights into the origin of degenerative podocyte loss will help answer
important questions about kidney function and lead to substantial health benefits. Here,
approaches that uncover insights into podocyte mechanobiology are reviewed, both those that
interrogate the biophysical properties of podocytes and how the external physical
environment affects podocyte behaviour, and also those that interrogate the biophysical
effects that podocytes exert on their surroundings.

Introduction

Conventional thinking in cell biology often assumes that cells communicate mostly
via biochemical signaling, but there are many examples to illustrate that cellular forces are
ubiquitous in vivo and that these forces directly impact cell function (1, 2). Such forces
regulate a wide variety of biological processes, e.g. morphogenesis, cell migration, cell
proliferation, cell adhesion, differentiation and inflammation. Over a century ago, a number
of investigators postulated that forces could regulate cellular processes (1), but these ideas
could not be experimentally addressed with the tools available at that time. Importantly, the
development of mechanobiology as a field has been closely connected to the advent of
enabling technologies. These ideas were only revisited with the establishment of enabling
technologies to either measure cellular forces or to observe their effects in vitro (1, 2). The
biological effects of forces are perhaps most evident in the context of major physiological
processes, e.g. breathing, heart function and systemic blood flow, as well as kidney filtration.
Indeed, the ability of podocytes to actively attach while being under substantial capillary
pressure from the filtration process is key to the function of the healthy kidney (3).
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Podocyte biology

Podocytes are responsible for blood filtration selectivity in the kidney, where they
extend a network of cytoplasmic extrusions from their cell bodies called foot processes (FPs)
which surround endothelial cells and interdigitate with those on neighbouring podocytes to
form narrow slit diaphragms (SDs) (4). Due to this spatial arrangement, podocytes serve as
the final barrier to protein loss in the kidney during filtration of blood by the glomerulus in
vivo (Figure 1). This blood filter is under substantial hydrostatic mechanical pressure from
blood flow in the glomerular capillaries (5). Two aspects of mechanical force affect
podocytes: fluid shear stress (FSS) and stretch. FSS, which is the force per unit area acting
parallel to a given surface, occurs on podocyte foot process apical, lateral, and basal surfaces
(6, 7). Circumferential wall tension in glomerular capillaries due to increased hydrostatic
glomerular capillary pressure is countered by the surrounding podocytes and creates stretch
in these podocytes (5).

The spatial architecture of the glomerulus adds further complexity to understanding
all the mechanical forces that occur within it. The subpodocyte space is a space defined by
the glomerular basement membrane (GBM) and the podocyte FPs (with the SD) opposed by
the underside of other portions of the podocyte. It is proposed that this space offers
significant resistance of flow of primary filtrate. Indeed, it is estimated that up to 60% of the
glomerular filtration apparatus is covered by routes of filtration involving the subpodocyte
space (5).

Podocyte pathology

During aging, some podocytes are lost naturally but accelerated podocyte loss is a
hallmark of CKD. Podocyte damage is now recognized as a causal factor in the progression
of many different types of kidney disease (8). Podocytes maladapt for survival when they
become injured by undergoing a process of foot process effacement (FPE) in which they lose
their FP structures, leading to a reduction in filtration barrier function (3, 9). FPE is typically
associated with the presence of proteinuria. However, not all cases of proteinuria show
podocyte FPE, and the structure-function relationship is still not well understood (3, 9). There
is a spectrum of clinical disease involving the podocyte, each with distinct types of change.

Minimal change disease (MCD) is a glomerular disease resulting in nephrotic
syndrome that is usually sensitive to steroid treatment. The pathologic hallmark of disease is
the absence of visible alterations by light microscopy and effacement of foot processes by
electron microscopy. It accounts for the vast majority of idiopathic nephrotic syndrome cases
in children (10). Focal segmental glomerulosclerosis (FSGS) is the most common primary
glomerular histologic lesion associated with high-grade proteinuria and with end-stage renal
disease (ESRD). Primary FSGS and MCD have many clinical as well as histologic
similarities at presentation, making separation into these two categories difficult. Currently,
the best method of separation is based on a pathology cut-off, where >80% diffuse foot
process effacement by electron microscopy demonstrates primary FSGS. However, the
correlation with clinical and laboratory parameters, response to therapy and eventual outcome
is imprecise (11).

Viruses are capable of inducing a wide spectrum of glomerular disorders. Infection-
associated glomerular nephropathy (GN) commonly includes HCV-associated nephropathy
and HIV-associated nephropathy (HIVAN) (12). The classic pathologic hallmark of HCV-
associated nephropathy is type 1 membranoproliferative GN (MPGN), which can be resolved
if anti-HCV therapy is initiated at an early stage of disease occurrence. HIVAN is
characterised by the presence of collapsing FSGS (cFSGS) in the setting of HIV infection
(12). Variations in ethnic and APOLI status affect the rate of HIVAN occurrence. Since



HIVAN is a direct consequence of viral replication, anti-HIV therapy attenuates the rate of
decline of kidney function and causes a return of the normal podocyte phenotype within the
glomerular lesions (12).

Membranous nephropathy (MN) is an autoimmune disease usually associated with a
nephrotic syndrome, which is characterized by a thickening of glomerular capillary walls that
is visible by optical microscopy. Capillary wall thickening is due to subepithelial deposition
or formation of immune complexes (13). Diabetic kidney disease (DKD) develops in
approximately 40% of patients who are diabetic and is the leading cause of CKD worldwide.
It results in loss of podocytes with effacement of foot processes, then into segmental and
global sclerosis (14).

Methods to exert forces on podocytes

A number of technological approaches have been used to investigate the response of
podocytes to induced extracellular forces. Many of these approaches model the hypertensive
kidney, where podocytes need to respond to mechanical forces arising from capillary
distention due to increased glomerular capillary hydrostatic pressure.

Ferrimagnetic beads are a method to apply a defined force to cells by applying a
magnetic force to move the ferrimagnetic beads in a controlled manner (Figure 2). A study by
Eekhoff and colleagues stretched podocytes using an in vitro magnetic bead system (15)
where they mechanically stimulated adherent mouse podocytes using the methods of
magnetic tweezing and twisting as well as cell stretching. Collagen IV-coated or poly-L-
lysine-coated magnetic beads were attached to cell receptors to allow the determination of
cellular stiffness. The bead-binding strength (defined as the force that is necessary to detach a
bead from the cell) showed significant differences between angiotensin Il-treated and
untreated podocytes. Biochemically, exposing podocytes to cyclic, uniaxial stretch showed an
earlier onset of ERK1/2 phosphorylation compared to MEF (control) cells (15). Using similar
methods, in response to periodic equibiaxial stretches (10% in magnitude and 4 sec in
duration, spaced 3 min apart), mouse podocytes harbouring an Actn4 mutation
(Actnd“P K20y showed an impaired recovery of contraction response compared to wild-
type (WT) cells, which corresponded with irreparable disruptions in the actin cytoskeleton
(16). Additionally, mutant Actn4 podocytes were at higher risk of detachment after periodic
stretch than WT podocytes. Analysis of baseline physical differences between WT and
mutant Actn4 podocytes indicated that mutant Actn4 leads to a stiffer actin network as well
as a more correlated distribution of actin filament orientation and intracellular stress in the
podocyte. These alterations may contribute to the podocyte’s vulnerability to stretch and
propensity for detachment (16).

A second approach has used mouse podocytes that were cultured on flexible silicone
membranes and exposed to mechanical stress by applying vacuum pressure, thereby
expanding the cell culture surface and stretching the cells attached upon it (Figure 3).
Cultured podocytes exposed to mechanical stretch in vitro using these flexible silicone
membranes display mechanosensitive behaviours: the size of podocyte cell bodies and
processes become thin and elongated and there is a reorganization of the actin cytoskeleton
in both primary rat podocytes and cultured mouse podocytes (17, 18). Biochemically, levels
of angiotensin II and the ATIR increase, and inhibiting this receptor significantly reduces
stretch-induced podocyte apoptosis in both primary and cultured mouse podocytes (19).
Fibronectin (Fnl) is highly upregulated by podocytes exposed to mechanical stretch upon
flexible silicone membranes and Fnl influences the expression of specific integrins as well as
focal adhesion proteins. Knockdown of Fnl by siRNAs as well as knockout of Fnl by
CRISPR/Cas9 leads to a high number of lost podocytes upon mechanical stretch, suggesting



that Fnl is essential for proper podocyte morphology and function (20). Similar experiments
were performed investigating fascin-1 in stretched podocytes cultured on flexible silicone
membranes. Stretched podocytes cultured on flexible silicone membranes for 3 days with 0.5
Hz and 5% elongation showed fascin-1 dephosphorylated specifically on Ser-39 under
mechanical stretch. This suggests that fascin-1 may play an important role in the adaptation
of podocytes to mechanical forces (21). Mechanically stressed podocytes were analysed by
cDNA array analysis, which identified the TSG101 gene, as a stretch-induced candidate gene
(22). TSG101, which is part of the ESCRT-I complex, is involved in multivesicular body
(MVB) formation. TSG101 immunofluorescence was distributed in a vesicular pattern in
podocytes, the staining intensity being enhanced by mechanical stress. In DOCA/salt treated
rats, a model of glomerular hypertension, glomerular TSG101 mRNA levels were elevated,
and an increased number of MVBs were observed by electron microscopy in podocyte
processes. These data suggest that mechanical stress upregulates TSG101 in podocytes, and
that glomerular hypertension enhances sorting of cell surface proteins and their ligands into
the degradative pathway in podocytes (22).

A third approach has investigated the effects of FSS on podocytes (Figure 4). As
mentioned above, FSS is the force per unit area acting parallel to a given surface, and it
occurs on podocyte foot process apical, lateral, and basal surfaces (6, 7). Mouse podocytes
respond in a highly sensitive fashion to in vitro shear stress, with a reduction in transversal F-
actin stress filaments, formation of a cortical actin network and disruption of the cell
monolayer (6, 7). In an in vivo rat model, biochemically, PGE) production is increased in
podocytes in response to FSS, but not substrate stretch (7, 23). Podocytes exposed to FFSS
invoke more than one mechanism for mechanotransduction: both Akt-GSK3[(-B-catenin and
MAPK/ERK signaling, but not cAAMP-PKA signaling (24).

A fourth approach has used gels of tuneable stiffness to alter the mechanical
environment of cells (Figure 5). Polyacrylamide gels coated with collagen I have been used
to assess podocyte morphology on a range of soft and stiff substrates (25). The authors found
that increased substrate stiffness resulted in more mouse podocyte spreading and an increased
differentiation phenotype (25). Similarly, Abdallah and colleagues cultured human podocytes
on hydrolyzed polyacrylamide (PAAm) hydrogel substrates and observed dense actin
cytoskeleton formation and cell spreading with increased substrate stiffness (26). These
results were similar to a recent study that investigated whether changes in substrate stiffness
affect podocyte morphology and whether optimal substrate stiffness drives podocyte
differentiation and biochemical specialization. A tuneable substrate composed of gelatin
microbial transglutaminase (gelatin-mTG) was used at a stiffness range (0.6kPa - 13kPa)
spanning that of healthy and diseased glomeruli. Human podocytes cultured on this substrate
showed marked stiffness sensitivity and differing substrate stiffness induced dramatic
changes in podocyte phenotype (27). The authors found that a pro-differentiation phenotype
was associated with up-regulation of the WT1 transcription factor, a known critical protein
involved in a mechanotransduction network, while synaptopodin levels remained unchanged.
The authors also tested the Rac/PAK pathway by assessing active phosphorylated (Thr423)
p21-activated kinase (PAK) family kinases. They found PAK activity was also modulated by
substrate stiffness, showing that Rac-activated PAK is mechano-responsive (27). YAP/TAZ
signaling in podocytes has also been assessed in the context of substrate stiffness. Podocytes
seeded on both stiff matrices and soft matrices having elastic moduli within the range of
those of normal tissues (1.5 to 15 kPa) displayed a range of phenotypes. Injury upon PAN
treatment reduced YAP and TAZ activity in cultured human and mouse podocyte cell lines
grown on stiff substrates. Culturing these cells on soft matrix or inhibiting stress fibre
formation recapitulated the damage-induced Y AP up-regulation observed in vivo, indicating a
mechanotransduction-dependent mechanism of YAP activation in podocytes. YAP



overexpression in cultured podocytes increased the abundance of extracellular matrix—related
proteins that contribute to fibrosis (28). A mouse Tg26 model of HIVAN podocyte damage
was assessed in the context of an altered matrix environment using polyacrylamide gels
coated with type I collagen and collagen matrices that contract when polymerised. The
authors found that Tg26 podocytes cannot recognize rigid matrices and exhibit abnormal
responses to their mechanical environment, as suggested by comparison of stress fibre
formation and focal adhesion structures with wild-type cells (29). Also, compared to wild-
type cells, Tg26 podocytes lack contractile activity, assessed by seeding cells in a three-
dimensional collagen matrix. These findings suggest that healthy podocytes can take on
pathologic characteristics due to the mechanical environment and a pathologically soft
environment is sufficient to cause disordered podocyte structure. In milder injury (protamine)
models, similar processes occur but over a longer time (29).

A fifth approach involves generating patterned substrates to alter the mechanical
environment of cells. A recent article described a substrate consisting of microhemispheres
arrayed over a cell culture substrate, which promoted mouse podocyte differentiation in vitro
(30). The authors observed increased nephrin expression, structural re-arrangement of F-actin
and nephrin within the cell, and increased process formation and interdigitation between
cells, compared to flat substrates. Zennaro and colleagues used a nanoporous surface to
culture primary rodent and human podocytes (31). The porous surface allowed the formation
of mature large and stable punctate focal contacts which appeared after 5 days of incubation
and the punctate expression pattern of active vinculin co-localized with actin filaments. These
data illustrate the importance of biophysical stimulation in supporting higher-fidelity
podocyte cultivation in vitro.

Many of these methodologies use unstressed or unstretched cells as the control
comparison. However, even in healthy kidneys, podocytes in vivo are under some mechanical
stress. The general limitation of using podocytes in culture is that they are not exposed to a
blood stream and thus not exposed to intracapillary pressure and glomerular filtration. More
recent advanced in vitro models using 1PSCs and/or glomerulus-on-a-chip technology go
some way to addressing these issues (32). The limitations of the current technologies
described above don’t allow for induced extracellular forces on podocytes in vivo. While
hypertensive in vivo models show podocyte adaptation and some similarities to the in vitro
models, the precise mechanisms of podocyte mechanobiology are yet be defined (33).

Methods to monitor cellular forces exerted by podocytes

Since podocyte foot processes are too narrow to be resolved by standard light
microscopy, where the maximum optical resolution is usually around 200nm (34), more
advanced techniques are needed to provide the required resolution. Equally, the forces
exerted by podocytes and by the foot processes of podocytes in vitro need to be analysed at
the required resolution. Several platforms have been developed to measure cellular forces
exerted by single cells and cell clusters (35). Atomic force microscopy (AFM) uses a small
tip mounted on a flexible cantilever which oscillates at high frequency with the tip in close
proximity to the sample surface that either directly or indirectly interacts with the sample
(34). AFM is performed to probe the material properties of a cell (36). Welsh and colleagues
applied AFM to visualize the cellular surface of cultured podocytes upon application of
insulin. They showed that human podocytes rapidly changed their phenotype and retracted
their cellular protrusions upon stimulation with insulin (37). Abdallah and colleagues
measured the stiffness of human podocyte cultured on PAAm hydrogel, using AFM (26). The
stiffest hydrogels produced an increase in human podocyte stiffness. These results are
consistent with the observed dense actin cytoskeleton formation and cell spreading with
increased substrate stiffness.



AFM has also been used to investigate the surface stiffness of submicron membrane
areas of individual cells (38). In this work, Tandon and colleagues showed that in vitro
cultured HIV-infected mouse podocytes were less stiff compared to wild-type cells,
indicating severe cytoskeletal changes in the HIV-infected cells. Wyss and colleagues used
AFM along with a new technique, capillary micromechanics, to study the mechanical
properties of whole isolated rat glomeruli where they measured the elastic properties of the
glomeruli (39). The authors showed that glomerular stiffness was reduced upon application of
blebbistatin, an agent inhibiting non-muscle myosin Ila/b. Two reagents that inhibit actin
polymerization, cytochalasin D and latrunculin B, also reduced glomerular stiffness.
Additionally, Col4a3 knockout mice displayed significantly reduced glomerular capillary
wall stiffness, compared to wild-type mice, highlighting the essential role of Col4a3 in
mechanical stabilization of the GBM to withdraw tensile stress along the glomerular capillary
wall. Embry and colleagues used the application of protamine sulphate on cultured podocytes
to model mild cytoskeletal changes as seen in MCD, In this setting, they observed a
significantly increased plasma membrane indentation, quantified by AFM, in treated
podocytes compared to untreated podocytes (29).

Traction force microscopy (TFM) is performed to probe the active contractile
prestress of a cell (36), and along with micro-fabricated elastic micro-pillar arrays is the most
widely used method for measuring cellular forces in mechanobiology. These approaches are
based on tracking the displacement of fluorescent particles embedded in a hydrogel and the
bending of elastic pillars, respectively. When pushed to their limits, they achieve a spatial
resolution of 2um (i.e., two distinct forces separated by < 2um cannot be resolved) and detect
cell-induced deformations down to 7nm (40) and 25nm (41), respectively. Despite their
widespread use, both techniques are indirect (i.e. data needs to be analysed offline), they may
be photo-toxic to cells and can suffer from swelling, all of which make long-term
investigations difficult. Furthermore, data analysis requires zero-cell force reference images
and thus removal of cells from the substrate, rendering them unavailable for further analyses,
such as immunostaining. Confocal TFM obviates this disruptive step but sacrifices force
sensitivity (42). A variant of elastic pillar arrays consists of small diameter (<100 nm),
nanowire arrays fabricated at a high density, increasing the resolution. However, given the
diameter and discontinuous nature of the pillars, it is unclear whether cells cultured on
nanowire arrays can form adequate-sized FAs (35). Huang and colleagues described a
modified method of TFM with optimized regularization and automated Bayesian parameter
selection for accurate traction force reconstruction (43). They applied this to the investigation
of TFM on primary mouse podocytes and found robust reconstruction of traction forces with
this approach.

Kronenberg and colleagues recently described a new technique to measure traction
forces: elastic resonator interference stress microscopy (ERISM) (44). ERISM is an
interferometric method where cells are grown on an elastic optical micro-cavity consisting of
an ultra-soft siloxane-based elastomer (thickness, e.g., 8um) sandwiched between two thin,
semi-transparent and ultra-flexible gold mirrors (Figure 6). Imaging the reflection of the
cavity under illumination with low-intensity monochromatic light of different wavelengths
yields fringe patterns from which the cell-induced substrate deformation can be derive with
nm accuracy and 1.6 pm lateral resolution. Local stress can be calculated from this data using
finite-element-method models. Due to its high precision and simplicity, ERISM could
become a viable alternative to study shear and normal forces in 2D cultures. Haley and
colleagues have used ERISM to characterize cell forces of differentiated human and mouse
podocytes and investigated alterations in podocyte force during stress response in an in vitro
model of glomerular injury, thus providing the first experimental demonstration of the
importance of podocyte force (3).



Conclusions and outlook
Development of novel instrumentation and the expansion of the capabilities of current
methods will provide enabling technologies to enhance our understanding of podocyte
mechanobiology. No current method integrates force measurement with simultaneous
fluorescence imaging, and this would be a useful technological development. It would be
possible to combine ERISM with super-resolution/single-molecule microscopy for long-term
continuous dual measurement and this, along with other enabling technologies, may provide
new insights into podocyte biology.
Insights into the origin of degenerative podocyte loss and the role of mechanobiology
in this process will help answer important questions about kidney function and lead to
substantial health benefits.
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Figures legends

Figure 1: Glomerular filtration. Schematic of glomerular filtration showing a podocyte
with its foot processes attached to the glomerular basement membrane (GBM). Glomerular
filtration rate (GFR) is 125mL/min for kidneys of healthy humans (red arrow) and comprises
the net outward pressure of filtration at 10 mm Hg, consisting of outward glomerular blood
hydrostatic pressure at 55 mm Hg, and inward blood colloid osmotic pressure at 30 mm Hg
and capsular hydrostatic pressure at 15 mm Hg. Albumin concentration [Alb], approximate
period and separation of foot processes, region of expected nephrin clustering, and force (F)
exerted by podocytes on the GBM (blue arrows) are shown. Adapted from (45).

Figure 2: Applying a force using magnetic beads. Ferrimagnetic beads bind to cells via
integrins on the cell surface. A magnetic field introduces a torque which causes the bead to
rotate and to displace. M denotes the direction of the bead’s magnetic moment. Adapted from

(15).

Figure 3: Applying mechanical stress with vacuum pressure. Flexible silicone membranes
expand their surface area when vacuum pressure is applied. The attached cells then also
stretch.

Figure 4: Applying Fluid Shear Stress. Fluid Shear Stress is applied through a
microfluidics device with a regulated liquid flow rate. Cells are then analysed for
biochemical and phenotypic changes.

Figure 5: Modulating matrix stiffness. Gel solutions of differing mechanical stiffness are
created by modifying the amount of substrate cross-linking.

Figure 6 Using elastic resonator interference stress microscopy (ERISM) to measure
traction forces. ERISM uses a layered structure of a micro-cavity with an elastomer layer
sandwiched between two ultra-thin gold mirrors. A tuneable light source provides
monochromatic illumination and epi-collection to record spatially resolved images of micro-
cavity reflectance that equate to elastomer deformation. The use of ERISM on podocytes is
described in (3).
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