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Abstract—The kidneys are susceptible to adverse effects from
many diseases, including several that are not tissue-specific.
Acute kidney injury is a common complication of systemic
diseases such as diabetes, lupus, and certain infections
including the novel coronavirus (SARS-CoV-2). Microfluidic
devices are an attractive option for disease modeling, offering
the opportunity to utilize human cells, control experimental
and environmental conditions, and combine with other on-
chip devices. For researchers with expertise in microfluidics,
this brief perspective highlights potential applications of such
devices to studying SARS-CoV-2-induced kidney injury.

Keywords—Severe acute respiratory syndrome, bioMEMS,
Kidney failure, Organ-on-a-chip.

INTRODUCTION

Acute kidney injury (AKI) has been described as a
common complication of the novel severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion. In one chart review from South Korea, AKI was
found to be a complication in 9.2% of all patients with
confirmed infection and in 61.5% of those admitted to
intensive care.'® Various mechanisms have been pro-
posed to explain how SARS-CoV-2 may cause AKI,
from off-target effects of the inflammatory response to
direct infection and death of kidney cells, though no
clear correlation between infection and progression to
AKI has been established.”® Further research is nec-
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essary to investigate the effects of SARS-CoV-2 on the
kidney and to assist in the development of treatments
to avoid AKI.

Microfluidic (uF) and “‘kidney-on-a-chip” systems
are particularly well-suited to investigate AKI associ-
ated with the novel SARS-CoV-2 virus. In addition to
isolation of complex biological variables for mecha-
nistic investigations, such kidney-mimicking uF plat-
forms can utilize human cells at scale for the rapid and
high-throughput analysis demanded by this global
crisis while recapitulating the dynamic microenviron-
ment of the kidneys. This brief perspective highlights
pathophysiological features of SARS-CoV-2 and its
resulting disease, COVID-19, that are relevant to
studies in kidney-mimicking uF platforms and suggests
applications of such devices to investigations of SARS-
CoV-2-induced AKI.

MIMICKING KIDNEY TUBULES
FOR APPLICATIONS TO SARS-COV-2

Review of Kidney Anatomy and Physiology

The kidney’s basic blood-filtering unit is the ne-
phron, composed of a long tubule through which the
aqueous ‘““filtrate” is separated from the blood flow.
The tubule is lined with several types of renal cells that
are responsible for transporting additional wastes into
the filtrate and for recovering small proteins, sugars,
and other substances back into the blood. The apical
surfaces of these cells are exposed to fluid shear forces
of about 1 dyne/cm? from filtrate flowing through the
lumen;*” meanwhile, the basal surfaces are in contact
with a stationary basement membrane composed of
extracellular matrix (Fig. 1a). The apical and basal
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FIGURE 1. (a) Schematic of tubule epithelial cells. On their apical (top) surfaces, the cells comprising the renal tubules are
exposed to shear stress from the constant laminar flow of the filtrate, while their basal (bottom) surfaces are anchored to the
stationary basement membrane. The fluid shear stress from the filtrate in the lumen is an important signal directing the cells’
polarity. When tubule cells are cultured in conditions where this stress is absent, they fail to develop into their characteristic
elongated shape, and their cell surface markers are distributed evenly around the plasma membranes instead of localizing to a
specific region. (b—c) Schematic of standard microfluidic device that supports epithelial cell polarization. Cells are plated in an
upper channel through which fluid can flow, separated from a stationary well by a porous membrane. The contents of the
stationary well simulate the interstitial space, while cells are seeded onto the membrane. Images not to scale.

surfaces of tubule cells are highly differentiated when
coaxed to “polarize”; for example, microvilli are pre-
sent on the apical surface, but not on the basal surface.
Additionally, some cell surface channels and enzymes
are restricted to a particular region of the cell mem-
brane, such as Na*-K"-ATPase, which is only present
at the apical surface.>

Kidney tubule cells also experience fluid flow and
concomitant shear stress. Multiple uF platforms have
shown that the presence of shear stress is not only a
necessary stimulus for cells to maintain polarity,?*-*?
but it also contributes to cell viability?' and
cytoskeletal organization.’®?' Additionally, exposure
to shear stress improves the ability of cell monolayers
to maintain tight junctions, leading to higher barrier
integrity than is observed in cells from static culture.?
Exposure to shear stress has also been shown to im-
prove cells’ ability to recover from drug administra-
tion,”>* suggesting a behavioral as well as a
phenotypic response to shear stress. In devices mod-
eling renal tubules, the fluid shear stress is generally set
to be between 0.2 and 5 dyne/cm? to model the rate of
filtrate flow, which is achieved with channels typically
~ 1 mm wide and 100 um deep.?®>>?° Since pressure
gradients across kidney tubules are small, ranging from
~ 13 mmHg in the proximal tubules to ~ 7 mmHg in
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the collecting ducts in rats,*® pressure gradients across
devices are typically designed to be small as well.

Device Design

Kidney “‘spheroids’, spontaneously organized cells
in 3D that mimic tubule polarization and organization,
have been in wide use since the 1980s but are not
amenable to shear stress conditions within the spheroid
interior. To ensure shear flow conditions in the tubule
“lumen” and maintain cells in a monolayer for simple
visualization, the most common design for a kidney-
mimicking uF device is a sandwich of two chips of a
non-porous material with a porous membrane between
them?® 2%%>->2 (Figs. 1b and Ic). In lieu of synthetic
porous membranes, protein-derived hydrogels made of
collagen or basement membrane extract?®->*334%31 4]
low for the study of extracellular matrix remodeling
and 3D migration, both of which occur during fibrosis.
Once the cells have attached, media can be pumped
through the channel at a rate and pressure similar to
that present in the renal tubules. The materials used to
construct the device, as well as the dimensions of the
different components, vary depending on study design.
In addition to the multitude of devices developed in
research labs, commercial platforms are available
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including the OrganoPlate®>**%*>* (Mimetas, Nether-
lands) and the Kidney-Chip®*> (Emulate, US).

Advanced 3D printing techniques now afford more
options for culturing spheroids within printed hydrogel
structures®® and for crafting sophisticated kidney-
mimicking geometries,'”** but uF remain a powerful
tool for rapid, high-content investigations of AKI
associated with SARS-CoV-2.

Cell Source

There are many different cell types present in the
kidneys and many sources of cells for in vitro models,
and the choice of which to use will depend on the
biological hypothesis at hand. Immortalized kidney
cell lines, such as Madin-Darby Canine Kidney
(MDCK) cells, are often used for proof-of-concept
studies to design and test kidney-on-a-chip sys-
tems’ 743450 pecause they are readily available from
commercial suppliers and can generally be passaged
many times. However, cells from human sources are
likely to afford more relevant gene expression for
studies of direct SARS-CoV-2 infection and of the
progression of COVID-19 than cells from animal
sources would be. Coronaviruses enter cells via fusion
with the angiotensin-converting enzyme 2 (ACE2)
receptor;™' 303343 therefore, differences in expression
of this receptor between species would affect a model’s
suitability for simulating human disease. Canines, the
source of MDCK cells, can be infected by some
coronaviruses but appear to have low susceptibility to
SARS-CoV-2.*° Mice also have low susceptibility to
coronaviruses, which is well documented from earlier
experiments with SARS-CoV, the strain of coronavirus
responsible for the 2002-2004 SARS outbreak. This
virus was highly pathogenic in humans but was not
able to induce severe disease in mice in the absence of
genetic modifications."!

For COVID-19 investigations, human cells are
likely to be the most relevant. Human renal proximal
tubule epithelial cells (RPTECs) are commonly used in
renal uF studies because they are commercially avail-
able isolated from normal donor kidneys, and they
contain important transporters for reuptake of glucose
and other molecules from the filtrate back into the
blood.'> ACE2-related genes are highly expressed in
proximal straight tubule cells,** so cultures of these
cells from human donors may be especially suited to
SARS-CoV-2 studies. Another advantage to RPTECs
is that they are highly sensitive to toxic effects from
drugs, making them desirable for studies of drug me-
tabolism as discussed in “Drug Screening and Toxic-
ity” section. Last, RPTECs have been immortalized via
telomerase reverse-transcriptase modification, and this
commercially available line (RPTEC-TERT-1) retains

similar responses to toxic stimuli with improved dou-
bling capacity compared to primary cells.*' Table 1
lists some of the most common sources of human
RPTECs, along with example uF applications.

While RPTECs are likely to be useful for funda-
mental investigations, patient-specific cells could prove
useful to understand the large disparities between
asymptomatic SARS-CoV-2 infections and develop-
ment of severe COVID-19. Human induced pluripo-
tent stem cells (iPSCs) can be differentiated into
parenchymal cells while conserving genes that often
confer disease-like in vitro phenotypes. iPSCs have
been widely differentiated into kidney-lineage cells, i.e.
nephron progenitor cells (NPCs), and are increasingly
used in the formation of spontaneously assembling
kidney organoids.'* iPSC-derived NPCs could be use-
ful for understanding patient-specific pathophysiology
and for screening targeted therapies, given the dra-
matic variability in disease presentation among COV-
ID-19 patients.

Additional renal cell types, including podocytes and
fibroblasts, are often incorporated into kidney-mim-
icking devices. Podocytes are cells that interface with
the glomerulus, where filtrate is first removed from the
blood, and they also highly express ACE2 receptors.®*
Injury to the podocytes causes the barrier between the
blood and the filtrate to leak, allowing proteins such as
albumin to leave the blood and be lost in the urine.
Podocytes are often used in studies of kidney
injury,*® and spheroids of RPTECs and podocytes
are even available commercially (Tempo Bioscience).
Fibroblasts are present in most tissues including the
kidneys and are responsible for maintaining extracel-
lular matrix. They are typically used in kidney-on-a-
chip devices either as a source of growth factors®* or in
studies of fibrosis, when fibroblasts are uncontrollably
activated and form excessive scar tissue in an organ.>'
Many studies also use endothelial cells to investigate
the interaction between renal cells and the blood ves-
sels associated with them throughout the kidney, since
fibrogenic substances can induce endothelial-mes-
enchymal transition.”’ Fibrosis is discussed further in
“Fibrosis” section.

Utilizing uF Kidneys-On-a-Chip

The primary metrics of “‘successful”” renal tubule
recapitulation in vitro are typically cell polarization
and barrier integrity. Cell polarization includes
localization of tight junction proteins to the apical side,
which are often visualized by fluorescence microscopy
by fixing and immunostaining cells directly on the
porous membrane of the device.”*>? Barrier integrity,
which may be reduced in the presence of pathogens or
drug metabolites, is often analyzed by perfusing the
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TABLE 1. Common sources of human renal proximal tubule epithelial cells used in different applications of kidney-on-a-chip
devices.

Application

Cell source References

3D model for future small-molecule studies or implantation
Artificial filtration device
Effects of mechanical stimuli and flow

Permeability and absorption

Small-molecule induced kidney injury and fibrosis

Metabolites

Primary (in-house from discarded tissue)

Immortalized (HK2) 42
Primary (from Lonza)
Primary (from Biopredic)
Conditionally immortalized (ciPTEC-OAT1) 50
Immortalized (HK2) and primary (from Lonza)
Primary (from Sigma)

Conditionally immortalized

13
22

12
49
23

Conditionally immortalized (ciPTEC-OAT1) 44
Immortalized (HK2) 58
Immortalized (RPTEC-TERT-1) 82
Primary (from ATCC) 46

4

HK-2 human kidney 2, ciPTEC-OAT1 conditionally immortalized proximal tubule epithelial cells expressing organic anion transporters 1,
RPTEC-TERT-1 renal proximal tubule epithelial cells immortalized using human telomerase reverse transcriptase.

channel of the device with a fluorescent tracer and
measuring leakage from the flow chamber into the
static chamber over time.?%?%-33424%31 Thjs technique
is also used in devices that use hydrogels to simulate
the interstitial space. Immunostaining and fluorescence
microscopy of cell-cell junction proteins like claudin,
occludin, and E-cadherin can also be used as a proxy
for barrier integrity.®

Loss of polarity and decrease in barrier integrity are
signs of epithelial cell dysfunction and serve as useful
assays during kidney-on-a-chip experiments. These
and other changes can be visualized via microscopy,
including changes in cellular morphology such as the
development of visible “virus factories” within cells
upon infection.”® For additional analyses, uF devices
can be disassembled and/or cell lysate collected for
cellular and molecular assays. For example, in the
setting of viral infection, cells generally alter their
expression of cytoskeletal proteins,”® which can be
assessed by changes in gene-expression, protein-ex-
pression, and/or protein localization. Kidney-mimick-
ing uF devices are compatible with a wide range of
cellular, molecular, and functional assays to investigate
biological hypotheses of interest related to AKI.

ACUTE KIDNEY INJURY APPLICATIONS
ASSOCIATED WITH SARS-COV-2

While it remains debated, there are several conjec-
tures as to how SARS-CoV-2 might induce AKI. Here,
we examine several proposed mechanisms and exam-
ples of microfluidic devices that have been successfully
employed to study similar pathologies. Since
microfluidic devices are widely used to investigate
inflammatory, fibrotic, and hematological diseases in
addition to renal function, they could be of great value
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in identifying the mechanisms behind SARS-CoV-2-
induced kidney injury and in screening potential ther-
apeutics. In addition, while many organs in addition to
the kidneys are involved in systemic regulation of
blood pressure and fluid/electrolyte balance that may
impact kidney function, standard mouse models that
may otherwise be used for systems-level pharmacology
investigations may not be relevant to COVID-19 be-
cause of pertinent differences in ACE2 receptor and
other related genes. Inbred, genetically modified mouse
models are unlikely to represent patient diversity, cre-
ating a niche for kidney-mimicking pF, potentially in
combination with other organs-on-a-chip, to assist
with preclinical screening of novel therapeutics for
COVID-19.

Direct Viral Infection

The ability of SARS-CoV-2 to target lung tissue has
been attributed to this tissue’s relatively high expres-
sion of the ACE2 receptor, which the virus uses to
enter the cells. ACE2 is also abundant in renal cells,”**
and renal cells were observed to take up viral particles
in the setting of viral infection associated with the
coronavirus strain that caused the SARS epidemic of
2002-2004.* To mitigate AKI associated with SARS-
CoV-2, microfluidics could be used to investigate if and
how renal cells respond to infection, leveraging previ-
ous applications to other viruses. In a study by Wang
et al., pseudorabies viruses were shown to cause loss of
polarity and to disrupt tight junctions between renal
cells; importantly, cells cultured in the microfluidic
platforms took longer to display evidence of viral
pathology than did cells cultured in static platforms.>
uF platforms are thus well-suited to investigate
microenvironmental conditions, cell types, and geno-
types that lead to more severe SARS-CoV-2 infection
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and to test hypothesized antiviral treatments. How-
ever, some researchers with experience in microfluidics
may not be familiar with virology research and the
safety standards necessary to work with hazardous
pathogens. We direct such readers to guidelines on
biosafety level 3 laboratory design® and to a recent
report from the Centers for Disease Control and
Prevention on biosafety precautions for handling
SARS-CoV-2, specifically."

Drug Screening and Toxicity

Considerable use has been made of microfluidic
devices in the field of drug discovery, in both direct
studies of therapeutics on the kidneys and in consid-
eration of nephrotoxic side effects. SARS-CoV-2
infection involves ACE2 receptors, which are a known
component of the renin-angiotensin system (RAS) that
regulates blood pressure and fluid/electrolyte balance
with extensive involvement of the kidneys. Proposed
therapeutics may modulate components of the RAS in
an effort to control SARS-CoV-2 infection, which
would necessitate screening for potential effects on
renal function. Conversely, patients may already be
taking drugs like ACE-inhibitors for treatment of high
blood pressure, and the effects of these drugs in mod-
ulating direct SARS-CoV-2 infection are of interest. In
addition, proposed antivirals and their metabolites
may inadvertently impair kidney function, as with the
infamous antiviral acyclovir.! Drug discovery studies
using kidney-mimicking uF have examined the effects
of drugs on monolayer formation?® and the effects of
drug metabolism by one organ on the function of
another,*3>*®*7 and similar strategies could be used
for preclinical investigation of COVID-related thera-
pies. Drug metabolism studies are also often accom-
plished by linking several types of microfluidic devices
to represent different organ systems,”?’ for example
linking a kidney-on-a-chip to a liver-on-a-chip to
simulate metabolites being carried to the kidney.

Inflammatory Cascades and Blood Clotting

Inflammation is a key symptom of SARS-CoV-2
infection, often leading to pulmonary edema and
death.'%30-3%35 Off-target effects of the inflammatory
response, including cytokine storm, formation of mi-
crothrombi, and immune complex deposition have
been proposed as possible contributors to the devel-
opment of AKI.'’ Similar to linking kidney-mimicking
devices to liver-mimicking devices to examine the renal
effects of metabolites, kidney-mimicking chips could
be linked via direct proximity or via supernatant to
activated immune cells, which are often used in
microfluidic studies of chemotaxis®® or cytokine pro-

filing.** Similarly, clotting studies of microthrombi
associated with COVID-19 are possible in a microflu-
idic platform. In microvascular studies, devices have
been coated with a thrombogenic material such as
tissue factor and then perfused with whole blood,
triggering platelet activation and coagulation.” To
study the effects of platelet activation on renal cells,
media containing normal platelets could be exposed to
a thrombogenic stimulus, transferred to a kidney-on-a-
chip device, and observed for the effect of activated
platelets on renal cells.

Fibrosis

Pulmonary fibrosis, or deposition of excess extra-
cellular matrix in the lungs, is the result of excessive
inflammation and one of the most commonly observed
symptoms in SARS-CoV-2 infection.’*>*>7 Since the
virus likely displays a tropism for the kidneys, there
may be a risk for renal fibrosis in the setting of infec-
tion, as well. Though understanding is still growing,
observed histopathological features of kidneys from
COVID-19 patients to date include edema,’*>* shed-
ding of tubular cells,” and accumulation of protein in
tubule lumens.>®> Given the propensity of tubular ede-
ma and protein accumulation to progress to renal
fibrosis, it seems likely that renal fibrosis could be
linked to SARS-CoV-2-induced AKI, potentially
involving epithelial-to-mesenchymal transition (EMT)
and contributions to fibrosis from tubule cells them-
selves.”® Other reviews have discussed microfluidic
devices for fibrosis modeling in general® or for specific
organs,'® and such platforms could be useful to sim-
ulate and investigate renal fibrosis associated with
COVID-19. Combinatorial investigations of mecha-
nistic interactions between parenchymal cells, fibrob-
lasts, and individual soluble factors could be done
efficiently in uF platforms to gain a better
understanding of these complex interactions in AKI.

SUMMARY AND OUTLOOK

Microfluidics provide a flexible platform for study-
ing renal cells that replicate in vivo-like shear stresses
while providing potentially high-content and patient-
specific data to inform the fast-moving fields of cell
biology and drug development, for the current pan-
demic and in the future. Many engineering and
biomedical labs are already experts in studying
epithelial cells in kidney-mimicking conditions, and
this expertise could readily be applied to the pandemic
by investigating AKI associated with COVID-19. In
addition, researchers experienced in in vitro platforms
for virology research could leverage ready-made or-
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gan-on-a-chip products from commercial suppliers
such as Mimetas®>***3% or Emulate®® to replicate
fluid shear stresses in their relevant investigations. New
advances in SARS-CoV-2 research could be made
quickly and efficiently with a more widespread use of
microfluidics technology, leading not only to a better
understanding of this disease and its impacts on kidney
cells, but also to the development of better treatment
options.
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