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ABSTRACT

Chronic kidney disease (CKD) a ects over 850 million people globally, greater
than 10% of the total population, and is the third fastest growing cause of death mak-
ing this a signi cant worldwide health burden. Central to kidney function are the
200,000 - 1.8 million nephrons, which are established during development and have
limited capacity for repair in cases of injury or disease. Therefore, treatment options
for end-stage kidney disease are limited to dialysis or transplantation, both of which
are constrained by severe side e ects, reduced quality of life, or critical donor organ
shortages. An emerging strategy to overcome this shortcoming employs a bottom-up
approach to engineer new functional tissues for more representatimevitro models and
eventually as replacement organs by harnessing key processes which directgvo or-
gan development. Many microenvironmental signals from biochemical soluble factors,
cell-cell interactions between cellular populations, and cues from the extracellular cellu-
lar matrix composition or physical properties work together to coordinated the complex
interconnected genetic programming which directs kidney organogenesis. However, the
precise experimental controls over these microenvironmental factors required to under-
stand the complete process usingn vivo models is challenging. Microphysiological
systems (MPSs), although reductionistic, o er anin vitro platform with greater con-
trol of key structural and functional components of a biological system. Yet many
existing in vitro models lack the necessary microenvironmental complexity for mecha-
nistic studies of these biochemical and biophysical cues while remaining accessible to
non-engineering users.

This thesis aims to address this lack of accessible, yet complexvitro models
through the development and validation of a series of MPSs designed to allow indepen-

dent control over multiple biophysical and biochemical properties. These tools enable

Xiii



mechanistic studies of the interaction between multiple microenvironmental factors
and their role in directing kidney development. In Aim 1 we developed and validated a
cost-e ective and easy-to-use parallel plate ow chamber with a polyacrylamide hydro-
gel substrate enabling independent control of substrate sti ness and uid shear stress.
Additionally, we measured a force-dependent increase in f-actin lament length and
width, highlighting the model's capability for examining the e ect of multiple con-
current forces on cellular behavior. Aim 2 describes the creation and validation of
methodology to spatially pattern the ECM and interstitial cell population along a 3D
microchannel. We con rmed the interface between ECM regions does not interfere with
solute transport, microchannel structure, or epithelial lumen formation. Through the
regional patterning of interstitial cells, we are able to induce a local response from the
epithelial cells, illustrating spatial control of cell-cell interactions within this model. Fi-
nally, Aim 3 expands and advances our ability to model the complex microenvironment
of the developing kidney through spatially patterning of the biophysical and biochemi-
cal factors. The stable patterning of interstitially perfused soluble factors through this
model enables regional control and manipulation of cellular functions and the potential
for directed di erentiation of progenitor cells cultured within this model.

Together these models provide a set of tools to better understand how individ-
ual and the combined microenvironmental cues can in uence cellular functions and
kidney development. The creation of models intentionally designed using simple and
widely available materials, equipment, and techniques positions these models into the
hands of biologists where they are being used to further our understanding of kidney
development and provide the foundation for developing novel therapeutic strategies for

kidney diseases.
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Chapter 1
INTRODUCTION

1.1 Function and Signi cance of the Kidney

The kidneys are an exceptionally complex organ with a host of responsibilities.
Critically, they maintain homeostasis, ensuring the internal environment of the body
remains stable. This is achieved by clearing metabolic waste from the blood and
regulating the balance of water, electrolytes, and pH. Furthermore, the kidneys serve
as part of the endocrine system by producing several key hormones, including renin and
erythropoietin, to help control blood pressure and stimulate red blood cell productidn
Central to many of these functions are the 0.2 to 1.8 million nephrons present in
the mature kidney*. This nephron endowment, established during development, is
highly variable between individuals. Disruptions in nephrogenesis, whether genetic
or environmental, can result in reduced nephron number, signi cantly elevating the
risk of renal dysfunctior?®. Kidney diseases, nephrotoxic drug exposure, diabetes,
hypertension, and obesity can all lead to irreversible kidney damage and decreased
number of functional nephrons.

Given the high prevalence of these contributors to kidney damage, it is not sur-
prising that chronic kidney disease (CKD) is the seventh leading risk of death world-
wide, a ecting over 850 million people which equates to more than 10% of the total
population and expected to continue to gro’'*. Many of the current pharmacological
therapeutic strategies, such as diuretics and blood pressure medications, aim to slow
disease progression and manage symptoms rather than repairing or reversing existing
damagé?. Currently, the only treatments available for end-stage renal disease (ESRD)
are long-term dialysis, to manually Iter waste from the blood, or kidney transplanta-

tion for severe cases. Despite dialysis e ectively Itering most toxins from the blood,



there are signi cant side e ects and drawbacks associated with long-term dialysis, such
as increased oxidative stress and chronic in ammation causing a reduction in endothe-
lial barrier function 3. These conditions can increase the risk of adverse cardiovascular
events as much as 20 times greater than a healthy persén Dialysis is also unable

to restore loss of endocrine functions of the kidney. While kidney transplant restores
kidney functions, there is a severe shortage of donor organs. Currently, only 16% of
those su ering from ESRD receive a new kidney. However, receipt of a donor organ
does not guarantee a successful long-term outcome. Despite excellent short-term sur-
vival rates of over 95%, many factors in uence the long-term longevity of the grafted
organ. Whether the kidney came from a deceased or living donor signi cantly a ects
the median graft survival rate from 12.1 years to 19.2 years, respectivély Other
factors such as the donor's and recipient's ages and overall health also contribute to
the longevity of the graft. While recipients of donor kidneys do experience signi cant
quality-of-life improvements, the gap between the supply and demand for donor organs
has led to increased interest in developing new strategies to engineer functional tissues
for more representativan vitro models and eventually as replacement organs. Employ-
ing a bottom up approach using the key processes that direct organogenesis and tissue
patterning during development is a promising strategy to achieve viable engineered

kidney tissues.

1.2 Overview of Kidney Development

The highly specialized tissues of the kidneys develop from two embryonic tissue
populations, the metanephric mesenchyme (MM) and the ureteric bud (UB), which
themselves are derived from the intermediate mesoderm (IM). In two concurrent and
complementary processes, the UB undergoes branching morphogenesis forming the
collecting duct network, while the nephron epithelial population arises from the MM
through the process of nephrogenests'’; both coordinated through reciprocal bio-
chemical signaling crosstalk between the two tissu€8°. However, prior to the for-

mation of the permanent mature metanephric kidney, the IM progresses through two



Figure 1.1:

Overview of the kidney morphogenesis process. (A) Initiation of kidney
development as the ureteric bud (UB) forms from the Wol an duct (WD)
and invades the adjacent metanephric mesenchyme (MM). (B) The MM
condenses around the UB tips as reciprocal cross-talk drives continued
branching. (C) Nephrogenesis occur concurrently with branching of the
UB as cells within the cap mesenchyme (CM) near the UB tip-stalk
junction coalesce into the pretubular aggregate and then undergo MET
to form the renal vesicle (RV). Nephron segmentation is observed as the
RV enlongates to form the comma-shaped body (CSB) then the s-shaped
body (SSB), eventually forming a mature nephron.



stages of transient renal structures: pronephros and mesonephros, both of which form
within the nephrogenic cord®?!. The pronephros arises in the fourth week of develop-
ment, but regresses by day 25. The mesophric duct then develops from the nephrogenic
cord, but later it either completely regresses in females or ultimately develops into parts
of the reproductive epithelium in males. The initial stages of permanent metanephric
kidney development arise from the mesonephric duct, also known as the Wol an duct,
from the dorsal IM. The ureteric bud forms as an outgrowth from the caudal end of the
Wol an duct (Figure 1.1A). The metanephric mesenchyme, derived from the posterior
IM, coalesce and aggregate around the invading UB tip to form the cap mesenchyme
(CM) 12223 (Figure 1.1Bi). Within the population of MM cells, closely surrounding
each UB tip, resides the nephron progenitor cell (NPC) population. Upon initiation

of nephrogenesis, the NPCs near the UB tip-stalk junction begin to coalesce to form
a pretubular aggregate before undergoing mesenchyme-to-epithelial transition into the
renal vesiclé*. This epithelialized vesicle undergoes extensive morphogenesis as this
early nephron structure elongates and the cellular identities begin patterning into dis-
tinct specialized segments. The renal vesicle transitions into the comma-shaped body
(CSB), then the s-shaped body (SSB), before nally developing into mature nephrons
(Figure 1.1C). Meanwhile, the UB continues to undergo branching morphogenesis as it
forms the collecting system that consists of the cortical and medullary collecting ducts,

renal calyces, and renal pelvi§?°,

1.2.1 Nephron Structure and Function

Two of the main regions of the mature kidney, the cortex and the medulla, are
patterned so that the outer cortex surrounds the medullary regios. Each nephron
is segmented into spatially and functionally distinct cellular regions along its length.
The majority of the nephron structures are contained within the cortex, with only the
loop of Henle extending into the medulla before ascending back into the cortex where
it transitions into the distal convoluted tubule (Figure 1.2). The specialized nephron

regions are organized along a proximal to distal axis. Starting with the most proximal is



the renal corpuscle, where blood owing through the loops of capillary networks within
the glomerulus lIters into the surrounding epithelium of the Bowman's capsule. The
Itrate then ows through the proximal convoluted tubule, loop of Henle, and distal
convoluted tubule before nally owing into the branched collecting duct network.
Finally after signi cant readsorption and secretion of water, ions, and nutrients to
and from the surrounding vasculature; the ltrate out of the renal pelvis and into the

bladder as urine®.

Figure 1.2: Overview of the mammalian kidney anatomy and transport function of
each nephron segment. Created using Biorender.com



1.3 Role of Microenvironment
1.3.1 Biochemical Cues

Many highly coordinated reciprocal and inductive signaling events and cellular
interactions are responsible for guiding the intricate process of organogenesis and tis-
sue patterning. A key mechanism driving these precise events is the establishment and
translation of biochemical signaling molecules, or morphogens. This spatial variance in
the concentration of morphogens drives tissue patterning during development because
of their ability to evoke speci c cellular responses based on the local concentration.
This can often lead to the speci cation of di erent cell fates within the developing tis-
sue€??° This concentration-dependent response gives morphogen gradients the ability
to pattern complex tissue structures during development. Morphogen gradients are es-
tablished through several mechanisms, one of the most common being passive di usion
of the signaling molecule away from a localized cellular population source. A number
of factors within the microenvironment can impact di usion of the soluble factors. The
geometry, cellular density, and porosity of the interstitial space can all in uence the
e ective di usivity of the morphogen *°. For example, a dense highly crosslinked ECM
with small pore sizes may impede free di usion, creating a potentially steeper, shorter
gradient. Some ECM components such as heparan sulfate protoeglycans (HSPGs) can
interact with members of the broblast growth factor proteins, modulating their local
concentration and activity®32, Binding between FGF and HSPG also serves to stabi-
lize long-range gradients by protecting FGF from protease degradation. Furthermore,
HSPGs can enhance the binding a nity between the ligand and receptor by mediating
the formation of FGF-receptor complexe¥. In addition to di usion and ECM inter-
actions, some morphogens may be transported directly between adjacent cells. An
intracellular transport mechanism is particularly important for molecules with poor
solubility, as is the case for Wnt proteing*. A number of active mechanisms are also
involved in establishing and modulating morphogen gradients, such as endocytosis of

a morphogen by the target tissue and subsequent degradation and clearance.



Throughout the kidney development process, synergistic and antagonistic in-
teractions occur between signaling pathways, ensuring precise spatio-temporal control
of cell fate and behavior to result in proper patterning and organogenesis of the kid-
ney. The initial outgrowth of the UB from the nephric duct into the metanephric
mesenchyme is a critical step in kidney organogenesis, facilitated by a complex net-
work of transcription factors and signaling molecules. In fact, abnormalities during
UB formation often result in the failure of the kidney development proced%®¢. The
outgrowth of the UB is initiated when the signaling molecule Glial Derived Neurotropic
Factor (Gdnf), produced by the surrounding mesenchyme, binds to the tyrosine kinase
receptor Ret in the nephric duct epithelium. Following this initial budding, Gdnf/Ret
signaling continues throughout the branching morphogenesis of the UB. This signaling
is maintained through positive feedback mechanisms such as upregulation of Ret at
the branch tips, increasing their response capacity to further Gdnf signaling. Addi-
tionally, Gdnf induces expression of Wnt11 within the UB tip, which stimulates further
expression of Gdnf from the MM through paracrine signaling=.

Coordinated reciprocal signaling between the UB and the surrounding mes-
enchyme, initially the MM and later the CM, is not limited to directing UB branching
morphogenesis, but crosstalk between these two tissues also controls the induction and
maintenance of nephron progenitor cells within the CM. A balance between self-renewal
and induction toward di erentiation of this progenitor population must be maintained
to ensure that a su cient progenitor population is present throughout the nephrogenic
period for adequate nephron endowment. This task is accomplished through a com-
plex interplay of many signaling pathways including Wnt/ -catenin, FGF, and BMP
among otherg®’. The Wnt signaling pathway, speci cally the Wnt9b produced by the
UB tips, has been shown to be necessary for both self-renewal and induction of di er-
entiation. Regulation of these seemingly opposite mechanisms is achieved by di erent
levels of -catenin activity within target NPCs 3839, The development of this Wnt9b
concentration and -catenin activity gradient may be due in part to geometric e ects,

such as the curvature of the UB branches causing higher concentration at the branch



corners leading to di erentiation of the NPC<°. Stromal broblasts surrounding the
NPCs within the CM contribute to this complex renewal/di erentiation signaling net-
work through production of a signaling molecule that aids in promoting di erentiation
through regulation of -catenin activity 3%4*,

Following induction of NPC di erentiation, a second gradient of -catenin activ-
ity along the axis of post-MET developing nephron tubules, in conjunction with Notch,
BMP, and other regulatory signaling pathways, guides early proximal-distal nephron
segment patterning from the single progentior populatio#{**?*4. Studies using the -
catenin signaling GFP reporter mouse strain, TCF/LEF::H2B-GFP, show the highest
levels of activity at the distal end, gradually decreasing activity towards the proximal
end, and no activity at the most proximal glomelulus entf. Pharmacological modula-
tion of -catenin signaling activity caused a spatial shift in the segment identity, with
stimulation of activity leading to longer distal segments, severely reduced proximal
segments, and lack of glomerulus formation. Conversely, decreasedatenin activity
resulted in elongation of distal and medial nephron segments and increased maturation
of appearance and gene expression in the proximal segment ¢&lisNotch signaling
is also important for establishing nephron segment identity, although the extent of its
involvement in patterning is unclear. Several studies have shown Notch signaling to
be particularly crucial for proximal segment identity, while others state that it plays
a critical role in patterning all segments”#5*€_ |n addition to its role in patterning
nephron segments, Notch signaling also appears to promote principal cell fate within
the developing collecting duct®. These principal cell types are primarily responsi-
ble for maintaining water homeostasis through the expression of the water channel
Aquaporin-2*°, The diverse roles of both Notch and Wnt/ -catenin signaling in or-
chestrating multiple aspects of kidney development highlight the need for advanced
models with the ability to control and create biochemical signaling between cellular

populations to help unravel these complex interactions.



1.3.2 Biophysical Cues

Although the roles of many genetic and biochemical signaling pathways that
direct various aspects of organogenesis are well established, the role of physical forces
within the microenvironment play in guiding the cellular mechanisms and signaling
pathways that regulate kidney development are less well understood. The microenvi-
ronments within embryonic tissues are highly dynamic, where cells experience a mul-
titude of mechanical forces that continually change as tissues undergo morphogenesis
as cells migrate, di erentiate, and ECM is produced and remodeléd Fluid ow and
the forces it generates, including uid shear stress (FSS) and uid pressure, play an
active role in the development, function, and pathophysiology of many tissues includ-
ing the kidney®%°, This variety of mechanical stimuli are sensed and transduced into
biochemical signals within the cell through a number of mechanosensitive mechanisms,
including focal adhesion complexes, intercellular junctions, actin cytoskeleton, cilia,
and mechanosensitive ion channels (Figure 1.3A). Mechanical forces arising from both
cell-ECM and uid ow interactions have been well documented on their in uence
directing stem cell fate and tissue morphogenest§® (Figure 1.3B). Throughout de-
velopment, many critical events that shape tissue-scale organization, such as branching
morphogenesis and nephron elongation, rely extensively on a well-controlled balance
between cellular proliferation and apoptosis. The mechanosensitive downstream tran-
scriptional co-factors of the Hippo signaling pathway, Yes-associated protein (Yap)
and transcriptional coactivator with PDZ-binding motif (Taz), respond to multiple
key physical cues including ECM sti ness, tissue architecture, or local cellular density
to control cell proliferation and inhibit apoptosis. In response to increased mechanical
stimuli through integrins or focal adhesion kinase, the tyrosine kinase SRC activates
Yap to translocate to the nucleus where it forms the Yap-TEAD complex and activates
gene expression. However, without this stimulus from mechanosensors, such as low
ECM sti ness, Yap is phosphorylated by the kinase Lats 1/2, sequestering Yap within
the cytosol where it may be degrade. Multiple studies have shown that both con-

ditional knockout of Yap/Taz and upregulation, through genetic deletion of Lats1/2,



result in loss of nephrogenesis in murine kidne$§/$°2. The nephrogenic cortical region
of developing kidneys has recently been shown to have increased mechanical sti ness
with a corresponding elevation in nuclear Yap and proliferation within the branching
UB tips located in this region compared to a lower sti ness and cytosolic Yap within
the medullary region$%%4. The mechanisms responsible for this cortical-medullary pat-
terning in sti ness are unclear. However, patterning along this axis is not limited to
mechanical properties, analysis of single cell RNA sequencing anditu hybridization
revealed distinct interstitial cell population identities concentrically patterned along
this axis within the developing kidney®. Several of these spatially patterned regions
of di erential expression are connected to ECM modi cation through crosslinking by
lysyl oxidase or production of the laminin related protein Netrinl. Given the high
degree of patterning across multiple cellular populations and mechanical properties,
capturing and replicating this heterogeneity within developmental models would be
helpful in determining the extent of its impact on kidney formation and the mecha-
nisms leading to this cellular and molecular diversity.

Fluid ow is integral to kidney function. The dense vascular network encom-
passing the nephrons within mature kidneys receives approximately 20% of cardiac
output %8, Kidney function is dependent on this blood ow for glomerular Itration
into the nephron and reabsorption of water and ions back into the blood plasma,
while also transporting @, nutrients, and waste to and from the tissues. The forces
generated by uid ow through the renal tubules regulate the expression of many
transporter proteins throughout the length of the nephron to control and maintain this
ionic homeostasi®’{’°. For example, a physiological level of uid shear stress (FSS)
of 0.5 - 1 dyne/cnt within the nephrons induces activation of the water transporter
protein aquaporin-2 and alters the tight junction formation of mature proximal tubule
cells*”:%9, Cilia present on the apical surface of renal distal convoluted and connect-
ing tubule cells respond to uid ow by increasing Ca&* reabsorption by increasing
expression of multiple ion channels.

Although the role of uid ow in the function of the mature, fully developed
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Figure 1.3:

Overview of the forces experienced by cells within the microevironment.
(A) Forces originating from interactions between adjacent cells, ECM,
and uid ow are sensed and translated to biochemical signals through
intercellular junctions, actin cytoskeleton, cell adhesion molecules, and
cilia. (B) Fluid ow can produce multiple types of force including uid
shear stress and uid pressure. Created using Biorender.com
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kidney is well established, its in uence during renal morphogenesis remain less well un-
derstood. Nonetheless, uid ow and its associated forces play a critical role throughout
development. For example, the process of symmetry breaking during early embryonic
morphogenesis may be initiated by uid ow through cilia-mediated signalind?®. In ad-
dition to regulating developmental programs through direct mechanical stimuli, uid
ow can also be responsible for the creation of morphogen gradients or the transport
of signaling molecule&. Intralumenal uid ow within kidney tubules has only been
observed after the formation of the rst glomeruli mid-gestation, around week 11-12 in
humans or E15.5 in micé&*’#, Given the timing of initial uid ow occurs, its contribu-

tion to early developmental processes may be minimal. However, there is evidence that
uid ow plays an instructional role during later stages such as nephron elongation,
patterning, and contributing to branching morphogenesis. Studies of the developing ze-
bra sh pronephric nephron have found that the initial uid ow within the pronephros
may trigger the cellular migration of di erentiated epithelial cells, de ning proximal
segment boundaries and helping to shape the convolution of the proximal tubuies
Fluid ow sensed by the primary cilium within the developing nephron appears to act
as a switch from the canonical to non-canonical Wnt/-catenin signaling pathway. By
triggering increased expression of the protein inversin, which promotes the degradation
of Dishevelled (Dvl) and dampens the activity of the canonical Wnt pathwalf. The
balance of activity between canonical and non-canonical Wnt signaling plays an im-
portant role in tubular elongation and nephron segment patterning. When UB cells
were exposed to FSS, an upregulation of UB tip cell marker genes (Wntll, Ret, Etv4)
and a decrease of UB stalk marker genes (Wnt7b, Tacstd2) were observed, suggesting
that FSS may enhance the branching morphogenesis of the collecting duétsDue to
the multitude of e ects FSS has on both embryonic and mature renal cells, uid ow
should be taken into account in MPS models of both the developmental and mature

kidney.
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1.4 Modeling the Kidney Microenvironment

Choosing an appropriate model when planning and designing a study is highly
dependent on the speci ¢ research objectives and experimental requirements. For ex-
ample, zebra sh or 3D organoid models excel in early embryogenesis studies, whereas
mammalian models are a closer model for later stages of human development. The
complexity of the research question can also in uence the choice of an appropriate
experimental system. Traditional 2D cell culture model may be su cient for a fun-
damental cellular function study, while investigations of interactions between multiple
cellular populations or microenvironments require more complex models. Additionally,
it is not uncommon for a study to require a mixture of multiple model types, includ-
ing a combination ofin vivo and in vitro models to answer these complex questions.
Given the intricacy of kidney development, it is unsurprising that studies dissecting
the underlying mechanisms have utilized a wide range of models across a number of

di erent species.

141 In Vivo Models

Animal models have historically been and continue to be instrumental tools for
developmental and disease researéh The use of living models o ers an intact and
wholistic environment, preserving all of the mechanisms that in uence organogenesis.
Among all in vivo models, the mouse may be the most extensively used due to their
well-characterized genome, relative cost-e ectiveness for a mammalian model as com-
pared to larger animal models, genetic tractability, and broad availability of tools for
genetic modi cation’®. These tools allow for the creation of transgenic and knockout
models that aid in investigating the role and function of speci ¢ genes. The ability to
selectively manipulate individual genes to determine their function addresses a key lim-
itation in using such inherently complex models. However, di erences in developmental
timeline and some physiological and genetic aspects between mice and humans present
limitations to direct translation of all mouse study ndings to human outcomes. For

example, nephrogenesis continues several days after birth in mice, but is completed by
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the end of the fetal period in humans. This di erence in developmental timing may
be signi cant for disease modeling for some congenital anomalies of the kidney and
urinary tract (CAKUT) 7380,

Zebra sh are a simpli ed vertebrate model organism widely used across devel-
opmental biology?'. Despite the vast apparent morphological di erences, zebra sh
have a high degree of genomic and molecular similarities with other vertebrates, in-
cluding humans. They are attractive and frequently used models due to their rapid
embryonic and larval developmental stages, amenable to genetic manipulation, and
optically transparent embryos. The more primitive pronephros execratory system of
the zebra sh share cellular, functional, and molecular similarities to the mammalian
metanephric nephron, despite some morphological di erences. These features make the
zebra sh a valuable model for understanding fundamental developmental procesges

A signi cant challenge for in vivo models, regardless of species, is controlling
and manipulating key aspects within the microenvironmentEx vivo models, the cul-
ture of whole or partially dissected explanted organs, o er the organ level complexity
and architecture of animal models, while allowing for direct observation and increased,
but still limited, control of the culture microenvironment. Culturing of explanted em-
bryonic kidneys have been valuable for studying many aspects of kidney development
including branching morphogenesis, nephrogenesis, and was key to discovering that
reciprocal signaling between the UB and MM is responsible for driving organogene-
Sist¥223983 The ex vivo kidneys are routinely cultured for over 72 hrs and up to 10
days with a modi ed addition of perfusion channels, undergoing normal developmental
processes throughout the culture period. Modulating local microenvironmental proper-
ties such as ECM sti ness or biochemical morphogens in whole organ or animal models
is challenging. Techniques such as focal release of a growth factor or crosslinking agent
from a hydrogel bead andn situ crosslinking of the ECM using a photo-crosslinker
such as ribo avin enables a degree of spatial control of the biophysical and biochemical

aspects of the microenvironment within these modetges,
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1.4.2 In Vitro Models

While animal models, bothin vivo and ex vivohave been invaluable in advancing
our understanding of the developmental process, their complexity, cost, physiological
and genetic di erences, and ethical concerns inherent with their use have led to the
development of simpli edin vitro cell and tissue models. Two-dimensional (2D) cell
culture models, which involve the growth of cells as a single layer, are the most sim-
plied and foundational model across biological research. Their wide-spread use is
due to the availability of both primary and immortalized human cells, low cost, ease
of handling, and wide array of high-throughput and well established screening appli-
cations availablé®%, These 2D cell culture models are a valuable tool for studying
basic cellular processes, initial screening of biochemical factor responses or drug tox-
icity and e cacy testing. However, the simplicity of these models signi cantly limits
their accuracy for replicating the complex environment of thén vivo tissue®2, They
lack many crucial features responsible for the developmental process such as cell-cell
interactions between heterogeneous populations and tissue-level structural organiza-
tion. Additionally, the mechanical properties of the common tissue culture plastic is
orders of magnitude higher than the physiological values most tissues, which can sig-
ni cantly alter the cellular behavior. Regardless of these limitations, 2D models can
still reproduce in vivo responses for many biological activities.

Culturing cells within or on a three-dimensional (3D) hydrogel is a step up in
complexity through the addition of cell-ECM interactions, multicellularity and control
of substrate sti ness’?>. A wide array of hydrogel systems have been developed that
allow for tuning many aspects of their properties to suit any number of needs, from me-
chanical properties to speci c cellular adhesion molecules or polymerization dynamics
and ability for ad hoc modi cation of all these propertie$*®>. An increasingly utilized
model for studying a variety of biological processes including organogenesis, multiple
diseases, and genetic disorders are 3D organdfds Their ability for self assembly
from human pluripotent stem cells (hPSCs) follows key development pathways to form

complex physiologically relevant structures. The presence of multiple cell types within
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organoids allow researchers to study the processes that result in this self-organization
and tissue patterning during developmerit*®®. Using kidney organoid models, re-
searchers have underscored the importance of Wnt/catenin activity and FGF sig-
naling for patterning proximal-distal cell fate during nephrogenesf§'®. A Recent
advancement in the creation of kidney organoids, using a combination of both ureteric
bud and nephron progenitor lineages, is a step towards the creation of functiordg
novo kidney tissues®. While these organoid models are continually improving, they
can exhibit batch-to-batch variability in size and structure and may lack the organ-scale
organization and functional vasculature of then vivo tissue. Interestingly, some of the
strategies to address these shortcomings have relied on controlling multiple aspects of
the microenvironment including encapsulation within hydrogels with speci ¢ sti ness,
stress-relaxation, and cell adhesiveness, controlling oxygen tension, and stimulation of
vasculature through the application of FS$°106

The impact of these environmental factors on kidney organoid development
further highlights the importance of the microenvironment for cellular behavior and
function. Bridging the gap in complexity between animal and traditional cell culture
models is the organ-on-chip or microphysiological systems (MPS). These MPS models
are emerging as a promisingn vitro platform which aim to mimic key physiological
structures of an organ system at the microscale level. The precise control over the
various aspects of the microenvironment o ered by these models aids in determining
the in uence these various environmental aspects plays in controlling cellular func-
tions, organogenesis, and disease modefitgi®. A key feature of many micro uidic
and MPS models is the ability to apply uid ow to the cells within the systems in
a controlled manner. This has led to much better recognition and understanding of
the importance that ow-derived forces play on many cellular functions, both physio-
logical and pathophysiological, across multiple tissues including vasculature, lung, and
kidney®9°1109  These models are often designed with multiple uidic compartments

or adjacent vasculature to enable functional transport assays, making them a valuable
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tool for evaluating drug transport, toxicity, and metabolism using more representa-
tive human cells**8  However, a majority of current kidney MPSs have focused
on the recreation of the mature nephron rather than the developing nephréfi. In
fact, few examples exist of using these models for studying the processes of kidney
development. One group built a glomerulus-on-chip through directed di erentiation of
induced hPSCs co-cultured with vascular cells within a micro uidic device by appli-
cation of a growth factor schedule, uid ow, and dynamic mechanical stretch to the
cellst?%121, Recently, organoids incorporated into uidic devices have utilized uid ow

to stimulate vascular growth and provided a means for intralumenal perfusion of that
vasculature, resulting in enhanced organoid development and maturatit#§?2. The

e ect of uid ow and mechanical stretching showed within these models further high-
lights the importance of controlling microenvironmental forces within developmental
models. Owing to the complexity of many MPS models, the design, fabrication, and
usage often require specialized equipment, techniques, and expertise creating a barrier
to their widespread adoptiort?. E orts to reduce these barriers, particularly those
experienced by the end-user, through engineering reliability and ease of use into the

models is a challenging but necessary goal.

1.5 Invitro Control of Microenvironmental Factors

The precise control of microenvironmental parameters is an fundamental ad-
vantage ofin vitro models overin vivo or ex vivo models. Whilein vitro systems are
an inherent simpli cation of a physiological model, they provide researchers with a
much greater degree of control over individual microenvironmental variables, enabling
mechanistic studies of their discrete and combined e ects on cellular behavior. When
designing a study, researchers have a wide variety of methodologies available for con-

trolling the biophysical and biochemical properties within the model.
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1.5.1 Application of Fluid Shear Stress

The application of controlled uid shear stress withinin vitro models has evolved
signi cantly, with multiple platforms available to recreate the uid driven forces ex-
perienced within their native environments (Figure 1.5A). Traditional cone-and-plate
systems, originating from use as a rheometer, reliably generate shear stresses through
the rotation of a cone above a stationary plate, with shear rates and pro les controlled
through the rotational velocity and geometry of the con&#'25, When used for appli-
cation of shear forces to cells, the cone is submerged within the culture media above
the cells on the stationary plate. While these systems can produce precisely controlled
laminar, pulsatile, or turbulent ow pro les, they require highly specialized equipment
that has a relatively low sample throughput.

Parallel plate ow chambers are frequently used due to their ability for generat-
ing laminar ow conditions while maintaining real-time imaging capabilities?®. These
systems are generally composed of, as their name suggests, two at plates positioned
parallel with each other, separated by the uidic channel. The ow of uid through this
rectangular channel is driven by pressure, frequently using a number of di erent active
pump systems, including peristaltic, syringe, and pressure contfél. Alternatively,
passive gravity-driven hydrostatic pressure heads can also be employed for uid ow
through these models, simplifying the experimental setup signi cantf{#®. These same
pressure-driven systems are frequently used to generated uid ow and FSS through
MPS models as well.

A simpli ed and more accessible method for applying FSS is the use of orbital
or rocker shaker system€®!3!, These systems utilize either an orbital or rocking mo-
tion to generate ow patterns within the culture dish or MPS model®?35, While
less precise than either cone-and-plate or parallel plate systems, they are able to apply
appropriate FSS for many applications without the need for highly specialized equip-
ment. Additionally, the larger format of the orbital and rocker shaker systems allows
placement of multiple plates for simultaneous application of shear. However, the mag-

nitude of shear stress generated within an orbital shaker is dependent on the radius of

18






	Table of Contents
	List of Tables
	List of Figures
	Abstract
	1 Introduction
	1.1 Function and Significance of the Kidney
	1.2 Overview of Kidney Development
	1.2.1 Nephron Structure and Function 

	1.3 Role of Microenvironment
	1.3.1 Biochemical Cues
	1.3.2 Biophysical Cues

	1.4 Modeling the Kidney Microenvironment
	1.4.1 In Vivo Models
	1.4.2 In Vitro Models

	1.5 In vitro Control of Microenvironmental Factors
	1.5.1 Application of Fluid Shear Stress
	1.5.2 Substrate Stiffness Control
	1.5.3 Controlling Biochemical Factors
	1.5.4 Spatial Control of Cellular Populations
	1.5.5 Problem statement

	1.6 Thesis Overview

	2 High throughput parallel plate flow chamber with independent control of substratum stiffness and fluid shear stress
	2.1 Introduction
	2.1.1 Device fabrication: 
	2.1.2 Cellular seeding and immunofluorescent staining: 
	2.1.3 Rheology of Paa hydrogels: 
	2.1.4 Hydrogel thickness measurements: 
	2.1.5 Fluid flow analysis: 
	2.1.6 Total protein quantification: 
	2.1.7 F-actin quantification: 

	2.2 Results
	2.2.1 A parallel plate flow chamber with a hydrogel cell culture substrate
	2.2.2 Polyacrylamide hydrogel substrate has tunable mechanical properties
	2.2.3 Device design accommodates equilibrium swelling of the polyacrylamide hydrogel
	2.2.4 Fluid velocity and wall shear stress within the flow chamber are controlled
	2.2.5 The flow chamber allows sufficient cellular material for proteomic assays 
	2.2.6 Substrate stiffness and wall shear stress have a combinatorial effect on F-actin organization

	2.3 Discussion

	3 Zonal Patterning of Extracellular Matrix and Stromal Cell Populations Along a Perfusable Cellular Microchannel
	3.1 Introduction
	3.2 Materials and Methods
	3.2.1 Device fabrication
	3.2.2 Hydrogel formulation and zonal patterning within devices
	3.2.3 Cellular seeding of devices
	3.2.4 Epithelial tube and sprout quantification
	3.2.5 Immunofluorescent antibody staining
	3.2.6 Interstitial flow assay
	3.2.7 Fluid flow analysis
	3.2.8 Statistical analysis

	3.3 Results
	3.3.1 Straightforward fabrication of hydrogel zones along a continuous microchannel 
	3.3.2 Multigel stromal regions successfully annealed together
	3.3.3 Microchannel structure is unaffected by the gel interface 
	3.3.4 Epithelialization of the microchannel is unaffected by hydrogel patterning
	3.3.5 Multiple sequential regions and hydrogel compositions can be patterned along a central epithelial tube
	3.3.6 Epithelial phenotype is locally altered by zonal stromal cell patterning 

	3.4 Discussion
	3.5 Conclusion

	4 An Accessible Microphysiological System with Regional Control of Biochemical and Biophysical Cues within a 3D Microenvironment
	4.1 Introduction
	4.2 Materials and methods
	4.2.1 Device fabrication
	4.2.2 Regional hydrogel patterning
	4.2.3 Cellular seeding of devices
	4.2.4 Regional interstitial soluble molecule patterning
	4.2.4.1 Patterning perfusion of dyed media
	4.2.4.2 Patterning live cell membrane staining 

	4.2.5 Immunofluorescent antibody staining

	4.3 Results
	4.3.1 Simultaneously injecting all regions reliably patterns well defined regions
	4.3.2 Design is adaptable to suit individual needs
	4.3.3 Interstitially perfused soluble factors are controlled spatially

	4.4 Discussion
	4.5 Conclusion

	5 Conclusion and Future Directions
	5.1 Introduction
	5.2 Research summary
	5.2.1 Broadening simplified tools for mechanobiological studies
	5.2.2 Spatial control of the microenvironment
	5.2.3 Development of tools for widespread adoption

	5.3 Future works
	5.4 Concluding remarks

	References
	A Supplementary data
	A.1 Chapter 2 supplementary data
	A.2 Chapter 3 supplementary data


