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New strategies envisioning functional recovery of the injured kidney
ABSTRACT

Kidney diseases represent a major healthcare burden worldwide. It is estimated that one in ten
persons suffer from kidney dysfunction. Indeed, a decline in renal function is considered an independent
risk factor for both cardiovascular disease and all-cause mortality. The problem is only aggravated by
treatment alternatives, with dialysis and transplantation being the only currently available renal

replacement therapies.

Envisioning the functional recovery of the injured kidney, two regenerative resources were explored:
porcine-derived kidney decellularized matrices and renal progenitor cells from human origin. For that, the
decellularization process was optimized to obtain porcine kidney decellularized tissue. A full
characterization of this matrix in terms of morphology, structural integrity, biochemical content, thermal
and molecular properties and protein content was performed. Indeed, porcine-derived matrices were
validated as an adequate raw material for the production of several decellularized-based substrates.
Namely, kidney tissue-derived electrospun membranes were fabricated for the development of a tubular
filtration barrier model. Additionally, decellularized tissue was used for the fabrication of a particulate
matrix and a bioink, where 3D cultures of isolated renal cells were established envisioning implantation.
Indeed, these cells already shown to possess reparative properties when injected into the injured kidney
tissue alone, with limited efficacy. They were also used to develop an organoid model of the glomerulus.
Overall, renal progenitor cells demonstrated versatility, specific differentiation into renal phenotypes and

proliferation capacity when embedded on the matrix substrates.

The works developed in this thesis show that decellularized-based biomaterial substrates may have
multiple applications, from modeling systems to moldable implantable scaffolds for tissue engineering
strategies. These substrates demonstrated physiological kidney tissue characteristics, allowing cultured
cells to represent morphological, phenotypic and functional properties of /7 vivo systems. Ultimately, this
thesis allowed for the development of advanced strategies comprising both relevant cells and biomaterial
substrates that may have greater implications in the biomedical field as promising solutions to address

renal pathologies in its early stages.

Keywords: Advanced Therapies, Decellularized Matrices, Kidney Decellularization, Renal Progenitor

Cells, Tissue Models



Desenvolvimento de novas estratégias com o objetivo de recuperacao funcional do rim lesado
RESUMO

As doencas renais representam um grande problema econémico-social. Esta estimado que uma em
cada dez pessoas sofre de disfuncdo renal. Sdo também consideradas um fator de risco para doencas
cardiovasculares e para a taxa de mortalidade geral. Este problema é agravado visto que as unicas opcoes

de tratamento atuais séo a dialise e transplantacao.

Visto que o objetivo inicial da tese é a recuperacdo do rim lesado, foram explorados dois recursos
regenerativos: matriz extracelular de rim de porcino decelularizadas e células progenitoras renais de
origem humana. O processo de descelularizacdo foi cuidadosamente otimizado com vista a obter
matrizes descelularizadas. Posteriormente, foi feita uma caracterizacdo completa da matriz de porcino
em termos de morfologia, integridade estrutural, conteudo bioguimico, propriedades térmicas e
moleculares e ainda contetdo proteico. Estas matrizes foram usadas como base para producao de
diversos biomateriais. Foram fabricadas membranas fibrosas por electrofiacdo para o desenvolvimento
de um modelo /7 wvitro da barreira de filtracao tubular. A matriz descelularizada foi usada para obter
particulas e também uma biotinta, onde foram estabelecidas culturas 3D de células renais isoladas, com
0 objetivo final de implantacao. Estas células demonstraram anteriormente o seu potencial quando
injetadas num rim lesado, com limitada eficacia. Nesta tese, as mesmas células foram também usadas
para desenvolver um modelo de organoide do glomérulo. As células progenitoras renais demonstraram
ter versatilidade, capacidade de diferenciacao especifica em fenétipos renais e de proliferacdo quando

cultivadas nas matrizes.

Os materiais produzidos a partir da matriz decelularizada demonstraram poder ser usados em
multiplas aplicacdes, desde modelos para estudos /17 vifro até scaffolds implantaveis para estratégias de
engenharia de tecidos. Estes biomateriais demonstraram ter uma variabilidade fisiologica semelhante a
do rim, o que permitiu as células cultivadas modelar propriedades dos sistemas /7 vivo, nomeadamente
morfoldgicas, fenotipicas e funcionais. Por fim, esta tese permitiu o desenvolvimento de estratégias
avancadas compostas por células e biomateriais relevantes, que podem ter imensas implicacoes

biomédicas como solucbes promissoras para o tratamento de lesdes renais em estagios iniciais.

Palavras-chave: Células Progenitoras Renais, Decelularizacdo do Rim, Matrizes Decelularizadas,

Modelos de tecido, Terapias Avancadas
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INTRODUCTION TO THE THESIS FORMAT

The work performed under the scope of this PhD thesis is herein organized into five main Sections
(1 to 5), comprising eight chapters (I to VIII). This structure allows for a more organized follow-up of the

thesis, which is divided according to the nature of each work and its specific aims.

Section | includes a general introduction to the extracellular matrix (ECM) of the kidney and the
current state-of-the-art on ECM-based strategies for kidney regeneration (Chapter I). This section is
followed by a detailed overview of Materials and Methods used in the thesis, corresponding to Section 2
(Chapter Il). The experimental studies, their specific results, as well as their discussion are presented in
Section 3 and 4, comprising Chapters lll to VII. These chapters are divided into two main sections
according to their main goal, being kidney models (Section 3) and strategies for kidney regeneration
(Section 4). Since they are based on a series of publications published or submitted for publication in
international journals, the chapters are presented as an adapted version of the published or submitted
manuscript style, keeping its contents, / e. abstract, introduction, experimental section, results, discussion
and conclusion. The specific publication is identified in the front page of each chapter and a list of relevant
references is also presented at the end of the chapter. Section 5 (Chapter VIII) describes the overall

conclusions of the experimental work and future perspectives.

Section 1 - General introduction

Chapter | — Renal regeneration: the role of extracellular matrix and current ECM-based tissue

engineered strategies: This chapter provides an overview on the knowledge gathered so far in kidney

ECM. The composition and structure of kidney ECM is associated with its intrinsic capacity of remodeling
and repair after insult. The current kidney tissue engineering strategies, whether cell or biomaterial based,
will also be reviewed. Moreover, the evolution on the field towards different uses of the ECM as a biological

scaffold material are discussed, with emphasis on future directions for clinical validation.

Section 2 — Experimental Design

Chapter Il - Materials and Methods: This chapter provides a detailed description of the materials

used, the processing techniques, the strategies used for biomaterials’ development and the employed
techniques for physicochemical characterization of the decellularized kidney matrix. The biological assays

with both cell lines and primary cultures of human renal progenitor cells are also described. Moreover, a
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detailed description of the cellular performance after seeding, including evaluation of cellular phenotype

and assessment of functionality in model systems is also provided.

Section 3 — Development of Kidney tissue mode/ systems

Chapter Ill — Extracellular matrix electrospun membranes for mimicking natural renal filtration

barriers: This chapter describes the development of electrospun membranes based on renal ECM,
obtained from the decellularization of porcine kidneys, and a polymeric biodegradable substrate. Their
physicochemical characteristics are explored, as well as their biological characterization with a tubular
cell line. The main goal of this work was understanding the biological responses by varying the ratio of

renal ECM to polymer.

Chapter IV — Co-cultures of renal progenitors and endothelial cells on kidney decellularized

matrices replicate the renal tubular environment /77 vitro: As a follow-up study to Chapter lll, this work was

developed with the main aim of studying the tubular barrier function on the previously developed
membranes. The biological activity, specific gene and protein expression of human renal progenitor cells

were evaluated. Additionally, functionality studies were performed in order to further validate the model.

Chapter V - Retinoic acid benefits glomerular organotypic differentiation from adult renal

progenitor cells /n vitro. The main goal of this study was to further explore the potential of human renal

progenitor cells, which are present in the kidney since embryogenesis to adulthood. Since there are no
ethical concerns on their use, we explored glomerular organotypic differentiation on 3D spheroids
composed uniquely by these cells. We emphasized the achievement of an easy-to-follow protocol and the

use of retinoic acid as the differentiative compound.

Section 4 — Strategies for renal regeneration

Chapter VI — Particulate kidney extracellular matrix: bioactivity and proteomic analysis of a novel

scaffold from porcine origin: Herein, the potential of the extracellular matrix itself was explored for renal

regeneration. The porcine-derived matrix is processed to obtain a particulate form, which composition is
extensively characterized by proteomic approaches. The matrix is further combined with human renal

progenitor cells to evaluate their bioactivity and the future potential as an advanced therapy.

Chapter VII — Decellularized kidney extracellular matrix bioinks recapitulate renal 3D

microenvironment /7 witro: This chapter describes the development of a bioink composed uniquely of
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decellularized kidney matrix. Its printability was evaluated by varying pressure and speed settings, with
the aid of a support bath to maintain the integrity of the constructs after printing. Furthermore, their
biological activity and specific tubular and glomerular differentiation was evaluated during a 30-day

culture.

Section 5 — Concluding remarks

Chapter VIII - General Conclusions and Future Perspectives: The general conclusions of the

developed experimental works are herein specified. Furthermore, the limitations and potential benefits
found during the development of the thesis are discussed, with emphasis on future perspectives and

research lines to be followed.
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SECTION 1

GENERAL INTRODUCTION



Chapter |
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based tissue engineered strategies



Chapter It

Renal regeneration: the role of extracellular

matrix and current ECM-based tissue engineered strategies

ABSTRACT

The development of tissue engineered advanced therapies for human application frequently relies
on the use of extracellular matrix (ECM) components, such as collagens and growth factors, or on the
use of different techniques and materials to mimic its intrinsic functionality. However, the complexity of
the ECM has proven difficult to be reproduced in its structure and function by synthetic methods. Indeed,
natural ECM matrices are currently being studied as an alternative source for organ transplantation or as
new solutions for initial-stage repetitive episodes of kidney injury, which can evolve to end-stage renal

disease, a life devastating condition.

This chapter provides an overview on the current knowledge in kidney ECM and its usefulness on
future investigations. The composition and structure of kidney ECM is associated with its intrinsic capacity
of remodeling and repair after insult. The current kidney tissue engineering strategies, whether cell or
biomaterial based, will also be reviewed. Moreover, the evolution on the field towards different uses of the
ECM as a biological scaffold material will be discussed, with emphasis on future directions for clinical

validation.

! This chapter is based on the following publications:

Sobreiro-Almeida, Rita; Quinteira, Rita; Neves, Nuno M. Renal regeneration: the role of extracellular matrix and current ECM-based tissue
engineered strategies. (Submitted)
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I-1. KIDNEYS FUNCTION AND DISEASE

The kidneys are two similar bean-shaped organs found in vertebrates, responsible for removing waste
products and uremic toxins from blood. Besides this essential body function, they also play an essential
role in maintaining body homeostasis by excreting excess water, regulating fluid osmolality, acid-base
balance and concentrations of electrolytes. Important hormones are also produced and/or activated in
this organ, such as renin, that helps in maintaining regular blood pressure, erythropoietin, which
stimulates red blood cell production, vitamin D, which is involved in bone homeostasis, and
prostaglandins.[1] Anatomically, the kidney can be divided into two main sections: the cortex, which is
the outer part, and the medulla, the inner part. The medulla drains into the renal pelvis, from where the
ureter conducts urine for excretion (Figure I-1).[2] Each kidney comprises an average of 1 million
nephrons, which are constituted by a glomerulus and a segmented tubular resorption compartment. The
glomerulus is surrounded by the Bowman'’s capsule and consists of a capillary bed that is covered by a
negatively charged glomerular basement membrane (GBM) and specific cells that wrap around the
glomerular capillary in an interdigitating structure, named podocytes. Although the fenestrations of the
endothelial cells have 70 nm, the filtration slits between the podocytes range from 4 to 15 nm in size,
which restricts the passage of blood cells and large or negatively charged solutes. The glomerulus is
where the first and main filtration step occurs. This filtrate contains uremic waste products, but also an
excess of water and a variety of molecules that need to be reabsorbed, such as glucose and amino acids.
The second step of filtration occurs in the tubular system, where several transporters are distributed in a
way that a selective resorption and secretion occurs between the ducts and the capillaries.[3] Each tubule
is surrounded by capillaries and is divided in different segments, characterized by their different functions,
namely the proximal tubule, the loop of Henle and the distal tubule which is connected to a collecting
duct. The epithelial tubular cells are attached to a tubular basement membrane (TBM) at the basal side,
that overlies the subjacent interstitial connective tissue. The volume and composition of the filtrate
changes as it travels along the tubule, mainly because each segment is known to be composed by
different types of epithelial cells, expressing different transporters at the basolateral and/or apical side
(Figure I-1). Because of this orchestrated function and remarkable control of the filtration, body

homeostasis is maintained within toughly controlled margins.
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Figure I-1- Schematic representation of a longitudinal section of a whole kidney (left image) and an magnification of the renal
medulla and renal cortex, representing two whole nephrons; schematic representation of the glomerular and tubular filtration
barriers (right images). RC - Renal Cortex; RM - Renal Medulla; RP - Renal Pelvis; BC —-Bowman's Capsule; PT — Proximal
Tubule; LH - Loop of Henle; DT - Distal Tubule; CD - Collecting Duct; GBM — Glomerular Basement Membrane; TBM -
Tubular Basement Membrane.

Small disturbances can cause the renal function to diminish very quickly. Several injury factors can
compromise kidney function, such as sudden interruption of blood flow, the ingestion of nephrotoxic
drugs, or obstruction of the urinary tract. Those events can lead to episodes of Acute Kidney Injury
(AKI).[4] Generally, AKl is followed by an innate regeneration process. However, repetitive episodes of AKI
can lead to irreversible renal damage and evolve into Chronic Kidney Disease (CKD). This disease is
defined as the presence of abnormalities in the kidney function or structure for at least 3 months and is
a devasting condition involving multiple organs and affecting a variety of systems.[5] Kidney diseases are
associated with huge morbidity and mortality. Besides their worldwide prevalence (14 % of the population),
there is an increasing risk of developing other diseases such as cardiovascular, diabetes and
hypertension, also accompanied by systemic inflammatory responses.[6] The Global Burden of Disease
study estimated that in 2015 1.3 million people died from kidney failure, a value that increased 32 %
since 2005.[7] When the kidney fails to perform its regular function, that is, end-stage renal disease
(ESRD), the current available treatments rely on life-long dialysis or kidney transplantation. Hemodialysis
treatment involves regular filtration of the blood by an external machine, which allow patients to live with
renal failure for many years. However, there are several kidney functions that will be impaired.
Consequently, the decrease in life quality will be evident, with major complications for other organs in the
human body.[8] As for transplantation, although this treatment has an overall good outcome, with more
than 75 % of the patients surviving eight years after transplantation,[9] the shortage of donor organs is

still a major concern. As of December 3+, 2020, more than one hundred thousand patients are registered
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on the organ transplanting list in US, in which more than ninety thousand of them are waiting for kidney
transplantation.[10] In fact, 13 people die everyday waiting for a life-saving kidney transplant. This high
demand of organs for transplantation has been the driving force for tissue engineering (TE) and
regenerative medicine (RM) approaches to develop in the past decades, as these can be a promising

solution for this problem.

Herein, we will review the role of the extracellular matrix (ECM) on kidney homeostasis and disease
development. We will also focus on the use of the natural ECM, i.e., decellularized kidney matrices in

regenerative medicine approaches and how the field has evolved in the past two decades.

I-2. KIDNEY EXTRACELLULAR MATRIX

The ECM accounts for a substantial proportion of the tissues and organs. Over the years, more than
one thousand ECM proteins have been identified in humans and many of these proteins are conserved
over species and through evolution.[11] ECM proteins play a crucial role for the coordinated cell and
organ function. For this reason, disease phenotypes are often associated with changes in ECM assembly
and composition. Herein, we will provide an overview of the composition of kidney ECM and how it affects

disease and regeneration.

I-2.1. Kidney ECM composition and structure

Kidney's highly orchestrated organization requires a specific and unique composition of proteins,
glycosaminoglycans and soluble signals to support the function of each section of the organ.[12] The
ECM plays an important role not only in the maintenance of tissue integrity and cellular stimulus, but also

for signaling after injury episodes.[13]

The GBM is the central, non-cellular layer of the glomerular filtration barrier that is generated,
organized and maintained by the three resident cell types: the podocytes, endothelial cells and also
mesangial cells. Understanding the interaction between these cells and their surrounding environment is
essential to develop new therapies for tissue remodeling and regenerative medicine. Indeed, GBM
composition and assembly has shown to be dependent on the crosstalk between podocytes and
endothelial cells.[14] This study has shown, by proteomic analysis, that the ECM produced by these cells

/n vitro overlap in 70% with the natural glomerular ECM. The analysis of the glomerular ECM identified



Chapter | - Renal regeneration. the role of extracellular matrix and current ECM-based tissue engineered strategies

144 distinct proteins, being the most abundant collagens I, IV and VI (specially the a.3a4a5 (IV) network),
laminins (mainly a5B2y1), nidogen 1 and heparan sulfate proteoglycans (HSPGs) (perlecan, agrin and
collagen type XVIII), which are also the core components of basement membranes (BMs).[15] According
to the analysis, the GBM is essentially composed of structural and regulatory ECM proteins. By laser
capture microdissection of glomeruli, other authors identified 147 ECM proteins, where the majority of
structural and BM proteins identified in the previous study were also present, including a number of new
matrix-associated proteins such as laminins a3 and o4.[16] The mesangial cells that compose the
glomerulus also secrete ECM that provides structural support to the glomerular vasculature.[17] An
important component of the mesangial matrix is tenascin, which has revealed its importance under
normal and pathological conditions, being highly expressed on glomeruli.[18] Besides the main
components of BMs, the mesangial matrix is also composed of fibronectin, biglycan and decorin. The last
two are proteoglycans, which are considered to have a major role in regulating the electrical charge in

the glomerulus.

The ECM of the tubulointerstitial matrix is composed by tubular BMs, directly associated with tubular
epithelium, and the ECM between the nephrons and the vasculature (Figure I-1). Different ECM
components were found to be present in distinct segments of the nephron, thereby evidencing possible
implications of the ECM heterogeneity on the functional specificity observed in the kidney.[12] Our group
has also studied the behavior of renal tubular cells cultured on membranes composed of a synthetic
polymer compared with membranes composed of decellularized ECM.[19] The presence of the matrix
revealed to be essential to maintain the cellular phenotype. Although the main components are believed
to be the same composing the glomerulus,[11] specific-tubular ECM has not yet been studied by
proteomic approaches. This characterization would enable a broader understanding of the mechanisms

underlying tubular cell function, development and disease.

Besides the overall ubiguitous ECM composition of the kidneys in adulthood, this complex niche can
also vary with racial background and sex, therefore being different in each individual (Figure I-2). In fact,
genetic background was already proven to be a key influencer of the glomerular ECM composition.[20]
Age was found to influence ECM composition in other organs,[21] a type of interaction which was also
verified in the kidney.[22] Collagen type IV and | were found to have increased accumulation with age,
which correlates with an increase of interstitial fibrosis.[23] Although poorly understood, cells, particularly
undifferentiated cells, demonstrate being sensitive to tissue or niche-specific matrix, which will be herein

reviewed. Minor differences between ECMs supporting different cellular types in the kidney could be the
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key to understand the specificity and function associated with the cellular organization and a further step

to its /n vitro replication and /n vivo regeneration.

'_"_’ MAJOR KIDNEY ECM COMPONENTS § FACTORS INFLUENCING ECM COMPOSITION
Collagen IV Genetic background
Laminins Age
Nidogen 1 Gender
Heparan Sulfate Proteoglycans Specific niche

Figure I-2 — Major kidney ECM components and the major factors influencing its composition.

I-2.2. The role of the ECM in kidney remodeling and repair after insult

The ECM molecules and their receptors exert a dynamic role not only by providing structural support
for the spatial organization of cells, but also on organ development and remodeling. Tissue remodeling
requires synthesis and deposition of ECM and also their proteolytic breakdown. The repair after injury is
another process that requires several structural and functional changes on the ECM. Upon recovering
from injury events, some ECM components regulate fundamental signal transduction pathways, being the
injured cells replaced with new cells that restore tissue integrity. These cells, characterized by high
mitogenic activity, migrate to the injured sites and stop dividing, acquiring the phenotype of the original
tubule epithelium.[24] Many of these events recapitulate tissue growth and maturation events taking
place during embryonic development. In fact, it is postulated that kidney repair can recapitulate some
genetic mechanisms taking part during development, in order to reestablish its function after injury. For
instance bcl-2, vimentin, pax-2, leukemia inhibitory factor and Wnt4 are highly expressed proteins during

early development which are also overexpressed in adult kidneys after injury episodes.[25]

For the normal function of the kidneys, the tubular epithelial cells and podocytes require adhesive
interactions with the underlying BMs. When these interactions are absent or with abnormal remodeling,
the kidney becomes injured and its function is compromised. Regenerative processes also depend on
this underlying ECM as a physical substratum for these events. In fact, glomerular mesangial cells were
shown to undergo apoptosis when deprived of cell-matrix adhesions.[26] Besides the structural role and
support, the ECM molecules also take a huge part in signaling pathways through the interaction with
cellular integrins. Growth factors are known to interfere with reparative and remodeling processes in all
organs, being also important in the kidney. The ECM, and particularly proteoglycans may serve as

reservoirs for growth factors and are also known to regulate their biological activity.[27] The readers
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interested in this aspect are referred to a review on renotropic factors.[28] Among the identified growth
factors are hepatocyte growth factor (HGF), epidermal growth factor (EGF), insulin-like growth factor-|
(IGF-l), heparin-binding EGF-like growth factor (HB-EGF) and PDGF that were all shown to contribute to

the renal regeneration process and repair.

The continuous remodeling of the ECM is performed by the proteolytic activity of metalloproteases
(MMPs) and their inhibitors (tissue inhibitor of metalloprotease, TIMPs). The MMPs are a large family of
zinc-dependent endopeptidases capable of degrading ECM proteins.[29] First, the degradation of the ECM
by MMPs facilitates cell migration, which promotes tissue regeneration and progenitor differentiation on
specific tissue sites. Second, the products generated by ECM degradation have shown to display new
recognition sites for cell surface ECM receptors, which can trigger signals promoting cellular migration
and differentiation.[30] MMPs were also found to interact with several other non-ECM molecules,
including growth factor precursors, cytokines and cell surface adhesion receptors, implying their indirect
participation in cellular regulatory mechanisms.[29] The role of different proteases in kidney homeostasis
and diseases was reviewed elsewhere.[31] Because MMPs interact with a wide range of substrates, they
are implicated in a diverse array of biological processes and cellular events. Consequently, their activity
was already shown to be altered in several kidney diseases. ECM remodeling can be also promoted by
components of the serine protease family. Plasminogen activators are serine proteases that catalyze the
activation of plasmin, which in turn can degrade several ECM components. These enzymes were also
found to influence ECM production and degradation /7 vivo by activating MMPs and influence the post-

translational activation of several growth factors including TGFB-1 and HGF.[32]

In addition to the usual kidney remodeling after an injury episode, the kidney engages different
mechanisms in order to reverse tissue damage. Following AKI episodes studied in animal models, several
genes encoding for ECM molecules were found to be wp-regulated and to have an important role in the
following regeneration stage, including osteopontin,[33] laminin-5[34] Gpnmb glycoprotein,[35] and
fibronectin[36]. Indeed, TGF-B1 expression was also found to be enhanced in post-ischemic kidney and
to influence the expression of plasminogen activators, fibronectin, collagen IV and TIMP-1,[37] therefore
demonstrating its deep involvement on kidney ECM homeostasis and regeneration events. Galectin-3 and
ghrelin were also found to ameliorate kidney function after AKI by inhibiting renal tubular epithelial cell
apoptosis.[38, 39] Other molecules including palladin, a component of actin-containing microfilaments
has also shown to have an important role on epithelial cell migration after injury.[40] Recently, the Wnt

family of secreted growth factors was also demonstrated to be dramatically up-regulated after ischemic
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kidney injury.[41] This data suggests that all of these identified molecules are involved in re-
epithelialization events and kidney regeneration. Nevertheless, some ECM molecules including type |
collagen and fibronectin are known to be over expressed in injured tissue, promoting fibrosis and tissue
dysfunction. A good balance between inflammation and ECM remodeling is essential to maintain

homeostasis and to restore essential functions after injury.

I-3. KIDNEY TISSUE ENGINEERING STRATEGIES

We have already demonstrated that the kidney has some intrinsic capacity of regeneration after
injury, by using cellular processes such as dedifferentiation, migration and re-differentiation of remnant
healthy cells. However, in comparison to other organs such as skin, the kidney has a very limited
regenerative capacity. This, adding to the fact that the only currently available treatment for patients
reaching ESRD is transplantation or dialysis, makes the urgent need for the discovery of new therapies
envisioning renal repair and regeneration after injury. The tissue-engineered strategies currently being
developed for kidney are herein divided in two major categories: cell and biomaterial-based approaches.
We will review the major achievements in the area and then focus our attention on the use of

decellularized matrices for kidney regenerative strategies.

I-3.1. Cell-based approaches

I-3.1.1.  Cellular injection

Cell-based approaches are a promising treatment option for kidney diseased patients, either by
transplanting cells alone or by implantation with a tissue engineered biomaterial. Within the field of cellular
therapies alone, bone-marrow mesenchymal stem cells have been extensively described as renotropic.
They have shown to help on the recovery from AKI episodes,[42] protect against CKD,[43] prevent
nephropathy in type | diabetic mice[44] and to enhance glomerular healing in experimental
glomerulonephritis.[45] The mechanism through which the MSCs improve kidney function is still not well
elucidated. Some authors claim that effects of MSC are primarily mediated via complex paracrine
actions,[46] and/or microvesicles,[47] whereas others demonstrate their differentiation towards specific
renal phenotypes.[48] Other authors also claim that MSCs can attenuate inflammation-related injury by

modulating inflammatory response.[49, 50] Indeed, several clinical trials have been completed, once
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more evidencing the benefit of using these cells for recovery of renal function and also for decreasing the
incidence of acute rejection after transplantation, which was extensively reviewed elsewhere.[51] Other
cells including adipose-derived stem cells,[52] umbilical cord mesenchymal stem cells,[53] embryonic
renal multipotent progenitors,[54] amniotic fluid-derived stem cells,[55, 56] induced pluripotent stem
cells,[57] endothelial progenitor cells,[58] and primary renal cells[59] have all been explored for their
renal regenerative potential /77 vivo, demonstrating favorable results on recovering and/or protecting renal
function. Several authors also reported the existence of a subset of multipotent progenitors in the adult
kidney, preserved from developmental stages.[60-62] Although their classification and characterization
is not yet unified, these cells have already demonstrated to significantly ameliorate kidney function after

injury.[63-65]

I-3.1.2. Bottom-up approaches

The injection of exogenous cells alone has a number of shortcomings. Without a substrate to attach,
many cells are lost in the process or migrate out of the intended site of action and frequently there is
insufficient cell engraftment to obtain clinically relevant efficacy. In this way, the neo-kidney research has
been gaining interest in the past few years, augmenting our understanding on organogenesis
mechanisms, with the main goal of /7 vivo implantation and/or /n vitro models. Stem/pluripotent cell
manipulation was already exploited to build organoids, which are presented as replicas of the human
renal developmental stages, creating mini-kidneys.[66] Some important works in this area of research
have been recently published, enlightening the use of adult urine-derived stem cells[67] or embryonic
stem cells[68] for the recreation of tubular organoids. The recapitulation of embryonic branching
morphogenesis[69, 70] and glomerular 3D mature structures[71] from pluripotent stem cells was also
reported. Additionally, is it important to highlight the replication of kidney disease phenotypes in
pluripotent-derived organoids by CRISPR technology[72] and the use of high-throughput techniques[73]

and/or bioreactors[74] for multidimensional phenotypic screening of organoids.

Xenoembryos and blastocyst complementation are two bottom-up approaches that rely on the use
of another species embryo to theoretically grow patient’s own cells for de rnovo organogenesis.[75, 76]
Although these techniques are promising, no major developments were accomplished in the last decade,
which is possibly due to the challenging ethical barriers. Despite all of the advances in the area, these
approaches have not yet achieved the kidney complexity with a fully developed collecting duct system

able to filter solutes and produce urine.
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I-3.2. Biomaterial-based approaches

I-3.2.1. Bioartificial Substitutes

Patients undergoing dialysis treatment have limited life expectancy and poor patient prognosis due
to acute tubular necrosis, which results in the loss of kidney's immunoregulatory functions, such as red
blood cell production, hormones secretion and activation of vitamin Ds. Being these functions not
substitutable by the dialysis equipment, tissue integrity and host defense is weaker over time.[77]
Consequently, the usual cause of death in these patients is the development of sepsis or bacterial
infection, which will provoke a systemic inflammatory response and result in cardiovascular collapse and
multiorgan failure.[78] Therefore, in the last decades, researchers focused efforts on the development of
new filtration devices with incorporated cell monolayers, so that blood filtration occurs in a less
thrombogenic and more physiological manner. These bioartificial devices represent the intersection
between regenerative medicine and renal replacement therapy. Some of these were named Renal Tubule
Assist Devices (RADs). RADs consist in synthetic hemofiltration cartridges supported in series by a
bioreactor unit containing renal cells performing their physiological solute excretion and reabsorption role,
while exerting the above mentioned functions.[79] So far, one research group has been successful in
bringing this technology into patients. Initially, a phase I/Il clinical study was completed in 10 ICU patients
in an ex vivo setting. The results indicated that RAD maintained durability and viability during the treatment
with metabolic and endocrinological activity, but also reported events of hypoglycemia, thrombocytopenia
and hypotension.[80] In 2008, a phase Il multicenter, randomized, controlled open-label trial involving
58 patients suggested a 50% reduction in mortality risk when employing the RAD up to 72 h.[81] Recently,
the same group has developed and tested in a sheep /7 vivo model a wearable second-generation device,
with a portable and cryopreservable format. This device relies on peritoneal dialysis fluid for supporting
cellular viability and delivery of cellular therapies while providing uremic control.[82] Another wearable
device was also developed and tested on a 24-hour clinical trial comprising 10 patients.[83] Despite
effective uremic solute clearance and maintenance of electrolyte and fluid homeostasis, the device
demonstrated having technical problems. Besides device development, research is also focused on
improving several techniques for the production of filtering membranes which could be applied on these
devices. Electrospinning techniques,[19, 84] ECM coatings,[85, 86] supramolecular biomaterials
functionalization,[87, 88] immune modulation,[89] graphene oxide dopping,[90] silicone nanoporous

membranes,[91] and even a functional computational model[92] have all been explored as functional
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and promising “living” membrane substitutes for composing dialysis equipment’s. Although no effective
dialysis device substitute has yet been developed for a daily-basis clinical usage, it's clear that the
combination of regenerative medicine and bioengineering offers a promising strategy to overcome the

current limitation on the field.

I-3.2.2. Biomaterials for implantation

Another approach for kidney regeneration is the implantation of tissue substitutes. These can either
be of natural or synthetic origin and can also act as cell carriers. The main aim of implantation can be to
substitute tissue that was removed due to the presence of tumors or injection of a therapy /n situ to
reduce fibrosis and promote functional recovery of the kidney. Herein, we will review the major therapies
that were developed in the last decades, highlighting the evolution in manufacturing techniques. In 2002,
a group of researchers first demonstrated the /7 vivo reconstitution and structural remodeling of renal
tissues from cloned kidney cells. The cells were seeded into renal devices with collecting systems that
produced urinelike fluid and demonstrated unidirectional secretion and concentration of urea nitrogen
and creatinine.[93] Although this strategy seems promising, it could not be applied in humans because
of ethical concerns. Thus, researchers have been developing scaffolds capable of supporting cultures of
cell or tissue segments for posterior /7 vivo implantation or /n vifro tissue modeling. Indeed, kidney
morphogenesis was already studied in a type IV collagen matrix,[94] in a ECM-derived gel,[95] in a growth
factor-loaded polymeric hydrogel,[96] and in another soft matrix consisting of heparin crosslinked to
starPEG [97], demonstrating the potential of these biomaterials. Collagen matrices were also used to
study 3D culture of primary renal cells,[98] which when implanted /7 vivo allowed cells to migrate towards
the parenchyma and integrate into glomerular and interstitial structures.[99] Regarding the use of
synthetic materials, polyglycolic acid (PGA), poly(lactic-co-glycolic acid) (PLGA) and poly(caprolactone)
(PCL) are preferred for /n vivoimplantation, being highly biocompatible and biodegradable polymers.[100,
101] A series of biomaterials of different origins and structures were already tested /7 vivo as neo-kidney
augment prototypes, including particles and beads of PLGA, PCL, gelatin and hyaluronic acid (HA).[102]
Recently, a PCL biomimetic renal scaffold was developed based on a vascular corrosion casting
technique. The material was coated with collagen and endothelial cells before being embedded on a 3D
collagen matrix. After this, a cortical defect was created and the constructs were implanted on the renal

cortex, which integrated in the tissue and promoted the formation of renal tubules after 14 days.[103]
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Another approach for kidney regeneration using biomaterials is to target renal tissues for specific
drug delivery. Anionized polyvinylpyrrolidone (PVP),[104] gold nanoparticles,[105] catechol-functional
chitosan nanocomplexes,[106] supramolecular hydrogels,[107] poly(D,L-lactic-co-hydroxymethyl glycolic
acid) (PLHMGA) microspheres[108] and IL-10 loaded HA hydrogels[109] were developed to target kidney
tissue, which all demonstrated being safe drug carriers, indicating minimal tissue response in the cases
of subcapsular implantation. Not only drugs, but also stem cells delivery were tested on alginate-HA
microbeads, which were shown to be biocompatible after 14 days of /7 wio subcapsular
implantation.[110] The delivery of MSCs was also tested /7 vivo on collagen/poly(y-glutamic acid)
hydrogels, demonstrating therapeutic effects against renal dysfunction, namely attenuating the level of
blood urea nitrogen and creatinine.[111] In another study, hydrogels composed of chitosan with a reactive
sequence of IGF were mixed together with ASCs and demonstrated to substantially ameliorate renal
function in a AKI model, by the promotion of stem cell survival and angiogenesis.[112] Other polymeric

based scaffolds were also studied as carriers for kidney cells[113] and non-viral genes.[114]

The use of biomaterials for the development of new tissue augments and/or drug and cell delivery
into the kidneys is a very promising area of research. Although no current technology seems near clinical
translation, a lot of efforts have been made in the last decade which hopefully will guide our research into

a new era of kidney regeneration for the benefits of patients.

I-3.3. Kidney decellularized matrices

The in vifro culture of cells has changed dramatically in recent years. Since scientists have
understood that each cell type needs a particular niche to maintain its specific phenotype, many efforts
have been performed to mimic the ECM, including diverse biomaterial processing strategies. Nowadays,
the use of 2D cell cultures for regenerative strategies is decreasing, because they fail to recapitulate the
complex environment of /7 vivo systems. Instead, sponges, electrospun meshes, hydrogels and porous
3D scaffolding systems are produced using different materials, different mechanical characteristics and
several combinations with biomolecules.[115] However, the ECM bioactive and dynamic structure is still
difficult to mimic. For these reasons, naturally derived ECM obtained through decellularization processing
has gained interest in the TE field. These matrices are able to retain the majority of proteins,
glycosaminoglycans and growth/secreted factors present in the native tissue, lacking the immunogenic
components of the cells.[116] Decellularized tissues were first patented on 1996 for cardiac valves[117]

and since then many discoveries were found on the ECM of several tissues, including skin,[118]
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liver,[119] kidney,[120] lung,[121] cartilage[122] or heart.[123] FDA already approved for human use
several decellularized matrices and their commercialization. For a comprehensive review on the
decellularized matrices approved by the FDA, the reader is referred to reference 124. Overall, these
studies reflect the advances on regenerative medicine approaches necessary to fulfill the needs of patients

awaiting for organ transplantation.

In this section we will review the major achievements of using decellularized matrices for tissue
engineering purposes (Figure 1-3). We will focus on the use of decellularized matrices to guide progenitor
or stem cell differentiation, especially in the kidney. We will also discuss the contribution of whole organ
engineering and scaffolding systems produced from decellularized matrices on the development of new

advanced therapies for treating kidney diseased patients.
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Figure -3 - Different examples of kidney decellularized matrices uses for regenerative medicine strategies. The major
achievements in the area rely on three major areas. The decellularized matrices can be used for whole kidney recellularization
(mainly in porcine and rat kidneys), on tissue-specific differentiation of progenitor/stem cells and as a substrate for fabrication
of several structures, which can serve as therapeutic implants for in situ renal regeneration or as components of /n vitro renal
tissue models.

I-3.3.1. Decellularized ECM guiding tissue-specific cellular differentiation

Tissue specificity is known to drive specific cellular differentiation. However, it is important to
establish which are the tissue properties that potentiate lineage specification during recellularization
experiments or cell cultures in specific matrices. Therefore, we will review studies that have demonstrated

the power of the ECM to determine tissue specification of different progenitor/stem cells.
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The effect of different decellularization protocols has shown to produce matrices with varying
histological properties in paraffin slices, which in turn influenced the differentiation of seeded embryonic
stem cells (ESCs) towards the renal lineages.[125] This study provides new insights on the importance
of optimizing decellularization protocols. These cells were also cultured on decellularized kidney scaffolds,
demonstrating efficient recellularization with loss of cell pluripotency and differentiation towards meso-
endodermal lineages.[126] By seeding ESCs on decellularized matrices of lung and kidney, resulted on
cells’ up-regulation of key lung and kidney-associated genes, respectively.[127] Overall, ESCs cells have

shown to be sensitive to cues existing on the surrounding matrix, being highly versatile.

Human induced pluripotent stem cells (iPSC) are reprogrammed to be pluripotent cells through
inducing genes and factors. The main advantage of using these cells relies on its origin, given that they
are derived from adult somatic cells, obviating the ethical dilemmas surrounding the use of ESCs. These
cells already demonstrated reestablishment of organ-specific functionality by culturing them in
decellularized matrices. A recent study shows that the commitment of iPSC-derived embryonic stage
mesodermal precursor cells is dependent on the organ substrate, when cultured without additional
supplementation.[128] The cells were directly differentiated into a variety of specific renal cells that
compose the glomerulus, proximal and distal tubules, loop of Henle, collecting ducts and also endothelial
cells only by seeding in kidney decellularized matrices. It was noticed that the revealed organ-specific
differentiation was demonstrated to be exclusively due to HSPGs embedded on the matrix, which could
be extremely useful for future research on therapies based on decellularized matrices. iPSC-derived renal
progenitor cells also exhibited upregulation of regulatory key genes involved in kidney development, a
cellular response that was mediated by the presence of endothelial cells.[129] These results suggest a
regulatory role of endothelial cells, which is an important finding for this field. The iPSCs have also
demonstrated their tissue-specific differentiation potential for regenerative strategies when cultured on

decellularized matrices of livers,[130] lungs,[131, 132] pancreas[133] and human cardiac ECM.[134]

The use of embryonic and/or pluripotent stem cells is of extreme importance for breakthrough
advances in cell development and differentiation. But although they demonstrated unlimited cell growth
and potency, strong ethical concerns are raised by their use. Moreover, iPSCs have already demonstrated
to be tumorigenic, which limits their translational potential.[135] Besides that, non-kidney cells such as
neurons and muscle were already found when performing differentiative assays.[136] Although these

cells may be more sensitive to the surrounding niche, it is important to consider adult stem cells studies.
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Having own-patient cells implanted on a foreign matrix for /n7 sifzimplantation would be a closer step on

their clinical use.

Kidney ECM has shown to influence the differentiation of induced-intermediate mesoderm adipose-
derived stem cells (ASCs) into tubularlike and podocyte-like cells.[137] Their differentiation into
endothelial and tubular cells in a rat decellularized kidney scaffold was also demonstrated, being
important to notice the contribution of stromal cell-derived factor-1 on enhanced cell attachment.[138]
The importance of the ECM in the cellular fate decisions of ASCs was studied by culturing these cells on
secreted decellularized ECM substrates. Cells have demonstrated up-regulation of genes expressed during
early events of differentiation into osteogenic and adipogenic lineages, where integrin subunits alpha-6
and beta-1 were found to be involved in the interaction of cells with the ECM.[139] The influence of
different cell types on lung decellularization-based therapies was shown in a study in which higher
expression of lung cell-related progenitor genes was found in ASCs, comparing with bone marrow-derived
MSCs.[140] Adult stem cells from kidney tissue obtained from clonal nephrospheres have also
demonstrated to spontaneously differentiate into parenchymal and endothelial cell populations in kidney
ECM scaffolds by 30 days of culture time, demonstrating the time-dependent role of ECM in cellular
differentiation.[141] The engraftment and differentiation of different adult stem cells was already
demonstrated in decellularized matrices of vascular grafts,[142] human cornea scaffolds,[143] pig
esophagus,[144] in an aortic patch,[145] blood vessels,[146] myocardium scaffolds,[147, 148] cardiac
ECM,[149] small intestine,[150] lung,[151] and tracheal allografts.[152]

As decellularized matrices have shown to provide adequate stimulus for uncommitted and
committed cells to adhere, proliferate and differentiate into the specific organ-lineages, it was noticed that
these matrices do not only preserve the specificity of tissues, but also the stage of development of the
organ. Further studies will have to focus their research on the leading differentiative cues provided by the
surrounding matrix. Understanding cellular responses and cross-talking mechanisms between the matrix

and cells will hopefully guide the next era of clinical therapies.

I-3.3.2. Using xenogeneic ECM for regenerative purposes

The first uses of xenogeneic tissues and organs on human medicine dates from more than 100 years
ago. Curiously, one of the first reports of xenotransplantation describes the transplant of kidney rabbit

slices into a child with chronic kidney disease.[153] Nowadays, xenotransplantation remains one of the
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major challenges in medicine, and no current effective treatment of xenogeneic whole organs has been
developed for the routine use of these sources. However, porcine and bovine substitutes of heart valves
and myocardial patches for the treatment of post-infarction aneurysms are available and used on the
clinical practice after glutaraldehyde chemical treatment. This treatment is performed in order to prevent
immune rejection and prolong the durability of the prostheses.[154] The major motivation behind the use
of xenogeneic organs relies on the huge transplant waiting list and on the easy availability of these
sources. Nevertheless, there are many concerns about immune rejection and ethical issues to be
addressed before the implementation of this strategy. In the past few years, the improvement of
decellularization and recellularization strategies of whole organs has provided a theoretical means for the
creation of patient-specific artificial organs that could address the current donor shortage while potentially
alleviating the need for immunosuppressants. Indeed, a recent study demonstrated that decellularized
xenogeneic tissues outperform glutaraldehyde-fixed tissues in the reduction of the humoral immune
response in patients who were submitted to heart valve implantation.[155] For the effective removal of
nucleic material, a tissue is considered decellularized if the content of dsDNA is quantified less than 50
ng/mg of tissue.[156] However, this analysis does not inform about xenogeneic antigenicity. Other report
established a threshold level of 92 % of lipid antigen removal as necessary to overcome recipient graft-
specific adaptive humoral immune response.[157] The innate immune system was also found to tolerate
minor changes in protein organization as long as that molecular structure is maintained, which is an

important finding for the use of decellularized xenogeneic organs.

Recently, some researchers have been focused on the study of species mismatch and its potential
applications in regenerative medicine. Although the use of pigs as xenogeneic donor sources has shown
promising results,[158] a recent study has demonstrated that lung tissues of primate sources
demonstrate much more similarities to that of the human tissue than porcine and rat sources.[159] Not
only the species but also the method of decellularization or antigen removal and the source of the
recellularized cells will provoke different humoral effects on the recipient.[160, 161] Numerous
decellularization methodologies were described in the literature. For the use of xenogeneic sources, a
species and tissue-specific protocol has to be uniformized, in order to maintain all of the mechanical
features of the organ without compromising its biological activity.[162] Indeed, although the use of
xenogeneic sources seems promising, a lot of issues have to be addressed for their future use on clinical
practice. The development of decellularization and recellularization strategies on xenogeneic kidneys and

their implantation success will be reviewed in the next section.
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I-3.3.3.  Whole kidney decellularization and repopulation

Whole kidney engineering can be described as the fabrication of a kidney with its intact architecture
and function ready for transplantation.[163] The kidney has a complex architecture with a fine intrinsic
vascularization network, a specific cortex and medullar organization and more than 20 specialized cell
types. Because of the difficulty in recreating such an organ, we are still far from the clinical translation of
this technology. The decellularization of whole organs is an interesting approach that suffered its major
development in the last decade. It is postulated that upon decellularization, organ-derived intact ECMs
capture the histoarchitecture and physiological cues that best represent the /n vivo environment.[164]
Theoretically, these scaffold ECMs could be repopulated with cells of human origin — matching those of
the recipient —, which would migrate towards specific sites and differentiate towards the lineages of
interest by responding to the retained ECM cues on the tissue.[165] The kidney highly complex
microarchitecture makes its repopulation and consequent functionality a very difficult objective.[166]
There are several parameters that can be modified to fine tune the strategy for having a fully repopulated
and functional kidney. Currently, the most efficient and robust method for decellularization is the use of
chemical infusion through manual or pump perfusion. The method is highly tunable, beginning with the
choice and concentration of the administered solutions, the duration and pressure of the perfusion and
also the flow rates. Then, after whole decellularization is achieved, washing solutions and sterilization
processes are additional steps to be performed. The last stage, but one of the more important parameters,
are the cells. Selecting the “right” cells to repopulate a kidney is a critical task. The renal corpuscle is
composed of endothelial cells, mesangial cells, podocytes, and parietal epithelial cells, besides the cells
that comprise the juxtaglomerular apparatus. The epithelial cells that compose the tubule are divided into
renal proximal tubular cells and cells that form the distal tubules, and each one of them is further divided
into different segments. Each of these segments presents specific cell types, with different functions
related to their ultrastructural characteristics. An overview of kidney decellularization procedures is
available elsewhere.[167] Herein, we will review the published literature on recellularized kidney matrices
and/or /n vivo implanted kidney scaffolds. We will focus mainly on comparing the source of the scaffold
versus the seeded cells and the major outcomes (Table I-1). As demonstrated in Table I-1, the majority
of studies were performed using rodent kidneys, and the strongest morphological and functionality results
were obtained by orthotopic transplantation of a rat recellularized kidney,[116] which is very limited in
terms of evidence for clinical translation. Furthermore, only one study was performed so far in human

matrices, and other on primate matrices, which were seeded with iPSC-derived endothelial cells and
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ESCs, respectively. Besides the ethical and tumorigenic concerns raised by the use of these cells, these
scaffolds not yet implanted /7 vivo, limiting the conclusions that can be taken from these studies for

further clinical translation.

In 10 years, researchers expect that whole kidney recellularization studies complete the preclinical
phase, representing a high potential for translation compared to other tissue engineering approaches to
kidney repair, such as renal organoids or 3D bioprinting.[168] However, despite all efforts performed in
the field, not many studies have shown successful outcomes. Although the efforts on recellularizing
kidneys demonstrates its limitations, the field is evolving trough the development of new bioreactors and

new recellularizing strategies, which could be very valuable in the near future for the treatment of ESRD.
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I-3.3.4. Decellularized matrices as biomaterials

Biological materials composed of decellularized ECM have already demonstrated to facilitate
remodeling of different tissues. Indeed, FDA already approved the use of several xenogeneic or allogeneic
decellularized matrices for tissue regeneration, including LifeCell's AlloDerm® Regenerative Tissue Matrix
(human dermal graft), DSM's Meso BioMatrix® Surgical Mesh (porcine mesothelium) and CryoLife's
SynerGraft® (human pulmonary heart valve), which are currently clinically available. Because the matrix
retains most of its essential components when lyophilized, researchers have been processing it into
different structures, according to the intended application. Although some claim that these biomaterials
lose their inherent bioactivity when processed, several works demonstrate that the structure and
bioactivity of the processed ECM can be preserved throughout the processing steps. Different tissues
including cartilage,[188] neuronal tissue,[189] adipose,[190] urinary bladder,[191] dermal tissue,[192]
lung,[193] liver,[194] cardiac tissue,[195] and small intestine submucosa[196] were already used for
biomaterials production. Because ECM-derived biomaterials usually offer poor mechanical properties,
they are often combined with biodegradable polymers, such as PCL or PLGA, which will also help on
handling and to decrease their fast degradability.[164] The degradability can also be controlled by the
use of crosslinking agents, by treatments such as EDC-NHS chemistry[188] or methacrylation,[197]
which makes these ECM-based biomaterials very versatile. However, collagen-based matrices have an
inherent capacity to crosslink and obtain a gel-like consistency after acidic digestion, neutralization and
incubation at 37 °C. The driving force for this phenomenon is protein and peptide self-assembly. The
polymerization of long fibrillar structures is regulated by both electrostatic and hydrophobic interactions
that promote the collagen fibers to crosslink.[198] This intrinsic property has led researchers to explore

ECM-based hydrogels for specific tissue regeneration, including in the kidney.

Kidney ECM-based materials were first patented in 2015,[199] and region specificity of kidney stem
cells in these same materials was studied.[200] These authors decellularized porcine kidney and
separated the ECM obtained from renal papilla, renal medulla and renal cortex. The ECM was used either
in its native from, in the form of a hydrogel or in its solubilized from. After, these materials were used to
study regional specificity, where kidney stem cells were shown to be more sensitive to the papillary ECM.
In follow-up studies, these hydrogels were further explored for different applications, including in flow-
directed microphysiological systems, by using them to mimic the 3D microvascular environment of the

kidney.[201] A more specific response was also studied on these hydrogels by glomerular endothelial cell
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encapsulation.[202] The fibrillar architecture of kidney hydrogels was also investigated by
macromolecular crowding, where researchers have found that the inclusion of a crowding agent resulted
in greater diameters and alignment of matrix fibrils, which consequently lead greater capillary network
formation by HUVECs (in the presence of VEGF) and morphogenesis of mouse kidney stem cells into
highly branched aggregates.[203] Recently, the investigation on kidney-derived hydrogels has evolved by
producing bioinks from these hydrogels.[204] A group of researchers methacrylated kidney ECM before
mixing it with gelatin, hyaluronic acid and glycerol, producing a kidney ECM-based bioink.[205] Other
authors created a 3D model of a renal tubule by co-axial cell printing of endothelial and epithelial cells in
the decellularized bioink mixed with alginate.[206] Although being far from clinical application, these 3D
printed constructs have great potential for the future of functional renal tissue bioengineering. Its /n vivo
application demonstrated maintenance of the structure, infiltration of host vasculature and functional
marker expression after 8 weeks of implantation. Moreover, they have demonstrated antifibrotic potential
of these bioinks when implanted on a unilateral ureteral obstruction mouse model.[206] The application
of these bioinks in microfluidic devices for disease modelling was also validated by the creation of a
vascularized renal proximal tubule-on-a-chip, which would be extremely helpful for further studies of ex

vivo chronic kidney disease model.[206]

The production of structures from decellularized kidney matrices extends beyond hydrogels. 3D
scaffolds composed of PLGA comprising 10 % of kidney ECM in its composition were developed.[207]
Although these authors have not established a renal disease model, they have implanted the construct in
a partially nephrectomized mouse model. The results revealed renal glomerular tissue regeneration with
low inflammatory responses, which is a promising result for the future of renal advanced therapies.[208]
Our group has also explored this potential by creating a 3D particulate ECM scaffold which could act as
an injectable cell carrier for renal therapies.[209] The results revealed that particulate kidney ECM is able
to modulate the morphology and phenotypic expression of renal progenitor cells, which are reparative
renal cells existing in adult kidney tissue.[60] We have also explored the potential of kidney matrices to
fabricate electrospun membranes which could be valuable substitutes of basement membranes in
vitro.[19] These membranes demonstrated to potentiate cell performance when comparing to bare PCL
membranes and also to support functional bilayer co-cultures of endothelial and epithelial cells useful for

nephrotoxicity screening and disease modelling.[210]

ECM biomaterials derived from the kidney have already demonstrated to influence the growth and

metabolism of kidney cells and the /7 vivo kidney remodeling and functional recovery after injury. Although
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this area of research has recently emerged, it has already demonstrated its potential for future
development of biomaterials applications in kidney repair and regeneration strategies. These ECM-derived
biomaterials can be used for delivering and directing the differentiation of reparative cells to address renal
pathologies and also for ex vivo 3D modelling and nephrotoxicity screening. Although their versatility and
regenerative potential are very attractive for researchers, we have not yet been able to bring these new
kidney therapies to the clinic. Most importantly, we must build a deeper understanding of the changes
that occur with such materials following its /7 vivo implantation. This success and clinical validation of
biomaterials fabrication from natural matrices will largely depend on our ability to understand and take

advantage of their inherent properties, thereby maximizing their regenerative potential.

I-4. CONCLUDING REMARKS AND PERSPECTIVES

The literature herein reviewed clarifies the dynamic and active role of the ECM and its composition
in kidney remodeling and regeneration. Improving our understanding on the role of the ECM on
remodeling processes and mechanisms leading to the deposition of altered ECM is extremely important
to obtain new strategies to treat kidney diseases or creating functional kidneys. We have demonstrated
that a large part of kidney diseases is caused or involves ECM alterations and although new targets are
being identified, current therapies are still not able to reverse ECM changes and fibrosis. In the past few
years, researchers identified new ECM-related disease biomarkers that could lead to an early diagnostic
and, consequently, a more effective treatment to prevent future organ loss. Also, several innovative
research studies are ongoing to address the limitations of current renal replacement therapies. Because
kidney ECM can be obtained from relatively easy-to-implement decellularization processes, recently
researchers have been applying it in regenerative medicine strategies. Despite the early encouraging
results, there are several hurdles that need to be addressed in whole kidney bioengineering, such as
thrombosis and/or efficient niche-specific cellular distribution and differentiation, which makes this
technology far from its clinical applicability. Nevertheless, the use of processed ECM from xenogeneic
origin as a component of diverse biomaterials has recently emerged, already revealing promising results
in small animal models. In the next years, the field is expected to evolve to a successful utilization of
mammalian kidney ECM in the clinic, taking advantage of the inherent repair capacity of the kidney. To
achieve this goal, new animal disease models will have to be developed, mimicking in a more faithful way
the advance of renal diseases in humans. Furthermore, new scaled-up recellularization strategies and

new advanced therapies for partial kidney implantation are required to bring ECM-based therapies to a
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new level of clinical research. Herein, we have shown the important role of the ECM on tissue remodeling,

disease and how researchers can take advantage of it. Either by identifying new therapeutic targets and/or

producing a new generation of clinically applicable materials, researchers are now able to use ECM in

order to change the course of kidney therapies.
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Chapter I

Materials and Methods

OVERVIEW

This chapter provides a detailed description of the materials and methodologies used for the
development of the experimental studies presented on Chapters Il to VII. This information is
complementary to the “Materials and Methods” of those chapters, giving a deeper insight on the

methodological fundaments and rationale followed throughout the thesis.

A description of the main materials used, namely decellularized kidney matrix and poly(caprolactone)
can be found in the first part of this section. In the second part, the necessary methods and optimizations
for the development of the decellularized biomaterial structures will be described. The different
characterization techniques applied to assess the physicochemical properties of the materials will also be
addressed. Moreover, the methodologies followed to assess the biological performance of those materials
are also herein detailed. This chapter aims to justify the selected methodology to answer specific research

questions.

44



Chapter Il - Materials and Methods

II-1. MATERIALS

The biomaterials used in this thesis are herein described. The description of their main properties
will help understanding their selection as candidate biomaterials. All of the reagents used on this thesis

were acquired from Sigma Aldrich, unless otherwise specified.

II-1.1.  Decellularized Kidney Matrix

Organ- and tissue-derived extracellular matrices (ECM) represent the ideal template for all
regenerative medicine strategies, as they contain a very similar composition to that of the surrounding
cellular niche of a specific tissue or organ.[1] Decellularized tissues were first patented in 1996 for cardiac
valves (WO/1996/008213).[2] Since then, they have been extensively used in the regenerative medicine
field. Indeed, FDA already approved the use of several xenogeneic or allogeneic decellularized matrices
aimed at tissue regeneration. These matrices can be obtained by using combinations of completely
different methodologies, from physical to chemical and enzymatic treatments.[3] Physical treatments
include perfusion, sonication, agitation, mechanical pressure or freezing and thawing. Chemical
treatments are usually based on the use of acids, detergents, organic solvents, chelating agents and
hypotonic/hypertonic solutions. Enzymatic treatments use proteases or nucleases to cleave the peptide
or nucleotide bonds. All of these methodologies include several advantages and disadvantages on their
use and are usually combined to maximize the decellularization procedure.[4] The main goal of a
decellularization protocol is to have a good balance between nuclear material removal and preservation

of the composition, biological activity, integrity and biomechanical properties of the ECM (Figure II-1).

Another important aspect of a decellularized tissue is its immunogenicity. For a successful
implantation, decellularized tissues or derived biomaterials should not be toxic or elicit any immunological
response. Some authors have already performed kidney decellularization optimization in non-human
primates,[5] although no proteomic analysis was performed for comparison with human sources. Despite
the genetically and evolutionarily similarity, this source is not plentiful and sustainable. Therefore, rat and
porcine kidneys have been commonly explored for decellularization optimizations [6, 7] and for /n vivo
implantation of whole decellularized kidneys.[8, 9] The knowledge gathered so far on rodents kidneys’
decellularization was important for the development on the field, which enabled the optimization of the
strategies for decellularization. This includes the use of combined detergent solutions to maximize the

decellularization potential,[10] which was also implemented on this thesis. Nevertheless, porcine kidneys
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have numerous advantages over other sources, including the easy availability, higher breeding potential
of the species and the larger amount of raw material that can be obtained after decellularization, and that
was the main reason behind our source choice. Nevertheless, one of the main concerns of using porcine
sources is the human immune rejection of porcine antigens, namely the o-Gal epitope.[11] Fortunately,
research has evolved to study immunogenicity provoked by these scaffolds, and a study has reported that
porcine-derived ECM elevates serum antibody level, but no adverse reaction upon tissue remodeling was
reported in a non-human primate model.[12] Besides, chemical treatment was also reported to reduce
immunogenicity of the decellularized matrices, a treatment which was also included in the preparation of

the herein developed decellularized ECM.[13]

KIDNEY

Native | =
Organs

Decell |
Organs | g

Figure 1I-1 — Examples of macroscopic images of organs before and after decellularization process. Adapted from[14].

After optimizing the best strategy for the decellularization of a specific tissue, decellularized tissues
can be repopulated with cells of interest, with the main goal of generating a functional organ.[9] Besides
representing a possible alternative to organ transplantation, the composition and versatility of the
decellularized matrices enables their use as a basis to fabricate several types of biomaterial structures,
without losing their bioactive factors and retaining their structure and function.[1] These biomaterials can
represent a unique alternative for tissue engineering and regenerative medicine approaches, in order to

partially regenerate an organ and restore its lost function.

Herein, the decellularization process was optimized to obtain well-preserved decellularized matrices
from porcine kidneys, from which we have produced different biomaterial structures, as will be further

described in the methods section.
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Il-1.2.  Poly(caprolactone)

Poly(caprolactone) (PCL) is a biodegradable hydrophobic and semicrystalline polymer. It can be
synthetized via ring opening polymerization using e-caprolactone as a monomer (Figure II-2).[15] Its
chemical nature, allows the hydrolysis of ester linkages under physiological conditions, which enables its
use for biomedical applications.[16] Indeed, since its approval by the Food and Drug Administration
(FDA), is has been commonly used as a component for long-term implantable devices, such as sutures,
and drug release applications. Additionally, its melting point around 60 °C, and its excellent solubility in
common organic solvents, allows for a fine tuning of its shape and mechanical properties into a wide
range of 3D scaffolding platforms. However, its hydrophobicity often results in poor cell adhesion and its
slow degradation rate can compromise the intended application.[17] Therefore, PCL is frequently blended
with other natural-based materials such as starch,[18] chitosan[19] and gelatin[20] in order to increase

the mechanical properties of the natural materials and the degradation rate of the polymer.

0

{ ﬁ’

5 —— "MrO—{CHys—C

Z-caprolactone polycaprolactone

Figure II-2 - Ring-opening polymerization of e-caprolactone into poly(caprolactone).[21]

The inclusion of a biodegradable polymer on this thesis was primarily intended for improving the
mechanical stability of the developed tubular basement membrane models. PCL selected as a candidate
material, as its degradation has already shown causing no harmful effects to the human body and its
combination with other decellularized matrices such as small intestinal submucosa,[22] meniscus,[23]
and adipose tissue [24] was already reported as non-cytotoxic. Being a biodegradable material, as the
decellularized matrix, the mixing of both components would enable the creation of a uniqgue model, with
both similar mechanical and compositional properties to that of the human kidney. Thus, we have used
PCL to combine it with the decellularized kidney matrix and develop a suitable tubular filtration barrier,
decreasing degradability rates of the matrix and increasing the stability of a bilayer model for prolonged

studies, as will be further described.
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II-2. METHODS

II-2.1. Biomaterials' assays

This section discriminates all the necessary processing steps for obtaining the biomaterials
developed in this thesis. Additionally, their specific physicochemical characterization is herein described,
with additional focus on the different applied techniques, and how they have demonstrated to be suitable

on fulfilling our characterization goal.

II-2.1.1.  Decellularized kidney matrix-derived biomaterials development

This section describes the established procedures for the obtention of biomaterial structures derived
from kidney matrix. From obtention of the kidneys until their final processing for /n vifro validation, all the

steps were carefully optimized and herein summarized.

II:2.1.1.1  Porcine kidney's decellularization and processing

Whole porcine kidneys were obtained from a local slaughterhouse and kept at 4 °C. When they were
not used immediately, they were frozen at -20 °C for a maximum period of 6 months. All the steps were
performed in a sterile environment. To start the decellularization process, kidneys were cut in horizontal
sections after removal of renal capsules and renal pelvis. Kidney sections were rinsed in cold sterile Milli-
Q water and transferred into sterile containers, after which the decellularization process was started. The
containers were filled with different solutions for 14 days and kept in an orbital shaker at 4 °C. The nature
and duration of the immersing solutions are shown on Figure 1I-3. All the solutions were changed twice a
day and the containers were washed to remove cellular debris. Remnants of nucleic material were
removed by immersing kidney sections in DNase buffer overnight under the same conditions (0.0025
w/v% DNase in 100 mM Tris hydrochloride, pH = 7.5, 2.5 mM magnesium chloride and 0.5 mM calcium
chloride). After completing the decellularization process, decellularized kidney extracellular matrix
(dKECM) sections were cut into smaller pieces and used immediately for characterization or frozen
at-80°C for further processing. Frozen sections of decellularized tissue were freeze-dried for 48 h (Figure

[I-4-A). Lyophilized tissue was grinded in a cryogenic mill (SPEX SamplePrep) to yield a particulate matrix
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(PKECM, Figure [I-4-B). This matrix was stored at -20 °C until further use or sterilized by ethylene oxide

gas (42 °C, 3 h exposure) for cell culture studies.

MilliQ Water 1% SDS DNase
30 mins 3.5 Days overnight

| y .ﬂt “
P o o
Day 1 Day 2 Day 4 Day 7

Figure 1I-3 — Schematic representation of the decellularization process. The above flowchart shows the solutions and reagents
used to immerse kidney sections during a 14-Day process. The sections are kept inside a sterile container under agitation
(120 rpm) at 4 °C. Below the flowchart, the macroscopic changes happening during the decellularization process are
presented. Although at day 7 the sections are already decellularized, the process is prolonged for one more week for ensuring
the removal of remaining detergent solutions. Scale bar: 1cm.

Figure 1I-4 - Schematic representation of the processing steps after the decellularization process. The matrix is lyophilized (A)
and ground into a fine powder (B) which is then solubilized in a pepsin-containing acidic solution, acquiring a gekHike
consistency (C).

II-2.1.1.2  Development of dKECM-based electrospun meshes

The electrospinning process relies on the use of electrostatic forces to stretch a viscous solution
through a needle, which forms a stable jet that solidifies when reaching the collector. At this stage, the
solvent was partially evaporated and the fibers are formed and deposited at the surface of the collector
as a non-woven web of small fibers — a mesh.[25] Herein, the use of this technique enabled developing
an analogue of a tubular barrier. First, it enabled mixing two components in one solvent, adding

mechanical stability to a mesh that could not be electrospun without the use of a polymeric material.
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Second, it was thought as an advantageous technique to fabricate porous membranes, similar to the
basement membranes found in the human kidney.[26] Other techniques, such as solvent casting, would
not enable obtaining the indispensable porosity for barrier studies, such as the ones we were trying to

replicate.

Powdered dKECM was solubilized in HFIP (1,1,1,3,3,3-Hexafluoro-2-propanol =>99%) at a
concentration of 100 mg mL. Polycaprolactone (PCL, 80kDa) was dissolved in the same reagent at a
concentration on 15 w/v%. The two were mixed in the different proportions, starting with 30 %, 50 % and
finally 70 % of dKECM to PCL. The mixture was electrospun through a 21 G needle at 18 kV, establishing
a distance of 15 cm between the needle tip and the ground collector, a flow rate of 0.5 mL.h- and
collecting the random fiber mesh on a flat aluminium foil. After 2 h of dKECM/PCL deposition, the meshes
were left to dry for one day in a fume hood to evaporate all the remaining solvent. To avoid a fast
degradation of the dKECM in the meshes, vapors of glutaraldehyde were applied to the meshes in a
desiccator under vacuum for 24 h. Afterwards, the meshes were cut into 1.2 x 1.2 mm squares and
introduced on 24-well plate inserts (CellCrown™). The inserts with the membranes were immersed in a
0.1 M glycine aqueous solution for 1 h to decrease the toxicity of residue aldehyde groups to cells, followed

by sterilization using 70 v/v% of ethanol and 30 min UV exposure/each side.

II-2.1.1.3  Development of dKECM bioink

Bioprinting is a technique which enables the layer-by-layer spatial deposition of several biomaterials,
biomolecules and cells to fabricate tissue analogues. There are several advantages on the use of this
technique, being the most relevant the tunning of a specific 3D architecture, via a computer controlled
dispensing system.[27] Herein, the development of a bioink and derived bioprinted constructs was
thought to address several issues already reported on the literature. First, it would enable the construction
of a tissue analogue with a certain degree of porosity, through an adequate 3D porous model, which is
not possible to obtain when cells are encapsulated in a hydrogel. Second, it would enable tunning of the
specific architecture and encapsulating different types of cells. This allows for specific spatial placement
of these cells, which is very important for mimicking tissue functionality.[24] Because of this, the
regenerative medicine potential of using bioinks is wide, from using the bioprinted constructs for drug
screening to organ reconstruction/transplantation, biomolecule/cellular delivery and disease modeling.
Herein, the development of a bioink composed uniquely of kidney matrix intends to address the gap

existent on the literature on the development of these inks, which were frequently combined with other
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materials. This combination could compromise their /7 vivo application and/or specific tissue

functionality.

To develop the bioink, kidney decellularized particulate matrix was digested in acidic environment.
Two concentrations were produced to test injectability and rheological properties. 1 and 2 % (w/v) of
dKECM was digested for 48 h in 0.01 M hydrochloric acid together with 0.1 and 0.2 % (w/w) of pepsin
(Enzymatic), respectively. The digestion was taken for 48 h at room temperature. After 48 h, the matrix
was brought-up to physiological pH by addition of cold 10x PBS and 0.1 N NaOH (Enzymatic) in
proportions of 1:9 and 1:10, respectively (Figure 1I-4-C). Before bioprinting, dKECM bioinks were
centrifuged at 4000 rpm to pellet non-digested pieces.

II-2.1.2.  Decellularized kidney matrix characterization

This section describes the performed assays that were used to validate the process of
decellularization. The protein content of the matrix was carefully studied and characterized by several
approaches. Additionally, it was necessary to characterize the physicochemical properties of the matrix

before and after processing into different biomaterial structures.

11-2.1.2.1  DNA extraction and quantification

The measurement of DNA content on the decellularized tissues is the most important step of
validation mainly because residual nucleic material may contribute to cause cytocompatibility problems
and adverse host responses Jin7 vivo. According to published data, a tissue is considered decellularized
when the content of dsDNA is less than 50 ng mg* of ECM dry weight.[28] This value was based upon
the findings of studies in which host responses were not significant, while an /7 vivo constructive
remodeling response has been observed.[28] Other works refer to the percentage regarding the native
tissue,[29] being that 90 % of nucleic material removal is the accepted minimum value for a tissue to be
considered decellularized. Herein, we followed the rationale of several published works,[24, 29, 30] and

assessed DNA contents on fresh tissues and processed matrix after lyophilization.

For the detection of dsDNA, decellularized tissue pieces or lyophilized particulate ECM were digested
for 2 h at 56 °C with proteinase K and the remaining DNA extraction was performed using DNeasy blood

and tissue kit (Qiagen) according to manufacturer’s instructions. Native kidney pieces were also digested
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as controls. Each sample (n=3) was derived for different decellularization batches and weighted before
the digestion step. The extracted DNA was quantified using Quanti~T PicoGreen dsDNA assay kit
(Invitrogen). Values were extrapolated using a standard curve of dsDNA and sample fluorescence was
read in a microplate reader (excitation: 485/20 nm; emission: 530/25 nm). Alternatively, the nanodrop

equipment (ThermoScientific) was also used for direct DNA quantification.

II-2.1.2.2  Collagen and glycosaminoglycan’s quantification

The quantification of collagen and glycosaminoglycan's (GAG's) are rapid and easy-to-follow
technigues which can be useful for the validation of our decellularization methodology. The maintenance
of these components is of utmost importance since these are key players in maintaining the integrity and
function of the tissues.[31] It is important to keep a good balance between matrix preservation and
complete cellular removal, which is why these quantifications are required. Herein, we have used Sircol
Collagen Assay Kit and 1,9-dimethymethylene blue (DMMB) dye binding assay for quantification of
collagen and GAG's, respectively. Other kits such as the hydroxyproline detection kit for collagens and the
Blyscan Glycosaminoglycan Assay kit or the alcian blue colorimetric assay for GAG’s are available on the
market and were also used for quantification on decellularized tissues.[23, 32] These specific assays
were chosen as they were already described in the literature for quantification of decellularized tissues

and demonstrated being effective protocols enabling obtaining accurate results.[33-35]

Acid and pepsin-soluble collagens were quantified using Sircol Collagen Assay Kit (Biocolor)
according to manufacturer’s instructions. Native and decellularized kidneys were cut into 8 mm circles
with a thickness of approximately 2 mm. Collagen isolation and concentration was performed overnight
at RT by immersing the tissue in 0.1 mg mL* of pepsin (Enzymatic) in 0.5 M acetic acid (VWR). After
releasing and recovery of the Collagen Bound Dye, absorbance was measured in a microplate reader at
555 nm against reagent blanks and standards. Tissue collagen concentrations were obtained from a

collagen type | standard curve.

Glycosaminoglycans were quantified using DMMB dye binding assay. Kidneys were cut as described
for collagen quantification and were placed in digestion buffer in a thermomixer at 60 °C and 300 rpm
overnight. The buffer consisted in a solution of 200 mM phosphate buffer containing 1 mM of
ethylenediamine tetraacetic acid (EDTA, pH 6.8), 500 ug mL* of papain and 960 pg mL* of n-acetyl

cysteine. After digestion, the samples were centrifuged and the supernatants was used for quantification.
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DMMB dye was added to the ECM digests at a 1:10 ratio of digests to dye. A standard curve was plotted
using chondroitin sulphate. Absorbance was measured in a microplate reader at 525 nm and

concentrations were obtained from the standard curve.

I:2.1.2.3  Histological stainings

In order to fully characterize the decellularized matrix, quantification assays were coupled with
imaging methods. The histological assessment is widely used in combination with quantitative
biochemical analysis to corroborate the removal of nuclear material and the preservation of important
components of the matrix, such as collagen and GAG's, as previously mentioned. Indeed, many reports
demonstrate that a combination of both strategies is effective for the assessment of matrix content after
decellularization.[9, 36, 37] Following the rationale of these works, we have chosen to perform
Hematoxylin and eosin (H&E), Masson’s Trichrome (MT) and Alcian Blue (AB) stainings as these are

effective stainings to detect DNA, Collagen and GAG's.

H&E is one of the main tissue stains used in histology and is the most widely used stain in medical
diagnosis. Hematoxylin stains cell nuclei in blue, and eosin stains the extracellular matrix and cytoplasm
in pink.[38] Herein, this stain was employed to assess if the nuclear material was completely removed,
with preservation of ECM. As a complement, MT staining was also performed using a commercially
available kit, in which four different stains are used: Weigert's iron hematoxylin for nuclei, picric acid for
erythrocytes, a mixture of acid dyes for cytoplasm and aniline blue for connective tissue. Overall, these
solutions produce a blue stain for collagen, a light red or pink stain for the cytoplasm and black stain for
cell nuclei.[38] AB staining was also performed on decellularized tissue sections. In this staining, the
bluish-green color indicates the presence of acidic polysaccharides such as glycosaminoglycans. Since
the decellularization aims at preserving the ECM content while removing cell nuclei, these histology

stainings enable a triple assessment of the tissue by imaging.

For the stainings, kidney sections were cut into smaller pieces with a 8 mm diameter biopsy punch
and immersed in a 10 % neutral buffered formalin solution (Thermo Scientific) for 24 h at room
temperature. Pieces of decellularized and native tissues were embedded in paraffin and cut into 5 pm-
thick sections. These sections were deparaffinized, rehydrated and stained with working solutions of H&E,

AB and a MT staining kit (Bio-optica), according to manufacturer’s instructions.

53



Chapter Il - Materials and Methods

Particulate kidney samples were also assessed by H&E and MT stainings of frozen sections. The
samples were fixed for 30 min with 10 % neutral-buffered formalin before being embedded in OCT
compound (Bio-optica). After this, they were snap-freezed in liquid nitrogen and cut into 10 um sections
using a cryostat. Sections were stained as previously mentioned. After staining, sections were dehydrated

through a series of ethanol concentrations (50, 75, 95 and 100 %) and further mounted.

I-2.1.2.4  Immunofiuorescence

Immunofluorescence is one of the most used techniques in biology. It allows the imaging of the
distribution of a target molecule throughout a sample. For this, specific antibodies target the antigen of
interest and fluorescent dyes produce a fluorescent signal, allowing for a very specific detection through
imaging methods. This technique was also performed in several reports of tissue decellularization,
enabling confirming the previously described assays.[5, 39, 40] Herein, we have only used secondary
immunofluorescence, in which a secondary antibody is needed to emit fluorescence.[41] The substrates
were analyzed by embedding the particulate matrix in OCT, as previously described (section [I-2.1.2.3).
After washing the OCT compound, particulate kidney ECM sections were blocked with 3 % bovine serum
albumin (BSA) in PBS before being incubated with primary antibodies for immunofluorescent analysis as
follows: anti-Collagen IV (1:100; ab6586), anti-Fibronectin (1:100, ab2413) and anti-Collagen | (1:40,
ab765). After a washing step, secondary antibody Alexa Fluor 488 (1:500) was incubated with DAPI

(1:1000) for 1 hour at RT before being mounted and analyzed under a confocal microscope.

II:2.1.2.5  Toftal protein extraction and quantification

The extraction of total protein is a critical step for the quantitative analysis by mass spectrometry.
Ensuring that even the most insoluble proteins in the common buffers can be successfully extracted will
result in a more accurate quantification of proteins present in the matrix.[42] Therefore, the process was
optimized to yield the maximum quantity of protein without compromising protein stability and avoiding
degradation, as represented in Figure 1I-5. With this protocol, we aim to evaluate if the proteins present
in the insoluble part of the decellularized ECM are extracted and also to avoid the effect of the initial
sonication and enzymatic digestion on sensitive proteins. Therefore, total protein extraction was
performed on the particulate matrix substrates (pbKECM) in three fractions. Approximately 5 mg of pKECM

from different decellularization processes was processed in triplicate. One mL of Urea Extraction Buffer
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(8 M Urea, 10 mM ammonium bicarbonate and 25 mM of tris(2-carboxyethyl)phosphine, pH 8.0)
supplemented with 10 mg mL> of dithiothreitol (abcr GmbH) and 20 uL mL* of protease inhibitors were
used to homogenize the matrix with a tissue grinder (Nippon Genetics). After, the matrix was incubated
in the buffer overnight in agitation. The homogenized pKECM was centrifuged at 12700 rpm and the
supernatant, referred as Fraction 1, was removed and saved. The pellet was once again homogenized
and centrifuged. The resultant supernatant was joined to the soluble Fraction 1 (F1). Urea extraction
buffer was again added to the resultant pellet and vortexed. The mixture was sonicated at 40 % amplitude
while being refrigerated. After centrifuging, the supernatant was saved as Fraction 2 (F2). The remaining

pellet was digested with trypsin as described in section [I-2.1.2.6 to yield Fraction 3 (F3).

- Tt -7

Resuspend pKECM in Q/N extraction with Resuspend pellet in new Digest pellet with
Urea Extraction Buffer agitation at 4 degrees Urea Extraction Buffer trypsin
\ Sonicate | \
FRACTION 1 FRACTION 2 FRACTION 3

Figure II-5 - Schematic representation of the methodology used to obtain ECM fractions. Fraction 1 was obtained by
homogenization with Urea Extraction Buffer, Fraction 2 was obtained after sonication of the remaining pellet and Fraction 3
was obtained after tryptic digestion of the Fraction 2 pellet.

For accurate protein quantification we used a commercial kit based on the Bradford coomassie-
binding (ThermoFisher).[43] Briefly, this technique relies on the formation of a complex between
Coomassie brilliant blue G-250 dye and proteins in an acidic solution. When the reaction happens, an
immediate shift in color from brown to blue is held, and protein concentration can be estimated by the
use of an absorbance reader. Herein, after protein extraction, 250 uL of Coomasie Reagent of sample
was added to 5 uL of each sample in triplicate and quantified by measuring absorbance at 595 nm in a
microplate reader. The protein concentration of each sample was calculated using a bovine serum

albumin (BSA) standard curve.
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II-2.1.2.6  Characterization and relative quantification of protein composition by nano-liquid

chromatography-tandem mass spectrometry (nanolC- MS/MS)

Liquid chromatography (LC) coupled with mass spectrometry (MS) is an analytical chemistry
technique that combines the physical separation capabilities of LC with the mass analysis capabilities of
MS. As this technique evolved over time, it was modified to enhance its sensitivity. Nano-LC columns
usually have smaller internal diameters and handle very low liquid flows in order to allow for a more
efficient molecule separation. In tandem MS (MS/MS), two spectrometers are used to identify and
separate ions that have very similar mass-to-charge (m/z) ratios. The molecules of a given sample are
ionized and the first spectrometer separates these ions by their m/z ratio. lons are then split into smaller
fragments and then introduced into the second mass spectrometer, which in turn repeats the fragment
separation process and detects them. The sensitivity of this technique has advantages over conventional
LC-MS that allows for the analysis of peptide mixtures in sample-limited situations, with higher
sensitivity.[44]

In this work, each sample was reduced and alkylated and processed for proteomics analysis
following the solid-phase-enhanced sample-preparation (SP3) protocol as described in
PMID30464214.[45] Enzymatic digestion was performed with Trypsin/LysC (2 ug) overnight at 37 °C.
Protein identification and quantitation was performed by nanoLC-MS/MS. This equipment is composed
by an Ultimate 3000 liquid chromatography system coupled to a Q-Exactive Hybrid Quadrupole-Orbitrap
mass spectrometer (Thermo Scientific, Bremen, Germany). Samples were loaded onto a trapping
cartridge (Acclaim PepMap C18 100A, 5 mm x 300 ym i.d., 160454, Thermo Scientific) in a mobile
phase of 2 % acetonitrile (ACN), 0.1% formic acid (FA) at 10 uL min+. After 3 min loading, the trap column
was switched in-line to a 50 cm by 75 pm inner diameter EASY-Spray column (ES803, PepMap RSLC,
C18, 2 um, Thermo Scientific, Bremen, Germany) at 250 nL min'. Separation was generated by mixing
A: 0.1% FA, and B: 80 % ACN, with the following gradient: 5 min (2.5 % B to 10 % B), 120 min (10 % B to
30 % B), 20 min (30 % B to 50 % B), 5 min (50 % B to 99 % B) and 10 min (hold 99 % B). Subsequently,
the column was equilibrated with 2.5 % B for 17 min. Data acquisition was controlled by Xcalibur 4.0 and
Tune 2.9 software (Thermo Scientific, Bremen, Germany).

The raw data was processed using Proteome Discoverer 2.4.0.305 software (Thermo Scientific)
and searched against the UniProt database for the Sus scrofa Proteome 2019_11. The Sequest HT search
engine was used to identify tryptic peptides. The ion mass tolerance was 10 ppm for precursor ions and

0.02 Da for fragment ions. Maximum allowed missing cleavage sites was set to 2. Cysteine
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carbamidomethylation was defined as constant modification. Methionine oxidation and protein N-terminus
acetylation were defined as variable modifications. Peptide confidence was set to high. The processing
node Percolator was enabled with the following settings: maximum delta Cn 0.05; decoy database search
target FDR 1 %, validation based on g-value. Protein label free quantitation was performed with the Minora
feature detector node at the consensus step. Precursor ions quantification was performing at the
processing step with the following parameters: unique plus razor peptides were considered for
quantification, precursor abundance was based on intensity and normalization was based on total peptide
amount.

The total number of proteins identified in each fraction was obtained by filtering peptide
identifications at > 95.0 % confidence interval with at least two peptides per protein. Gene ontology
analysis (GO) was performed manually using AmiGO online platform.[46, 47] Following categorization,
non-ECM proteins were excluded to perform graphical analysis. Coefficient of variation (CV) values were
calculated by dividing the standard deviation by the mean values of the ECM proteins identified on each
kidney sample. The mass spectrometry proteomics data was deposited in the ProteomeXchange

Consortium via the PRIDE[48] partner repository with the dataset identifier PXD019122.

II-2.1.2.7  Scanning Electron Microscopy (SEM)

The principle of SEM relies on the interaction between an electron beam and the atoms at the sample
surface. A focused beam of electrons scans the surface by interacting with its atoms in a raster scan.
When scanning a conductive material, this beam is scattered, producing signals which are detectable by
the SEM equipment, and transformed into a 2D image. By the position of the detected beam and the
intensity of the signal, the produced image reflects the topographic details of the sample with high
magnifications.[49] Although the produced image can give us useful information about three-
dimensionality and topographical detail, all samples have to be prepared before being placed in the
vacuum chamber, which is not ideal for biological samples. These samples must be dehydrated, and
sputter coated with a conductive material, steps that can result in artifacts which are very difficult to

identify and/or eliminate.

Herein, the morphology and ultrastructure of the dKECM fresh tissues and derived biomaterial
structures was analyzed by SEM (JSM-6010 LV, JEOL). All samples were fixed in 2.5 % (v/v)
glutaraldehyde (VWR) in a PBS solution for 24 h. After removing the residual fixation reagent, fresh tissues

and dKECM bioinks were dehydrated through a series of ethanol gradient solutions and submitted to
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critical point drying (Autosamdri-815, Tousimis) for a 45 min cycle. DKECM membranes and particulate
matrix were also analyzed without prior dehydration. All samples were sputter coated with gold prior to
analysis and micrographs were obtained using an accelerating voltage of 10 kV (coater 108 A,
Cressington, United States). The SEM micrographs were further used to calculate the average fiber
diameter of the dKECM electrospun membranes. By using a computed image analyzer (ImageJ), at least

200 fibers were randomly measured in 3 samples from different fabrication batches.

11:2.1.2.8  Mechanical testing

Testing the mechanical properties of biomaterials is of extreme importance in biomedicine. It allows
assessing the biomaterials response to stress, its strength and also how it sustains mechanical stretching.
By performing a tensile test, we can obtain a stress/strain curve which reflects the reaction of the material
to the increasing stresses being applied, giving information about the point of failure, the modulus of
elasticity and the yield strength.[50] It was important to apply this test in order to determine the
mechanical properties of dKECM-derived meshes for its use as a model of the tubular barrier. The
membranes (containing 0, 30, 50 and 70% of dKECM to PCL) were tested using a universal mechanical
testing machine (5543 K2942, 5543, Instron) equipped with a 1 kN load cell in tensile mode. Firstly,
samples of each membrane (n = 5) were cut into testing specimens with length of 2 cm and width of 0.6
cm and then were fixed in paper frames with a square window of 1.2 x 1.2 cm. The frames were then
mounted onto the tester grips with a gauge length of 1.2 cm. The lateral sides of the paper frame were
cut before testing the sample at a crosshead speed of 0.5 mm.min*. The Young's Modulus (E) was
calculated from the stress—strain curve as the maximum slope of the initial linear portion of the curve,

neglecting any toe region due to the initial mechanical conditioning of the specimen.

II-2.1.2.9  Fourier Transformed Infrared Spectroscopy (ATR-FTIR)

FTIR technique enables obtaining the absorption or reflectance infrared spectrum of a certain solid,
liquid or gas. In the infrared region, the sample molecules selectively absorb radiation and undergo a
vibrational transition, which refers to the excitation of a molecule to a higher vibrational state. Therefore,
by analyzing the vibrational absorption bands in infrared spectrum, it is possible to detect functional
groups and identify chemical structures.[51] Unlike other spectroscopy techniques, in FTIR, instead of

irradiating the sample with a monochromatic beam of light, the beam contains many frequencies of
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infrared radiation at once, allowing for a rapid measurement of the spectrum of a sample. This process
is repeated many times so that the beam contains different combinations of frequencies.[52] The
attenuated total reflectance (ATR) is sampling technique that can be coupled to the FTIR equipment.
Fundamentally, it relies on the internal reflection of the incident radiation, which is attenuated by a crystal,
creating an evanescent wave. The beam is then collected by a detector as it exits the crystal.[53] This
feature allows to examine a sample directly without prior preparation, which is a great advantage for
biological samples. Also, samples can be used directly in their solid or liquid state, being useful for
studying conformational changes in proteins,[54] which was our main goal in performing this analysis.
Thus, the infrared spectra of pKECM before and after sterilization was analyzed by ATR-FTIR (IRPrestige
21, Shimadzu), with a spectral range of 500-4000 cm* in reflection mode to characterize the composition
and molecular conformation of the pKECM (n = 3). The number of samples was used to confirm that

different decellularization batches do not interfere with the obtained spectra.

I1-2.1.2.10 Differential Scanning Calorimetry (DSC)

DSC technique measures the amount of energy (or heat flow) required to maintain a sample and a
reference at the same temperature, while the temperature is changing trough a predefined heating rate.
The basic principle of this technique relies on performing a scan of temperatures which provoke physical
transformations on the sample. When this happens, the sample will require more or less heat flow
comparing with the reference, which denotes an endothermic or exothermic process.[55] Therefore, it
allows for the determination of enthalpies of transitions by the analysis of the resulting curve of heat flux
vs. temperature. For proteins, the thermogram can be used to identify the temperatures at which
denaturation processes occur. Upon heating, proteins unfold with disruption of hydrogen bonds,
hydrophobic interactions, and non-covalent interactions. The necessary energy (enthalpy) for this
disruption can be calculated from the thermogram.[56] Thus, we have measured the thermal properties
of native lyophilized kidneys and pKECM substrates before and after sterilization by using a DSC
equipment (Q100, TA Instruments). Approximately 2 mg of native, sterile and non-sterile pKECM (n = 3)
were transferred into an aluminum pan and the sample was scanned with a modulated heating method.
Samples were heated until 250 °C at a heating rate of 10 °C min* and then cooled down to 10 °C. The

sample chamber was purged with nitrogen at a flow rate of 50 mL h.
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11:2.1.2.11 Porosity, weight loss and water uptake studjes

A liquid displacement technique was used to calculate DKECM membranes porosity.[57] The
rationale behind this measurement relies on the volume that the membrane soaks after immersion on a
liquid. This volume, that occupies the “empty” spaces in the membrane is removed simultaneously with
the membrane, which generates a difference from the initial volume that can be calculated. This is an
important measurement for biological membranes, especially in the tubule, since they need to allow
solute and water passage to ensure normal filtration function.[58] Therefore, porosity was calculated
following equation 1, where V] is the initial liquid volume, V, is the volume after soaking the membrane

and all the pores are filled and V5 is the volume after membrane soaking and removal.

Vi — Vs

X 100 Equation 1
Vo =Vs

Porosity (%) =

Biodegradable materials can also undergo several changes in their physicochemical properties as a
result of degradation, which may compromise the desired function. As a result, it is necessary to
characterize the changes that occur at different stages of degradation over time.[59] There are important
measurements that can be performed to characterize these changes, being one of them the quantity of
water that one material can absorb. This absorption will cause dimensional changes and influence the
speed of degradation. Additionally, it may give us useful information about the materials’ hydrophilicity.
Herein, we determined weight loss and water uptake of the dKECM membranes. Membranes were initially
weighted (m;) and soaked in an isotonic solution of sodium chloride (0.154 M, pH 7.4), in order to
simulate the body environment. After, membranes were incubated at 37 °C for 30 days. These conditions
were optimized to simulate the human body environment. After predefined periods of time, the
membranes were weighted in their wet state and the percentage of water uptake was calculated using
the equation 2, where m,, is their wet weight and m; is the initial dry weight. Membranes were then
placed on the incubator for another hour to dry before being weighted again. Weight loss percentage was

calculated using equation 3, where mgis their final weight after immersing and drying, and m; is the

initial dry weight.
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m,, —m; ,
Water uptake (%) = % x 100 Equation 2

l

m; —m .
Weight loss (%) = le x 100 Equation 3

l

11:2.1.2.12  Rheological characterization

Rheology is the science which allows studying the deformation and flow of certain materials which
cannot be completely described by either classic solid or liquid mechanics, but instead demonstrate a
viscoelastic behavior.[60] Understanding the shear response of hydrogels and the potential changes in
their bulk characteristics in response to stress is extremely important for biomedical applications. There
are several measurements that can be performed in a rheometer, the most relevant being dynamic
frequency sweeps, temperature sweeps and viscosity. Frequency sweeps are performed over a range of
oscillation frequencies at a constant oscillation amplitude and temperature, giving information about
several parameters, such as the Storage (Elastic) Modulus (G') and/or the Viscous (Loss) Modulus (G").
Because hydrogels may undergo macro- or micro-structural rearrangement with time, this measurement
is essential to study the maintenance of the shape and mechanical integrity over time. Temperature
sweeps are particularly important for temperature-sensitive samples, since it allows for the study of
samples’ gelation kinetics, as well as their modulus before and after the crosslinking process. Viscosity
is another useful rheology measurement, since it measures the material’s resistance to deformation as
function of shear rate or stress. This measurement is especially important for samples which are

subjected to a variety of shear rates, such as nozzle extrusion during the printing process.

Evaluation of the bioink rheological properties was performed on 1 and 2 % dKECM using a
rheometer (Kinexus Prot, Malvern). 20 mm diameter parallel plates and 1 mm gap size was used for all
the measurements. To mimic bioprinting crosslinking conditions, transglutaminase was added at a final
concentration of 10 mg mL* of dKECM neutralized solution. The gelation kinetics of the samples was
measured by temperature sweeps.[24] First, the linear viscoelastic region (LVE) was determined by a
strain sweep. dKECM bioinks were then subjected to oscillatory shear stress (by setting the strain to 1%
and angular frequency to 10 rad s) during heating from 4 to 37 °C. A linear ramp of 5 °C min- was

set, while there were two incubation periods at 15 °C and 37 °C for 5 and 40 min, respectively. Dynamic
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frequency sweep analysis was performed after a 30 min incubation at 37 °C, by setting the applied strain
at 1% and sweeping the frequency from 100 to 0.1 rad s. Finally, shear rate sweeps were conducted to
access viscosity, by varying the shear rate from 0.01 to 500 s at room temperature. Mineral oil (Fisher

Scientific) was used as solvent trap.

II-2.2.  Biological Assays

After the optimization of the biomaterials production, it is important to ensure that these are non-
cytotoxic and relevant for maintaining and/or inducing renal phenotypes. This section will elucidate the
biological validation of the biomaterial structures produced in this thesis in a descriptive way. After a short
introduction to each cell type that was employed, the cell seeding protocols and respective optimizations
are described. Then, the assays that were conducted to evaluated cellular performance, phenotype and

functionality over time are also explained.

II-2.2.1.  Cells employed in the study

The removal of cells from an animal or plant and their subsequent growth in a favorable artificial
environment enables the development of cell culture tests /n7 vitro, which are extremely important before
any /n vivo validation. Cells may be removed from the tissue directly and disaggregated by enzymatic or
mechanical means - which are named as primary cells — or they can be chemically or virally induced to
acquire the ability to divide indefinitely — named cell lines. This section comprises a brief description of
the cells that were used throughout this thesis. Their nature, origin and the subculturing method for

following /n vitro validation assays will be herein explained.

I-2.2.1.1  Human Kidney cell line 2 (HK-2)

Herein, we employed a human kidney cortex/proximal tubule established cell line derived from
normal kidney, HK-2 (American Type Culture Collection, ATCC). These cells were immortalized by
transduction with human papilloma virus 16 (HPV-16) E6/E7 genes and have already proved to retain
functional and morphologic characteristics of normal adult proximal tubular epithelium,[61] being a

valuable resource for the /n vitro proof-of-concept studies. These cells are seeded and expanded in
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Keratinocyte Serum Free Medium supplemented with 0.05 mg mL* Bovine Pituitary Extract and 5 ng mL*

of Epidermal Growth Factor (Gibco).

I-2.2.1.2  Human Renal Progenitor Cells (ARPCs)

Human renal progenitors are a subset of cells present in adult human kidney that are conserved
since early morphogenesis.[62] They are characterized by the expression of the specific surface markers
CD133 and CD24 in the absence of lineage-specific markers of differentiation.[63] Additionally, they
demonstrate functional properties characteristic of stem cells, such as self-renewal capacity, high
clonogenic activity and multidifferentiation potential. Their ability to differentiate towards renal epithelial
cells of the cortical nephron, including glomerular or tubular epithelial cell lineages was already
demonstrated.[64, 65] Indeed, these cells have also exhibited differentiation capacity into osteogenic
cells, adipocytes and neuronal cells, upon specific supplementation.[63] When injected into
immunodeficient mice with different disease models of glomerular or tubular damage, human RPC could
engraft in the damaged kidney and integrate/differentiate within tubules and replace lost podocytes.[63,
66] More importantly, the injection of these cells alone has shown to ameliorate morphologic and
functional kidney damage. Thus, this subset of multipotent cells can be very valuable for the development
of new therapies for kidney diseases, being used throughout this thesis combined with various

biomaterials.

For isolating hRPCs, human kidney fragments were obtained in agreement with the Ethical
Committee on human experimentation of the Azienda Ospedaliero-Universitaria Careggi, Florence, lItaly.
All subjects gave their informed consent for inclusion before they participated in the study. The study was
conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics
Committee on Human Experimentation of the Azienda Ospedaliero-Universitaria Careggi, Florence, Italy
(project identification code 2015/0009082 from 25/03/2015). After obtaining kidney fragments, the
cortex was minced before proceeding to an enzymatic digestion with collagenase solution type IV 750 U
mL: for 45 min at 37 °C. After digestion, the solution was sieved through graded mesh screens (60 and
80 um). The cellular suspension was collected, washed and plated on petri dish containing complete
medium. The medium is composed by Microvascular Endothelial Cell Growth Medium (EGM-MV, Lonza)
supplemented with 20 % HyClone Fetal Bovine Serum (FBS, GE Healthcare). After 4-5 days of culture,

the cells that adhered to the plate were subcultured. Cultures were checked for simultaneous expression
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of CD133 and CD24 by flow cytometry at different passages, as will be further described in section

2.2.4.1. These cells were used between passages 1-3.

According to previously published reports, hRPCs take 30 days to differentiate into human renal
proximal tubular epithelial cells (nRPTECs), when in specific cell culture conditions.[63] Thus, for cell
culture studies with hRPTECs, differentiation on tissue culture plastic was performed before cell seeding
in the biomaterial structures. For 23 days, hRPCs were cultured in Renal Epithelial Cell Growth Medium
(REGM, Lonza) supplemented with 50 ng mL*of hepatocyte growth factor (HGF, Peprotech), after which
cell culture was continued on the membranes for 7 more days as will be further described in section

2.2.2.1.

1-2.2.1.3  Human Umbilical Vein Endothelial Cells (HUVECS)

HUVECs are frequently selected for the study of normal endothelial biology and mechanisms
underlying vascular pathology. They present several advantages, including being primary non-
immortalized cells of human origin and are relatively easy to isolate without contamination of other cell
types. Besides, the source tissue is readily available, with no need for invasive techniques.[67] These
were first isolated in 1973,[68] and since then several authors published protocols using different isolation

techniques and different culture mediums.

We have obtained the cells from Cascade Biologics, Inc., which were directly isolated from 14 days
or less newborn umbilical veins. They represent a pool from multiple donors which were cryopreserved
at the end of the primary culture. After being thawed, HUVECs were cultured and expanded in EGM-MV
media supplemented with 20 % FBS before being seeded. Passages between 1-6 were used on our

experiments.

I-2.2.1.4  Human Microvascular Endothelial Cells (HMECs)

For more specific glomerular studies, we have employed a microvascular endothelial cell line, HMEC-
1 (ATCC Cat# CRL-10636, RRID:CVCL_0307). These cells were isolated from human foreskins and
transfected with pSVT vector, a pBR-322 based plasmid containing the coding region for Simian virus

40A gene product, large T antigen, being able to immortalize them.[69] They are well characterized and
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show to retain morphologic, phenotypic and functional characteristics of normal human microvascular

endothelial cells, being an interesting resource for our glomerular barrier studies.

These cells were expanded and cultured in EGM-MV media supplemented with 20 % FBS before
being seeded together with hRPCs for differentiation studies. Passages between 26-30 were used in the

experiments.

II-2.2.2. Cell seeding

Before establishing cell culture studies, some important parameters have to be optimized. The
seeding strategy needs to be adjusted depending on the substrate area and on whether it is a 2D or 3D
seeding. Additionally, the cell size, growth and phenotype will also influence the evolution of the culture
and are key parameters to be taken into account. All the seeding strategies herein described were

optimized according to the substrates’ nature and the type of cells being seeded.

II-2.2.2.1  Seeding on electrospun membranes (mono and co-culfure studies)

DKECM-based electrospun membranes mounted on 24 well-plate inserts were cells obtained from
three different origins. In a first proof-of-concept study, HK-2 cells were seeded within a concentrated drop
containing 50 x 10 cells, which were left to adhere for 4 h at 37 °C. After this time, expansion medium

was added, and the culture was maintained during 7 days (Figure II-6-A).

HRPCs were seeded on the membranes at a density of 3 x 10¢ cells/insert in endothelial basal
medium (EBM, Lonza) supplemented with 10 % FBS (HyClone, GE Healthcare) and expanded for 21 days
(Figure 1I-6-B). For co-culture studies, primary HUVECs (Cascade Biologics, Inc) were plated at a density
of 7.5 x 10¢ cells/well in the day before hRPCs were seeded within the same expansion medium (Figure
[I-6-C). The cell seeding concentration was optimized to obtain a confluent monoculture of hRPCs at the

end of the culture time.

For /n vitro culture of the bilayer model, HUVECs were seeded on inverted inserts at a density of 2 x
105 cells mL* and allowed to attach 3 hours before being reverted. Then, hRPCs with 23 days of
differentiation supplementation were cultured at a density of 1.3 x 10¢ cells mL* on the reverse side of
the HUVECs insert for 7 days. The medium consisted of a mixture of 1:1 HGF-supplemented REGM with
EBM plus 10 % of FBS (Figure II-6-D).
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Figure II-6 — Schematic representation of the co-culture and monoculture cell seeding on the electrospun membranes.
II-2.2.2.2 3D non-adherent culture on particulate kidney ECM (pKECM)

The effect of pKECM on cell behavior was analyzed having 3 different ratios of pKECM to hRPCs
(Figure 1I-7). Suspension tissue culture 48-well plates were used in this study. 1, 2 and 4 mg of pKECM
were weighted and added to each well before being rehydrated with complete medium for 30 min at
37 °C. A cell suspension of 50 uL containing 1 x 10° hRPC was added to each well and left 30 min at
37 °C to adhere to pKECM substrates. After that, complete medium composed by EGM-MV supplemented
with 20 % HyClone™ FBS was added. Non-adherent cultures were performed by coating culture plates
with a thin layer of 1.5 % agarose gel which was left to gelify overnight at 4 °C. The same cell concentration
was seeded without the presence of pKECM in tissue culture treated polystyrene plates for the adherent

cultures (2D control). The medium was changed every 2 or 3 days.
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Figure II-7 — Schematic representation of the 3D culture performed on pKECM substrates.

II-2.2.2.3  Spheroids seeding and opftimization

hRPCs between PO and P2 were used on this study. Cells were culture by hanging drop method.[70]
Briefly, hRPCs were plated in hanging drops of 20 uL containing EGM-MV medium with 5, 10 and 20 x
10s cells/drop. The different initial densities of cells per spheroid were defined taking into account
previously reported protocols.[71, 72] Podocyte differentiation was conducted in DMEM-F12,
supplemented with 10 % FBS and all-trans retinoic acid (RA, 100 uM) [65] and applied to the spheroids
for a maximum of 48 h (Figure 1I-8). Similarly, an highly selective glycogen synthase kinase-3 (GSK-3)
inhibitor, CHIR99021, was used as a WNT agonist to induce differentiation according to a previously
published protocol.[73] Spheroid cultures were supplemented for 1 h in DMEM-F12 medium
supplemented with 10 % FBS and 5 uM of CHIR99021 (R&D Systems). After, the medium was changed
to include 10 % of FBS and 200 ng mL* of FGF9 (R&D Systems) as supplements for 5 days. To obtain
spheroid derived cells, spheroids were incubated with trypsin/EDTA for 5-20 min in a 37 °C water bath
while pipetting every 2-3 min. For experiments using endothelial cells, we employed the HMEC-1 cell
line. Briefly, 5x10¢ HMEC-1 were mixed with 15x10* hRPCs and seeded on hanging drops as previously
described. The culture was either maintained for 4 days in EGM-MV media or stimulated with DMEM-F12
RA-containing media after 2 days of seeding time, for 48h, as previously described. After 4 days of co-

culture, spheroids were retrieved for immunofluorescence or histology assessment.
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Figure II-8 — Schematic representation of spheroid seeding and differentiation protocol with retinoic acid.

11:2.2.2.4  Bioink cell encapsulation and printing

Before bioprinting, dKECM bioinks were centrifuged at 4000 rpm to pellet non-digested pieces. For
cellular encapsulation, 1 x 10shRPCs were resuspended in each 1 mL of 2% dKECM matrix. Cell-Hladen
bioinks were loaded in sterile cartridges (CELLINK) for printing. Gelatin-laden bioinks were used as a
control. Briefly, a 10 % gelatin solution was dissolved in PBS under constant stirring at 60 °C for 30 min
and then cooled to 37 °C, before being mixed with 10¢ hRPCs per mL and loaded in sterile cartridges.
Constructs were printed using a bioprinter (BIO X, CELLINK). A scheme of the bioprinting process is
shown in Figure 1I-9. The bioprinting process was performed using a support bath, as previously
reported.[74] Briefly, a 0.5 % agarose solution (Lonza) containing 11 mM CaCl. (Sigma-Aldrich) was
prepared and autoclaved. Immediately after, the solution was cooled down to room temperature under
constant agitation at 700 rpm to form agarose microparticles. The solution was stored at 4 °C or used
directly after cooling. 0.5 w/v % of microbial transglutaminase (Ajinomoto) was added to the agarose bath
and left to solubilize for 20 min before printing. Printability was tested using a 25G needle with a varying
printing speed from 8 to 12 mm s and a varying pressure from 5 to 10 kPa. The gelatin-containing
printhead was heated at 37 °C, and hRPCs-laden gelatin was printing at a constant pressure of 5 kPa
and a printing speed of 10 mm s-.. Based on the printability tests, a square solid construct of 10 x 10 x
1 mm: was printed inside sterile plates loaded with the support bath (Figure 11-9). After printing, the
constructs were crosslinked by incubation at 37 °C for 2 h, followed by agarose bath removal and fresh
culture media addition. Cultures were maintained for 30 days, with specific timepoints to evaluate the

evolution of the cellular performance.
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Figure 19 — Schematic representation of the decellularized matrix bioprinting process using an agarose support bath.

II-2.2.3.  Cellular performance

The microenvironment in which cells are cultured, whether is a 2D or 3D culture, plays a primary
role in defining cell fate during culture time. First, the biomaterial structures need to be tested for their
cytotoxicity. Additionally, cell growth, proliferation, morphology and overall performance were evaluated,

and those tests are herein briefly described.

1-2.2.3.1  Cellular metabolic activity quantification

Cellular viability assays are often used for screening cytotoxic effects that eventually lead to cell
death. These effects can be a result of contacting with certain molecules or existing/released compounds
during the culture time. Several assays can be performed to evaluate the cellular viability. The majority of
them display a direct dependence on other parameters such as the incubation period, the number of
cells and their metabolic activity.[75] Herein, MTS, MTT and alamarBlue® were used as quantitative

assays of cellular metabolic activity, from which overall viability can also be inferred.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay is based on the reduction
of MTT tetrazolium dye to insoluble formazan (with a purple color) by NAD(P)H enzymes present in
cells.[76] In this work, spheroids were incubated with a mixture of 1:5 MTT reagent:DMEM-F12 and
incubated for 4 h at 37 °C. After that, the mixture was removed and 100 uL of DMSO were used to

dissolve the dye. Absorbance was read in a microplate reader at 570 nm.

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was

selected to evaluate HK-2 metabolic activity on dKECM electrospun membranes. This assay is described
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as a “one-step” MTT, as the formazan products generated are directly soluble in culture media, simplifying
the assay.[75] However, this advantage also makes MTS assay more susceptible to colorimetric
interferences. HK-2 cells cultured above the dKECM electrospun membranes were incubated in a 5:1
proportion of MTS (Promega) to DMEM without phenol red for 4 h at 37 °C in the dark. Then, the
supernatant was used to determine the absorbance at 490 nm. Cells cultured on glass coverslips were

used as a negative control for cell metabolic activity.

AlamarBlue® is a commercially available kit that enables measuring the metabolic activity by the
reduction of resazurin, a cell permeable redox indicator. Viable cells with active metabolism reduce this
compound to resofurin, a pink soluble compound, which fluorescence can be directly measured on a
microplate reader.[77] The great advantage of resazurin reduction relies on the fact that cells are not
affected by the substrate after the assay, offering the possibility of performing other assays or continuing
to evaluate cell culture over time. Herein, alamarBlue® was applied on hRPCs cultured on dKECM
electrospun membranes, pKECM and dKECM bioinks. At day 7, 14 and 21 of culture, the hRPC-seeded
dKECM membranes were removed from the inserts, washed with DPBS and placed on new 24 well-
plates. Fresh culture medium containing 10 % of alamarBlue reagent was added to each well and
incubated for 4 hours at 37 °C. The hRPCs-seeded pKECM assay was performed on cell suspensions
after 1, 2, 4 and 7 days of culture using the same protocol, with 7 h of incubation time. Finally, bioink-
encapsulated hRPCs metabolic activity was also measured using alamarBlue®, with an incubation time
of 4 h and 30 min. For all conditions, supernatants were used to determine the fluorescence intensity in

a microplate reader (excitation: 530/25 nm; emission: 590/25 nm).

I1-2.2.3.2  Live/Dead Assay

The Live/Dead assay is a qualitative measurement of viability that can be used as a complementary
assay to quantitative measurements. This test is usually performed using two fluorescent compounds,
one indicating live cells in green, calcein, and another indicating dead cells in red, propidium iodide (PI).
Calcein-AM is the acetomethoxy form of calcein, a highly lipophilic, cell membrane permeable dye. It
requires the presence of intracellular esterases for the desterification of calcein AM and also plasma
membrane integrity for the retention of the fluorescent calcein product.[78] On the contrary, Pl is cell
membrane impermeable and thus requires damaged cell membranes or dead cells to enter and bind to
DNA. The fluorescence produced by Pl when bound to DNA is enhanced 40-fold, enabling its detection

by fluorescence microscopy. Herein, we performed live/dead assay on hRPCs cultured on pKECM
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substrates and dKECM-derived bioinks. Briefly, the fluorescent dyes were incubated with the constructs
at a concentration of 1 ug mL* for Pl and 2 ug mL: for Calcein, AM in DPBS for 30 min at 37 °C. After
this time, the constructs were analyzed using a confocal microscope (Leica, Wetzlar, Germany). Images

were recorded digitally and further processed using LASX software (Leica) and ImageJ.[79]

I1-2.2.3.3  Cellular proliferation quantification

Quantifying cell proliferation is of extreme importance to understand the effect that different
biomaterials can have on the mitotic capacity of the cultured cells. It can also be used to plot a calibration
curve correlating the number of cells with the amount of DNA at the beginning of the seeding. This can
give us information about the number of cells throughout the culture time. Several methods for measuring
cellular proliferation are available, but nucleic acid binding dyes have been widely used because of their
high sensitivity.[80] Herein, we have employed the commercially available kit Quant-iT™ PicoGreen™
dsDNA Assay (ThermoFisher) to evaluate cellular proliferation on dKECM membranes, pKECM substrates
and spheroids. When bound to dsDNA, PicoGreen has a maximum fluorescence enhancement, with little
or no interference by ECM proteins produced by the cells. Briefly, all the cell-containing substrates were
washed with DPBS, immersed in Milli-Q water and frozen at -80 °C. In this process, cells are lysed by
osmotic shock. The resulting supernatant was used for the assay. The fluorescence of each specimen
was measured by incubating samples with Picogreen for 10 min, according to manufacturer instructions.
Fluorescence was measured using a microplate reader at an excitation wavelength of 485 nm, and an
emission wavelength of 528 nm. The DNA concentration for each sample was calculated using a standard

curve.

I1:2.2.3.4  Toftal protein synthesis quantification

Total protein produced by cultured cells can be performed as a complementary measurement to
their proliferative capacity. It can also be used as a background measurement for other assays dependent
on protein concentration. Although this assay cannot quantify the type of proteins produced, it can give a
first insight on differentiative stage of the seeded cells together with other complementary assays. There
are several methods for quantifying proteins, which usually work within a high detection range. Herein,
we employed a microBCA™ commercially available kit for quantifying lower amounts of intracellular

proteins.[81] The amount of protein is determined by their ability to reduce Cuz to Cu in an alkaline
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environment, which then reacts with bicinchoninic acid (BCA) creating a purple color. This change in color
can be detected on a microplate reader. Protein quantification was performed on hRPCs and HK-2 cells
seeded on dKECM membranes. Using the same supernatants as previously described for DNA
quantification, total protein content was quantified by incubating samples with BCA compound at 37 °C,
according to the manufacturer's instructions. After 2 h of sample incubation with the substrate,
absorbance was measured at 562 nm in a microplate reader. The concentration of total protein in the

samples was calculated using a standard curve of Bovine Serum Albumin.

I1-2.2.3.5  Cellular morphology and distribution

The morphology adopted by cells in response to different environments and/or biomaterials is
extremely important for the validation of the developed biomaterial structures. These changes can be
used to predict the phenotypic impact of different biomaterials or compounds.[82] Additionally, cell
distribution analysis can give useful insights on the monolayer of cells, which is important for the
functionality of tubular models.[83] In this way, we have studied the distribution and morphology on HK-
2 cells and hRPCs seeded on dKECM-derived electrospun meshes, particulate matrix and bioinks by SEM
and IHC.

In order to evaluate the cellular adhesion on the electrospun meshes, after 1, 3 and 7 days of cell
culture membranes were removed from the inserts, washed with PBS and fixed in with 2.5% (v/v) of a
glutaraldehyde solution (VWR) for 1 h. After this, they were washed again and dehydrated through an
alcohol series before being treated with 1,1,1,3,3,3-Hexamethyldisilazane (HMDS). As for microstructure
analysis of the cellular adhesion onto different quantities of pKECM, after 7 days of culture, constructs
were washed with DPBS and fixed in 2.5 % (v/v) glutaraldehyde for 1 h at 4 °C. After the fixation step,
they were washed again and dehydrated through a gradient of ethanol concentrations. All samples were
sputter coated with gold prior to analysis and micrographs were obtained by scanning electron microscopy
(SEM, JSM-6010 LV, JEOL). For the histological analysis of the distribution of the cells on the particulate
matrix after 7 days, constructs were fixed in 10 % neutral buffered formalin, and embedded in OCT
compound for cryosectioning. H&E and MT stainings were performed on the constructs as previously
described in section [I-2.1.2.3. Staining intensity and cell distribution were observed by light microscopy

(DM750, Leica).
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II-2.2.4.  Evaluation of cellular phenotype

Evaluating cell phenotype changes a very important assay in stem cell biology. Understanding what
is the main stimulus behind phenotype change enables studying the effect of our biomaterial substrates
and should also improve our understanding of stem cell differentiation towards a specific phenotype for
the purpose of therapeutic applications.[84] Herein, we will describe several methods that were used to
evaluate specific proteins or genes, which enabled us to evaluate the therapeutic potential of the produced

substrates and/or culture methodology.

1:2.2.4.1  Flow cytometry characterization

Flow cytometry (FC) is a technique that allows for the characterization of a population of cells or
particles. This laser-based technology is able to characterize different cell types in a heterogeneous
population as well as their cellular size and volume. Basically, cells are resuspended and stained with
fluorescent antibodies. When the cell suspension is introduced into the equipment, it flows through a
small nozzle, causing the cells to pass through a laser beam one at a time. The light scattered by the
cells or particles as well as the emitted fluorescence of the positively stained cells is detected as they
pass through the laser beam, which is then translated into a dot plot for further analysis.[85] In this work,
cultures were checked for simultaneous expression of CD133 and CD24 at different passages, according
to previously published methods for characterizing hRPCs.[64] Briefly, cells were washed with PBS
containing 0.5 % BSA and blocking was performed with FcR Blocking Reagent (Miltenyi Biotec). Primary
antibodies anti-CD133/2 (Miltenyi Biotec) and anti-CD24 (Santa Cruz) were incubated for 15 min along
with respective isotypes. Secondary antibodies added and incubated for 15 min in the dark. A total of 4
x 10* events for each sample were acquired. Dead cells were excluded by propidium iodide positive
staining (Miltenyi Biotec). Only populations expressing > 90 % CD133+CD24+ cells were used on this
study.

1:2.2.4.2  /Immunofiuorescence of phenotypic markers

To perform immunocytochemistry, dKECM membranes, pKECM, spheroids and bioinks were fixed
at the end of culture time with 10 % neutral buffered formalin and kept at 4 °C until further use. A

permeabilization step was performed for intracellular proteins by soaking substrates in 0.5 % TWEEN®
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20 for 30 min. After this, the blocking step was performed with 3 % BSA for another 30 min. Primary
antibodies were diluted in 3 % BSA and incubated overnight at 4 °C (Table II-1). Secondary antibodies
Alexa Fluor 488 or 594 (1:500, Alfagene) were diluted in PBS and incubated for 1 h at RT in the dark.
When required, DAPI (1:1000, Sigma Aldrich) and Phalloidin (1:200, Alfagene) were incubated along with
the secondary antibody. After several rinses in PBS, constructs were analyzed under Leica confocal
microscope (Leica, Wetzlar, Germany). Images were recorded digitally and further processed using LASX

software (Leica).

Immunohistochemistry was also performed after the fixation step. Briefly, spheroids were embedded
in Histogel™ (ThermoFisher) before being processed and embedded in paraffin for sectioning. 5 um thick
sections were stained with Hematoxylin & Eosin (H&E) or deparaffinized and rehydrated to perform
immunofluorescence. A blocking step was performed with 3 % BSA and primary antibodies were
incubated for 1 h at RT in 0.5 % TWEEN® 20. Secondary antibodies Alexa Fluor 488 or 594 were
incubated among with DAPI and Phalloidin for 1 h in the dark. After several rinses in PBS, slides were
mounted with VECTASHIELD® and analyzed under a confocal microscope.

Table II-1 — Antibodies and concentrations used for phenotypic markers analysis of the produced substrates.

Antibody Concentration Antibody Concentration
Zona Occludens-1 1:100 Na/C/ co-transporter 1:95
(Z0-1) (NCC)
Sodium-dependent
/uiofgraiie/;;zg 1:30 Paired box gerre 2 1:100
£ P ' (PAX2) '
(SGLT2)
A n-1 Nephrin 1
qhaportt 1:100 epir 1:200
(AOP-1) (NPHS1)
Chloride channel Ka 1:95 CD133 195
(CLC-NKA)
Von Willebrand Factor 1:100 Tamm-Horsfall protein 1:95
(vWF) (THP)
Synaptopodin 110 Podocin 165
(SYNPO) (NPHSZ2)

II-2.2.4.3  Realtime quantitative polymerase chain reaction (R1-PCR)

Polymerase chain reaction, or PCR, is a widely used technique in molecular biology. It allows
amplifying a small amount of DNA in several cycles, enabling detailed studies of gene expression. First,

the RNA has to be isolated and transcribed to cDNA by using reverse transcription. After that, the cDNA

74



Chapter Il - Materials and Methods

enters a series of temperature cycles which enable denaturation, separating the two cDNA chains,
annealing of the primers and amplification by the DNA polymerase. Using real-time PCR, we are able to
monitor the results during the PCR, as a fluorescent signal is emitted every time there is amplification.[86]
There are two major methodologies for the detection of amplification in real-time PCR, being the first non-
specific fluorescent dyes that intercalate with any double-stranded DNA (e.g. SYBR Green) and the second
sequence-specific DNA probes consisting of oligonucleotides that are labelled with a fluorescent reporter
(Tagman probes). Herein, we have used Tagman technology as it detects specific amplification products
only. For that, total RNA was extracted using RNeasy Microkit (Qiagen) and quantified using a Nanodrop
spectrophotometer (ThermoFisher Scientific). For the spheroid’s studies, after predefined periods of
differentiation, 50 spheroids for each condition were collected, centrifuged, trypsinzed and frozen until
analysis. For the studies on dKECM membranes, after 7, 14 and 21 days of culture, membranes in
monoculture or in co-culture systems were removed from the inserts and frozen until analysis. After, the
cell pellets and dKECM membranes were thaw and resuspended in buffer RTL (composing the kit)
containing [3-mercaptoethanol for efficient cell lysis. For the spheroids, RNA corresponding to the same
number of cells per condition was used. In the membranes work, as it was not possible to make an
effective count of the number of cells, 52 ng of RNA per condition were used. After, RNA was
retrotranscribed using TagMan™ Reverse Transcription Reagents (ThermoFisher) following
manufacturer’s instructions. TagMan RT-PCR was performed using a 7900HT Real Time PCR System
(Applied Biosystems).[87, 88] Paired box2 (PAX2), Octamer-binding transcription factor 4 (OC74), Wilms
tumor 1 (WTI), Synaptopodin (SYNPO) and Nephrinl (VPHSI) quantification were performed for
spheroids. Na/K/Cl cotransporter (SLC1Z2AI), amino acid transport protein (SLC3AZ), v-
glutamyltranspeptidase (GG71) and Na/H exchanger (SLC9A3) quantification were performed for hRPC-
seeded dKECM membranes. Commercially available Assay on Demand kits (Applied Biosystems) were

used. Fold expression (FE) was determined using the following equation:

Fold Expression (FE) = 274ACt Equation 4

where ACt = Ct gene of interest — Ct housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and AACt = Ct sample of interest — Ct control sample, which was considered the gene

expression level at the seeding day.
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II-2.2.5.  Functionality Assessment

After the confirmation of cell phenotype changes, it is important to measure if differentiated cells are
performing their physiological function. Herein, the function of tubular cells was measured by confirming
the monolayer formation and the reabsorption of albumin. Nephrotoxicity measurements were also
performed. These assays allow obtaining a deeper understanding on the behavior of cells and the likely

utilization of the dKECM membrane as a bilayer model of the tubular filtration barrier.

1I-2.2.5.1 Transepithelial electrical resistance meastrement

Studying transepithelial electrical resistance (TEER) allows for the functional characterization of a
monolayer of epithelial cells. The paracellular transport /n7 vivo is mediated along the tubular cells’ tight
junctions and the lateral intercellular spaces. Thus, this measurement is important for the validation of /n
vitro models, especially when modeling leaky epithelia such as the proximal tubule.[89] Herein, we
determined the barrier properties of the HK-2 monolayers cultured on dKECM membranes. TEER was
measured over a 14-day period using a Millicell® ERS-2 Volt-Ohm Meter (MA, USA) with the same sets
of inserts over time in PBS. Values were multiplied by the surface area of the membrane occupied by

cells.

11:2.2.5.2  Paracellular permeability assay

The study of paracellular permeability is complementary to the TEER measurement. It allows
studying if the monolayer of epithelial cells is not leaking and performing its natural barrier function. For
that, some molecules such as inulin can be used, as it is not actively taken up by tubular epithelial
cells.[90] Herein, we studied inulin leakage on the bilayer model composed of RPTECs and HUVECs
cultured on the dKECM membranes. Thus, at day 7 of co-culture, 400 L of media containing 25 ug mLt
of fluorescein isothiocyanate (FITC)-conjugated inulin was applied to the top compartment, while 600 uL
of medium was applied to the bottom compartment. Cells were incubated at 37 °C for 5 hours. Every
hour, samples were drawn from both compartments and fluorescence intensity was measured in a
microplate reader (excitation: 485/25 nm; emission: 530/25 nm) to quantify the passage of inulin

through the monolayer.
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11:2.2.5.3  Albumin reabsorption quantification

Serum albumin is commonly found protein in blood that helps clearing uremic toxins. When it
reaches the kidneys, some is filtered through the glomeruli and reabsorbed by the proximal tubule cells
by receptor-mediated endocytosis.[91] When the kidney is dysfunctional, this function becomes
compromised. Thus, albumin reabsorption is a relevant indicator of a functional layer of tubular epithelial
cells. Herein, we studied albumin reabsorption on the bilayer model composed of RPTECs and HUVECs
cultured on the dKECM membranes. FITC-conjugated human serum albumin (HSA) was applied to the
top compartment at a concentration of 40 ug mL* and the initial fluorescence was measured in the total
volume of the well. After 5 hours, inserts were drawn from the wells and the remaining concentration of
HSA in the well was measured by fluorescence intensity in a microplate reader (excitation: 485/25 nm;

emission: 530/25 nm).

11-2.2.5.4  Nephrotoxicity assessment

One of the major goals in developing a reliable /7 vitro model of the tubule is to have a consistent
response to drugs which are known to induce nephrotoxicity. In this way, it will be possible to predict drug
toxicity in humans with /n vifrotests. Cisplatin is a known nephrotoxic drug that accumulates in the renal
parenchyma by active transport into proximal tubular cells.[92, 93] Thus, we evaluated its effect on the
bilayer model as a functionality test. Cisplatin was applied to the top compartment of confluent
monocultures of hRPTEC and to the co-cultures with HUVEC. 0, 50, 100 and 150 uM of cisplatin in REGM
complete medium were added to the inserts after 7 days of bilayer culture. The range of values was
selected according to previously published papers which also performed nephrotoxicity assays, with the
main aim of evaluating cell response to the increasing concentration of cisplatin.[94, 95] Cellular
metabolic activity was assessed by alamarBlue as previously described and presented as a percentage
of control values (the inserts that were subjected to O uM of cisplatin). To further evaluate the effect of
cisplatin, live/dead assay and immunofluorescence of DAPI and Phalloidin were also performed, as

previously described.
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ABSTRACT

Kidney diseases are recognized as a major health problem, which affect 10 % of the population.
Because currently available therapies have many limitations, some tissue engineering strategies have

been emerging as promising approaches in this field.

In this work, porcine kidneys were decellularized to obtain decellularized kidney extracellular matrix
(dKECM). Our results demonstrate a successful protocol of decellularization characterized by the removal
of nucleic acid material and preservation of collagen and glycosaminoglycans. Blends of polycaprolactone
(PCL) and dKECM were prepared by electrospinning and characterized. The biological performance of
the membranes was tested with a human kidney cell line (HK-2) for 7 days. It was observed that cellular
metabolic activity, proliferation and protein content increased with an increase in dKECM concentrations
(30, 50 and 70 %). Additionally, the expression of zona occludens-1 was revealed on dKECM-containing

membranes but not on pure PCL membranes.

To the best of our knowledge this is the first time that natural extracellular matrix is used to mimic
the kidney basement membrane as an /n7 vifro model. This could be a valuable tool for regenerative

nephrology and may have an impact on the development of kidney advanced therapies in the future.

1This chapter is based on the following publication:

Sobreiro-Almeida, Rita; Fonseca, Diana R.; Neves, Nuno M. Extracellular matrix electrospun membranes for mimicking natural renal filtration
barriers. Materials Science and Engineering: C, 103:109866, doi: 10.1016/j.msec.2019.109866, 2019.
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llI-1.  INTRODUCTION

The extracellular matrix (ECM) is a multifunctional network of molecules produced by resident cells
of each tissue. Their specific structure gives the tissues their structural and biochemical support. The
ECM is known to play an essential role in tissue development, remodeling and function, being therefore
essential for the appropriate environment of the tissues in the human body.[1] It was previously
demonstrated that the ECM plays a crucial role in embryonic and fetal development.[2] The ECM is also
important in orchestrating complex remodeling functions by interacting with receptors of stem cells driving
its proliferation, migration and differentiation.[3-5] The composition of the ECM varies depending on the
tissue considered, since different cell types will secrete specific cues for the correct functioning of the
tissue and its surrounding microenvironment. However, some molecules are more abundant in the

connective tissues, such as collagen type | and IV and a variety of glycosaminoglycans (GAGs).[6]

Tissue engineering strategies have been developed to enable obtaining tissue regeneration and
remodeling in the context of various diseases. Several techniques and materials were developed with the
purpose of mimicking diverse features of the ECM, including its architecture, structural organization and
biochemical cues. However, the complexity of the ECM has proven difficult to be reproduced in its
structure and function by synthetic methods. In general, synthetic materials can only mimic the ECM
structure by using techniques such as electrospinning [7] or cues by integrating some soluble

morphogens [8], which have difficulties in mimicking accurately the properties of the native ECM.

An effective alternative to the use of synthetic-derived scaffolds is using the ECM itself as a biological
scaffold material. For that, decellularization techniques have been developed to remove the cellular
content of tissues and organs perfusing the vasculature with detergents to decellularize it and further with
medium containing cells to repopulate the matrix. This strategy was already performed in several organs,
such has the kidney [9] and heart [10] and successfully implanted /7 vivo envisioning whole organ
repopulation. Although it is still in its infancy, this is a promising approach for the production of whole
transplantable organs, since primary immunogenic factors are in theory fully removed. Decellularized
organs were used to extract and process the ECM in order to create detailed architectures adapted to a
specific tissue defect.[6] These include engineered soft tissue applications,[11, 12] cartilage [13, 14] or
improving vascularization.[15] Different studies already demonstrated the value of renal ECM on
modulating cell proliferation and differentiation when cultured on native tissues.[16-19] Also, renal ECM-
based scaffolds have been proposed to study the effect of regional specificity of mouse stem cells [20]

and hydrogels have been developed to study endothelial cell maturation and quiescence.[15]
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Basement membranes are the first fully differentiated ECM-composed structures to appear during
embryonic development and are highly preserved during adulthood life.[21] In the kidney, several drugs
and their metabolites are absorbed in the proximal tubule and therefore the function of basement
membranes is of utmost importance for the excretory function. These metabolites are prone to cause
damage to the glomerulus and proximal tubular cells, eventually compromising the renal filtration capacity
and clearance of toxins.[22] Ultimately, the accumulation of uremic toxins can give rise to Acute Tubular
Necrosis (ATN) and Acute Kidney Injury (AKI), a disease associated with great morbidity and mortality.[23]
Therefore, /n vifro systems capable of replicating the proximal tubule filtration capacity have great interest
not only for pharmacological industry as models of disease but also on developing new devices for
replacement of the conventional hemo- or peritoneal dialysis treatment modalities. Several researchers
have been focused on the development of bioartificial kidneys (BAK) containing specific renal cells to
better replicate kidney function.[24-26] One of the most important components of these devices are the
membranes, since it is essential that the proximal tubule cells assemble into a monolayer with epithelial
functional characteristics. Also, it has already been demonstrated that there is an improved cell
performance when renal cells are cultured in contact with extracellular matrix coatings.[27] However, the
behavior of renal cells when seeded on membranes having a composition similar to that of the kidney
ECM was not previously reported in the literature. Also, to the best of our knowledge, no BAK strategy
using components of decellularized ECM was performed, despite being already known that changes in

the ECM are liked to cause altered proximal tubule cell behavior. [27]

Nephrons are complex structures composed of linings of epithelial cells, which act as a selective
permeable tissue barrier regulating the transport of solutes and ions not only paracellularly, but also
across the tubule wall during filtrate reabsorption. This capacity of selective absorption and electrolyte
balance in the tubules is mainly dependent on tissue integrity maintained by the coordinated assembly
of tight junction (TJ) complexes between epithelial cells.[28] Hence, AKI if often associated with
derangements of the tubule cell cytoskeleton, which will impair the filtration capacity and cause a
depression on the Glomerular Filtration Rate (GFR), leading to injury.[29] For this reason, mimicking this
complex matrix to obtain differentiated monolayers of proximal tubule epithelial cells /n vitrois an essential

step in kidney engineering.

In this work, porcine kidneys were decellularized with the goal of using the obtained ECM to produce
electrospun porous membranes. An immortalized proximal tubule renal cell line was used to test its

biological activity when cultured on ECM derived membranes in comparison to synthetic ones. Monolayer
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formation and epithelial functional characterization was investigated to propose these membranes for

developing a realistic /n vifro kidney model.

llI-2.  EXPERIMENTAL

ll-2.1.  Decellularization process

Whole porcine kidneys were obtained from a local slaughterhouse and kept at 4 °C before being
frozen at —20 °C. Afterwards, they were cut in horizontal sections (Figure Ill-1) and the renal capsules
were removed. Kidney sections were rinsed in cold Milli-Q water and kept in an agitated bath at 100 rpm
immersed in a solution of 1 % SDS at 4 °C. The solution was changed twice daily. After the
decellularization process was completed, sections were transferred to cold Milli-Q water under the same
conditions. The water was changed twice a day for 1 week. Decellularized kidney sections were used

immediately for characterization or stored at —80 °C until use.

e v o o9
Day1 Day 2 Day4

Figure lll-1 — Macroscopic evaluation of kidney decellularization. Scale bar: 1.5 cm.

lII-2.2.  Characterization of decellularized kidney extracellular matrix (dAKECM)

llI-2.2.1. Assessment of cellular content

DAPI (4',6-diamidino-2-phenylindole) staining was performed both in native (n = 3) and in
decellularized tissue sections (n = 3) to assess if remaining DNA fragments were present on the
decellularized sections. Kidney sections were cut into smaller pieces with an 8 mm diameter biopsy punch
and immersed in a 10 % neutral buffered formalin solution (Thermo Scientific) for 24 h at room
temperature. Pieces of decellularized and native tissues were embedded in paraffin and cut into 5 um
thick sections. These sections were deparaffinized, rehydrated and stained with DAPI (VWR) (diluted

1:10000) for 10 min in the dark. The sections were further analyzed by fluorescence microscopy.
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Ill-2.2.2.  Scanning electron microscopy

To analyze the structure of the decellularized tissue, native and decellularized sections were fixed in
2.5 %(v/v) of glutaraldehyde (VWR) in a buffered PBS solution for 24 h. After removing the residual fixation
reagent, samples were dehydrated through a series of ethanol gradient solutions and submitted to critical
point drying (Autosamdri- 815, Tousimis) for a 45 min cycle. Samples were further mounted, sputter

coated with gold and analyzed by scanning electron microscopy (SEM, JSM-6010 LV, JEOL).

IlI-2.2.3. DNA quantification

The DNA content in both native and decellularized tissue was extracted using the DNeasy Blood and
Tissue kit (Quiagen) according to manufacturer instructions. Each sample (n = 3) was weighted before
digestion of the tissue. To quantify the double stranded DNA concentration on each sample, nanodrop

equipment (ThermoScientific) was used.

I1-2.2.4. Collagen content measurement

Acid and pepsin-soluble collagens were quantified using Sircol Collagen Assay Kit (Biocolor)
according to manufacturer's instructions. Briefly, kidneys were cut into 8 mm punches with approximately
2 mm thick. Native tissue was kept at -80 °C until quantification and the remaining tissue proceeded to
the decellularization process, as above mentioned. The extraction was performed overnight at RT by
immersing the tissue in 0.1 mg mL* of pepsin (Enzymatic) in 0.5 M acetic acid (VWR). Absorbance was
measured at 555 nm against reagent blanks and standards. Tissue collagen concentrations were

obtained from a collagen | standard curve.

I1-2.2.5. Sulfated glycosaminoglycans (sGAG) content measurement

Glycosaminoglycans were quantified using 1,9-dimethylmethylene blue (DMMB) dye binding assay.
Kidneys were cut as described for collagen quantification and were digested in 500 ug mL* of papain
(Sigma) in phosphate buffer overnight at 60 °C under agitation. DMMB dye was added to the ECM digests
at a 1:10 ratio of digests to dye. A standard curve was plotted using chondroitin sulphate (Sigma).

Absorbance was measured at 525 nm and concentrations were obtained from a standard curve.
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IlI-2.3.  Scaffold fabrication

I1-2.3.1. dKECM processing

Frozen sections of decellularized tissue were freeze-dried and grinded to yield a powder which was
stored until use. To remove any residual detergent, dKECM was resuspended on 70% ethanol and
vigorously vortexed. The suspension was centrifuged at 12900 rpm for 5 min and fresh ethanol was
added to the pellet in order to resuspend and wash again. This procedure was repeated 3 times.

Afterwards, the pellet was left to dry and was further lyophilized.

To ensure that dKECM was efficiently digested, the washed powder was added to a solution of 0.01
M of HCI (Laborspirit) at a concentration of 10 mg mL* and pepsin (Enzymatic) was added at a
concentration of 1 mg mL*. The powder was left to digest for 48 h at room temperature. The digested
matrix was then neutralized with 10x PBS and 0.1 M NaOH (Enzymatic) in proportions of 1:10 and 1:9,

respectively. This solution was freeze-dried for further use.

IlI-2.3.2. Electrospinning processing

The processed kidney ECM was solubilized in HFIP (1,1,1,3,3,3- Hexafluoro-2-propanol =>99%)
(Sigma-Aldrich) at a concentration of 100 mg mL*. Polycaprolactone (PCL, 80 kDa, Sigma Aldrich) was
dissolved in the same reagent at a concentration on 15 %(w/v). The two were mixed in the following
proportions 70:30, 50:50, 30:70 of dKECM and PCL respectively. The blends were electrospun through
a 21 G needle at 18 kV, establishing a distance of 15 cm between the needle tip and the ground collector,
a flow rate of 0.5 mL h* and collecting the random fiber mesh on a flat aluminum foil. After 2 h of
dKECM/PCL deposition, the meshes were left to dry for one day in a fume hood to evaporate all the

remaining solvent.

I1-2.3.3.  Scaffold crosslinking and sterilization

To avoid a fast degradation of the dKECM in the meshes, vapors of glutaraldehyde were applied to
the meshes in a desiccator under vacuum for 24 h. Afterwards, the meshes were cut into 1.2 x 1.2 mm
squares and introduced on 24 well plate inserts (CellCrownTM) to proceed to the sterilization processing.

Before this, they were immersed in a 0.1 M glycine aqueous solution (Sigma Aldrich) for 1 h to decrease
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the toxicity of residue aldehyde groups to cells, followed by sterilization using 70 %(v/v) ethanol and 1 h

UV exposure/each side.

lll-2.4. Scaffold characterization

I1-2.4.1. Morphological characterization and fiber diameter

The microstructure of the PCL meshes as well as the different blends of dKECM/PCL was evaluated
by scanning electron microscopy (SEM; JSM-6010 LV, JEOL, Japan). Samples were sputter coated with
gold (coater 108 A, Cressington, United States) prior to examination. The micrographs were taken at an
accelerating voltage of 10kV. The average diameter of 100 fibers per condition were measured by ImageJ

software using the SEM pictures with magnification of 2000 times.

I1-2.4.2. Mechanical testing

The mechanical properties were determined using a universal mechanical testing machine (5543
K2942, 5543, Instron) equipped with a 1 kN load cell in tensile mode. Firstly, samples of each membrane
(n = 5) were cut into testing specimens with length of 2 cm and width of 0.6 cm and then were fixed in
paper frames with a square window of 1.2 x 1.2 cm. The frames were then mounted onto the tester grips
at a gauge length of 1.2 cm, and the lateral sides of the frame were cut before testing at crosshead speed
of 0.5 mm min*. Five samples per condition were tested. The Young's Modulus (E) was then calculated
from the stress-strain curve as the slope of the initial linear portion of the curve, neglecting any toe region

due to the initial conditioning of the specimen.

I1-2.5.  Culture of human kidney cells on electrospun membranes

I1-2.5.1. Study design

To evaluate the behavior of cells seeded on electrospun dKECM/PCL meshes, a human kidney
cortex/proximal tubule established cell line derived from normal kidney was used, HK-2 (American Type
Culture Collection, ATCC). These cells were immortalized by transduction with human papilloma virus 16

(HPV-16) E6/E7 genes. They were expanded in the company recommended medium, Keratinocyte
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Serum Free Medium supplemented with 0.05 mg mL* Bovine Pituitary Extract and 5 ng mL of Epidermal

Growth Factor (Gibco) until a sufficient number was archived to initiate the assays.

Scaffolds were seeded with a concentrated drop containing 50000 cells, which were left to adhere
for 4 h at 37 °C in a humidified atmosphere containing 5% CO,. After this time, expansion medium was
added, and the culture was maintained for 7 days. Also, after 1 and 3 days of culture, cell-seeded meshes
were collected to perform cellular assays. Three independent experiments were performed with three

replicates for each sample in each experiment.

I1-2.5.2. Cellular metabolic activity

HK-2 metabolic activity was evaluated by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) assay. The cells were further incubated with a 5:1 proportion of MTS
(Promega) to DMEM without phenol red (ThermoFisher) for 4 h at 37 °C in dark. Then, the supernatant
was used to determine the absorbance at 490nm. Cells cultured on glass coverslips were used as a

negative control for cell viability.

I1-2.5.3.  Cellular proliferation

Cell proliferation was quantified by the total amount of double-stranded DNA, assessed using Quant-
iT PicoGreen dsDNA assay kit, according to the manufacturer's instructions. First, cell-seeded electrospun
meshes washed with PBS and immersed in Milli-Q water. In this process, cells became lysed by thermal
and osmotic shock. The resulting supernatant was used for the assay. The fluorescence of each specimen
was measured by incubating samples with Picogreen for 10 min. Fluorescence was measured using a
microplate reader at an excitation wavelength of 485 nm, and an emission wavelength of 528 nm. The

DNA concentration for each sample was calculated using a standard curve.

llI-2.5.4. Protein content measurement

The amount of protein synthesized by the cells seeded on the different meshes was determined by
their ability to reduce Cu# in an alkaline environment, which is detected by bicinchoninic acid (BCA).
Thus, using the same lysates as previously described for DNA quantification, total protein content was

measured by Micro BCA Protein Assay Kit (Thermo Scientific), according to the manufacturer's
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instructions. After 2 h of sample incubation with the substrate, absorbance was measured at 562 nm in
a microplate reader. The concentration of total protein in the samples was calculated using a standard

curve of Bovine Serum Albumin.

I1-2.5.5. Morphology examination

In order to evaluate cellular adhesion onto different percentages of ECM on electrospun meshes,
after 1, 3 and 7 days of cell culture membranes were removed from the inserts, washed with PBS and
fixed in with 2.5 %(v/v) of a glutaraldehyde solution (VWR) for 1 h. After this, they were washed again and
dehydrated through an alcohol series before being treated with 1,1,1,3,3,3-Hexamethyldisilazane (HMDS,

Sigma Aldrich). Samples were sputter coated with gold prior to analysis.

I1I-2.5.6. Phenotypic markers expression analysis

Immunocytochemistry was performed after 7 days of culture to evaluate if the cells cultured in
meshes produced with the different blends of ECM/PCL electrospun meshes change the phenotypic
expression of epithelial tight junction marker zona occludens (ZO)-1. Briefly, cells were fixed in 10 %
neutral buffered formalin (ThermoFisher) for 1 h at 4 °C and then washed in PBS. Cells were further
incubated with antibody against the tight-junction marker ZO-1 (Abcam; 1:100 diluted in 1 % BSA/PBS)

at 4 °C overnight. The next day, cells were washed with PBS and incubated with the secondary antibody

Alexa Fluor 594 (Alfagene; 1:500 diluted in 1 % BSA/PBS) at RT in the dark for 1 h. After several
rinses in PBS, DAPI was incubated (VWR, 1:10000) for 10 min in the dark. HK-2 cells cultured over the
meshes were analyzed under a fluorescence microscope (Zeiss, Axio Imager Z1m), the images were

recorded digitally and further processed using Zen Lite Software (Zeiss).

I1-2.5.7. Transepithelial electrical resistance (TEER)

To determine the maximum barrier properties for the monolayers, TEER was measured over a 14-
day period. TEER was measured in with the Millicell® ERS-2 Volt-Ohm Meter (MA, USA) with the same
sets of inserts over time in PBS. Values were multiplied by the surface area of the membrane occupied

by cells.
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Ill-2.5.8. Statistics

Statistical analyses were performed with GraphPad Prism 7 (GraphPad Software, California, USA).
Data were expressed as means + standard deviation of experiments with at least three independent
treatments per cellular assay. Differences between groups were analyzed by unpaired t-test or two-way
analysis of variance (ANOVA) in case of experiments conducted over time, using Tukey test for post hoc

assessments of the differences between samples. Statistical significance was defined as p < 0.05.

llI-3. RESULTS

llI-3.1. dKECM characterization

I1I-3.1.1. Evaluation of cellular content and retention of the native structure on decellularized kidney

matrices

Porcine kidneys were decellularized in sections on an orbital shaker for 7 days. Macroscopic
evaluation of native kidneys throughout time indicates significant loss of cellular components by the
appearance, characteristic of decellularized matrices (Figure lll-1). The microscopic assessment by
immunofluorescence staining corroborated this evaluation by the absence of fluorescence on DAPI
staining (Figure Il-2-B), when compared to the round-intact nucleus seen in the native tissues (Figure
[1-2-A). Some level of non-specific fluorescence by DAPI appears on these decellularized kidney sections.
This was already reported on kidney tissues [15] and heart valves,[30] as a result of the strong protein
binding to dodecy! sulphate during decellularization.[31] Unlike nuclear staining, the staining present on
these decellularized kidney sections is diffuse and rare, suggesting traces of residual anionic residues

from the detergent that was employed in the decellularization protocol.

Additionally, DNA quantification on these tissues demonstrated that this decellularization process
resulted in the effective removal of nucleic acid material, where >95 % of the DNA was removed, when

comparing with the native tissue (Figure IlI-2-C).
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Figure l1l-2 — DAPI staining before (A) and after (B) decellularization. Scale bar: 50 um. (C) DNA quantification by nanodrop of
native and decellularized kidney tissue. Results are normalized by tissue mass. Unpaired t-test was employed. ***p < 0.001.

The preservation of the microscopic structures of the native tissue was confirmed by histological
methods. Empty spaces which were once occupied by cells can be observed, evidencing the peritubular
and the glomerular basement membrane preservation. Intact decellularized glomerulus can also be
identified (Figure IlI-3-B and D - asterisks), as well as vessels (cardinals), which have their
microarchitecture preserved. When compared with the native tissue, decellularized tissues are very
similar, retaining the most functional components of the kidney. Hematoxylin nuclei counterstaining
clearly revealed the absence of nucleic material, which corroborates what is said about DAPI non-specific
binding. Preservation of the structure was also confirmed by scanning electron microscopy (SEM) (Figure
l-4-A and B), where even after processing, glomerulus can be seen intact (Figure I1I-4-A - asterisk) with

mesangial cells removed.
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Figure l1I-3 — Hematoxylin and eosin staining of native (A and C) and decellularized kidney tissue (B and D). Intact decellularized
glomerulus (*), blood vessels (#). Scale bar: 200 um (A and B), 50 um (C and D).

Figure lll-4 — SEM micrographs of decellularized tissues. Intact glomerulus can be spotted (A*) and empty spaces evidencing
cell removal are also seen through the whole tissue (B).

lI-l3.1.2. Collagen and glycosaminoglycan's (GAG's) assessment

In order to utilize the decellularized matrix to produce scaffolds, the preservation of most proteins

and components of the matrix is of utmost importance. Since there are several steps involved in the
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process to obtain the powdered matrix, lyophilized tissues were used for these quantifications. The
preservation of collagen, the main structural protein existent in the kidneys,[15] and GAG's will be
essential to regulate cell adhesion, growth and proliferation on the supports manufactured from
extracellular matrices. Although some loss of collagen was expected with the decellularization process, a
good balance between matrix preservation and complete cellular removal was obtained with this protocol
(Figure llI-5-A). Also, GAG's quantification revealed that the tissue was well preserved, being these
matrices suitable for producing natural ECM membranes (Figure 11I-5-B). Because there is loss of weight

during decellularization, values were not normalized to tissue weight since the results would be masked

by this effect.
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Figure lll-5 - Collagen (A) and sGAG's (B) quantification on native vs. decellularized tissue. Unpaired ttest was employed.
****p < 0.0001 vs. Native.

III-3.2.  Electrospun dKECM characterization

The process of abtaining solubilized decellularized kidney ECM (dKECM) for electrospinning
processing was the result of several optimization steps. To wash off the possible residual SDS on the
tissues, after milling, the powder was submitted to several rinses in 70 % ethanol. After this washing step,
we analyzed the powders by Energy-Dispersive X-ray Spectroscopy (EDS) if the sulphate (S) peak was
eliminated (data not shown), showing the absence of SDS on the decellularized matrix. Also, digesting
the ECM with pepsin allowed obtaining a homogeneous solubilized matrix formation, which was not
possible when dissolving the matrix directly on HFIP. The ECM concentration was selected according to
the viscosity of the solution, since fiber diameter and its variability greatly depends strongly on this
parameter.[32] Lower concentrations prevented the formation of a homogeneous mesh, resulting in small

fragments of fibers being deposited on the collector, with a large distribution of fiber diameters. On the
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other hand, with higher concentrations, beaded fibers started to appear, compromising our goal of having
a homogeneous fiber morphology along the mesh. The inclusion of PCL in our formulations aided the
electrospinning processing, allowing obtaining a much more precise tailoring of fiber diameters and
facilitating obtaining homogeneous fibers. The blends of PCL and ECM were selected to enable

modulating the mechanical and biological performance of the meshes by varying its composition.

I1-3.2.1. Morphology and fiber diameter of electrospun meshes

The morphology of electrospun dKECM:PCL blends was assessed by means of SEM analysis.
Uniform porous fiber meshes with random orientation were obtained by electrospinning, as confirmed by
SEM micrographs (Figure 1I-6). Fiber diameters are very similar when comparing the different blends of
PCL and dKECM, not having statistical differences between them, proving that the conditions optimized
for electrospinning were reproducible and have uniform outcomes (Table Ill-1). This result is important to
discard possible influence of different diameters on cell behavior. By SEM images, an effect of the
increasing amount of PCL on the fibers can be analyzed. Straighter fibers and less lumps are observed
as the amount of PCL on the blends increase. This can be related to the heterogeneity on the composition
of the dKECM and possible fragments of insoluble matrix that were incorporated. On the other hand, PCL
meshes were free of lumps, straighter and deposited in random orientation. Additionally, on the
electrospun blends of dKECM and PCL, a sub-population of fibers with much smaller diameter appear,
which were not quantified for diameter analysis, but still important to promote cell adhesion on a

nanometer scale.

Table lll-1 - Fiber diameters for the electrospun meshes.

Type of Mesh 70:30 ECM:PCL 50:50 ECM:PCL 30:70 ECM:PCL PCL

Diameter (um) 0.400 £ 0.093 0.383+£0.073 0.389 £0.074 0.397 £0.075
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Figure lll-6 — SEM micrographs of (A) 70:30 ECM:PCL, (B) 50:50 ECM:PCL, (C) 30:70 ECM:PCL and (D) PCL. Scale bar: 50
um for the background images; 5 um for the insert images.

I1-3.2.2. Mechanical analysis

The mechanical behavior of the dKECM blends and PCL meshes was characterized using a uniaxial
compression test (Figure llI-7). The results indicate that pure PCL meshes have the highest E modulus
(E =25.42 + 4.69 MPa), which is approximately 4-fold higher com- paring with the blends. Between the
meshes composed of dKECM and PCL, there is an increasing effect on the E modulus value related to
the increasing amount of PCL on the blends (30:70 ECM:PCL E = 6.7 + 1.37 MPa, 50:50 ECM:PCL E =
6.3 + 0.9 MPa and 70:30 ECM:PCL E = 3.99 + 0.7 MPa) although not statistically significant (p < 0.05).
A major decrease on E can be detected when the blend is only composed by 30 % of PCL, which
corroborates the fact that PCL aids on electrospinning processing, preventing fiber breakage and the

formation of heterogeneous meshes, therefore increasing the mechanical properties.
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Figure 1Il-7 — Mechanical behavior of the produced electrospun meshes. ****p < 0.0001.

I1-3.3.  Analysis of HK-2 cell cultures

I1-3.3.1. Metabolic activity

DKECM meshes with different proportions of PCL shown being cytocompatible for 7days /i vitro HK-

2 cell culture studies (

Figure 111-8). Throughout time there is a clear tendency of increasing metabolic activity in all samples.
Onday 1 and 3, cells cultured on tissue culture polystyrene (TCPS) exhibited significantly higher metabolic
activity when compared to cells cultured on meshes (Figure S Ill-1). However, on the 3< and 7+ day of
culture, cells seeded on 70:30 ECM:PCL membranes seem to outperform the other electrospun
membranes in terms of metabolic activity, being significantly higher. Also, cells seeded on PCL
membranes demonstrated much lower activity overtime, suggesting a positive effect of the dKECM on

the metabolic activity of cells cultured on these substrates.
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Figure 11I-8 - Viability of the HK-2 cells measured by MTS assay. These results were compared to control cultures grown on
TCPS. *p < 0.05, **p < 0.01, ***p < 0.001, **p < 0.0001.
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I1-3.3.2.  Cell proliferation

HK-2 proliferation on the membranes was assessed by DNA Quantification (Figure 111-9). The amount
of DNA for each sample increases over time. Indeed, the same tendency for TCPS can be observed here,
where from day 1 to 3 the amount of DNA quantified is higher when compared to cells seeded on the
electrospun membranes (Figure S IlI-2). Moreover, from day 3 to 7 the amount of DNA doubled for all
samples, evidencing a relevant role of the fibers on the proliferation of these cells. Additionally, in all of
the timepoints, cells seeded on membranes composed of PCL alone stand with much lower values for

*kkk

this quantification, being this difference statistically relevant since the very 1< day of culture (****p <
0.0001). This points out to a relevant role of the ECM composed membranes over cell behavior and
proliferation. Between the dKECM composed membranes, no relevant difference is found in all of
timepoints, except for the 7= day of culture, where HK-2 seeded on 70:30 ECM:PCL membranes
outperform cells seeded on the other membranes. Also, at the 7* day of culture on 30:70 ECM:PCL
meshes the cells demonstrate slightly higher proliferation when compared to 50:50 ECM:PCL seeded
cells. This can be related to the mechanical performance of the membranes composed of a higher

percentage of PCL, making a good balance between mechanical properties and dKECM composition.
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Figure 11I-9 — Cell proliferation measured by quantification of DNA with Picogreen kit. **p < 0.01, ****p < 0.0001.

IlI-3.3.3. Protein content

The total protein content was measured to enable correlating the proliferative capacity of the cells
with their inner regulation of transcription and translation onto proteins. What can be observed is a plateau
phase from day 1 to day 3 in every sample, with values increasing in a small proportion when compared
to the increase from day 3 to 7 (Figure IlI-10). On the 7*day of culture, electrospun membranes display
2-fold the values for TCPS (Figure S 1lI-3). Cells seeded and cultured on membranes composed of PCL

only express lower protein content since the 3« day of culture, being this difference enhanced at the 7+
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day of culture. Corroborating the results for metabolic activity and proliferation, 70:30 ECM:PCL seeded

cells outperform the other ones at the last timepoint.
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Figure 1ll-10 - Protein Intracellular content on HK-2 cells. ***p < 0.001, ****p < 0.0001.

I1-3.3.4. Cell morphology and distribution

The morphology of the HK-2 cells was analyzed by SEM on days 1, 3 and 7 of culture. An evolution
on the number of cells is clearly seen from the first until the last day of culture in all the samples. On the
1+ day, by these micrographs, it is evidenced that cells are able to attach to the fibers since the 1+ day of
culture. Yet, cells seeded on 50:50 ECM:PCL membranes seem having a higher cell seeding efficiency
(Figure 1lI-11-D), demonstrated by a larger surface area occupied by the cells. The higher magnification
micrographs show that cells are also assuming their natural polygonal-shaped epithelial morphology when
seeded on the membranes composed of dKECM (Figure IlI-11-A,D,G). On the other hand, on PCL
membranes, cells do not seem to be adapting very well, assuming an irregular morphology (Figure IlI-11-
J). Taking into account the evolution from day 1 to day 3, it can be said that these cells seem to rapidly
adapt to the meshes, since they are well spread all over the membranes, particularly on the 70:30
ECM:PCL (Figure 1ll-11-B) and PCL conditions (Figure Ill-11-K). This can be justified first by a higher
content of dKECM on the former, and secondly by a good mechanical support on the latter. By day 7, on
dKECM-composed membranes cells are covering almost all of the mesh, forming a homogeneous
monolayer (Figure Ill-11-C,F,I). In some sites cells are even overlapping each other, which can be
demonstrated by the round-shaped morphology. However, on the PCL meshes, some spaces unoccupied
by cells can be seen, proving that is more difficult for the cells seeded on these meshes to grow into a
continuous monolayer (Figure Ill-11-L). Unlike what is observed for cells seeded on electrospun

membranes, cells cultured on TCPS seem to form clusters over time, which can be due to the lack of
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adhesion points on smooth surfaces such as tissue culture plastic (Figure S Ill-4). Some apoptotic cells

and debris can also be seen on these surfaces by day 7.
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Figure 1ll-11 — SEM micrographs of HK-2 cells on (A)-(C) 70:30 ECM:PCL membranes, (D)-(F) 50:50 ECM:PCL membranes,
(G)-(l) 30:70 ECM:PCL membranes and (J)-(L) PCL membranes. Left, middle and right row represent cells after 1, 3 and 7
days of culture, respectively. Scale bar: 100 um for higher magnification images, 10 um for the insert images.

lI-3.3.5.  Expression of ZO-1 on cell monolayers

Kidney homeostasis and nephron adequate permeability is dependent on the assembly of specific
cell-cell tight junctions, where ZO-1 plays a major role.[28] Therefore, we analyzed the expression of this

protein on our cell culture studies after the formation of a monolayer of cells. Corroborating SEM
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micrographs, DAPI and phalloidin staining (data not shown), confirmed the presence of a monolayer was
after 7 days of culture on the electrospun membranes. The same could not be seen on TCPS, as
previously observed on SEM micrographs, these cells assembled in clusters. ZO-1 (in red) was found to
be expressed on the dKECM-composed electrospun membranes along cell boundaries by representative
z-scans (Figure IlI-12-A,B,C). Since electrospun membranes are not flat, cells reside in different planes
and sometimes even below the fibers. This can explain the empty spaces on each micrograph. However,
expression of the epithelial marker ZO-1 is clear on dKECM composed membranes and absent on PCL
membranes (Figure 1ll-12-D), which highlights the need of a natural component the membranes for these
cells to emphasize their epithelial character. Moreover, 70:30 ECM:PCL membranes seem to

demonstrate an higher expression of this molecule (Figure llI-12-A).

.
Figure 11-12 — Immunocytochemistry of epithelial marker zona occludens-1 (red) and DAPI (blue). (A) 70:30 ECM:PCL, (B)
50:50 ECM:PCL, (C) 30:70 ECM:PCL; (D) PCL. Scale bar: 20 um.

105



Chapter lll - Extracellular matrix electrospun membranes for mimicking natural renal filtration barriers

I1I-3.3.6. Transepithelial barrier function

Further changes on TEER and permeability on epithelial cells were tested measuring the TEER over
time (Figure 1ll-13). It was found that monocultures of human kidney cells augmented TEER values
significantly from day 1 to day 3 of culture, reaching a plateau phase from this point on. This indicates
greater tight junction's formation and faster cell growth at this time. Between the membranes, it can be
observed that 70:30 ECM:PCL seeded cells adapted faster and exhibited higher TEER at day 3. At the 7¢
day of culture, 50:50 ECM:PCL membranes exhibit a higher value for TEER, followed by 70:30 ECM:PCL
membranes and 30:70 ECM:PCL membranes. At this timepoint, the cells seeded on 50:50 ECM:PCL
membranes exhibit a statistically significant difference (**p < 0.01) when compared to PCL membranes.
Additionally, the TEER value is higher in all timepoints for the membranes composed with a higher ECM
fraction, but the 50:50 ECM:PCL membranes have the highest TEER. This condition is the only having

statistically significant differences when compared with the others.
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Figure lll-13 - Measurement of TEER over a 14-day period. Results are expressed as mean + SEM.

IlI-4.  DISCUSSION

In this study we investigated whether ECM-rich electrospun membranes could be a suitable support
for mimicking the renal basement membrane and potentially to be applied on the clinical translation of
several kidney treatments. We successfully cultured /7 vifro a monolayer of proximal tubule kidney
epithelial cells on ECM-based electrospun membranes and studied their phenotype. To the best of our
knowledge, this is the first study employing natural decellularized tissues to use as basement membranes
and also the first report of using dKECM on electrospun meshes. This gave us the possibility of exploring

natural fibrous scaffolds of natural ECM on the expansion, proliferation and functionality of human kidney
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cells. While decellularized tissues have been the subject of intensive research efforts for their use in whole

organ transplantation,[9, 10] not much is known about the use of these matrices for other applications.

The methods by which tissues are decellularized and ECM is processed to obtain different
biomaterials can influence their composition, architecture and properties. Therefore, the biological
material (dAKECM) was first characterized in terms of nucleic material, collagen and GAG's content. Our
results shown that the nucleic material was successfully removed, as observed by H&E and DAPI staining,
where no specific nuclear staining was found on these tissues (Figure IlI-2 and 4). Also, by DNA extraction
and quantification it was confirmed that > 95% of the nucleic material was removed (Figure Ill-3). Several
reported techniques of decellularization have employed more than one detergent and/or DNase, serine
proteases and solutions to activate endogenous nucleases and remove residues of bulky nuclear material.
We observed by optimization that these techniques may be successful when performing decellularization
by perfusion. However, since we were decellularizing kidney portions, the most non-destructive method
to do it was to use an SDS solution, performing several cycles of washing until it was fully decellularized,
as previously reported.[15] This decellularization method has shown to preserve the three-dimensional
morphology (Figure I1-4) and the histoarchitecture of the native tissue, even microscopically (Figure lI-3).
Moreover, the matrix content evaluation has shown that, after decellularization, the tissue retains a great
amount of GAG's (Figure llI-5-B) and had some loss of collagen (Figure Ill-5-A), which was previously
reported in the literature.[20, 33] The maintenance of these components is of utmost importance since
these are key players in maintaining the integrity and function of basement membranes.[21] Thus, it is
to expect that changes in ECM composition will greatly influence cell adhesion, migration, proliferation

and gene expressing, being essential for the formation of a homogeneous monolayer of epithelial cells.

In this work, different proportions of dKECM conjugated with PCL were used in order to study the
effect of having increasing biological material and decreasing fraction of synthetic material on a mesh.
Being a synthetic biodegradable polymer, PCL is well characterized among the scientific community and
has shown its utility for tissue engineering applications either alone [34, 35] or in combination with other
materials.[36, 37] Therefore, we have developed ECM membranes composed by renal specific
decellularized ECM to evaluate the response of renal epithelial cells. The membranes were successfully
optimized using the electrospinning equipment. Pure dKECM was not suitable to be processed by
electrospinning given its low viscosity, which makes the solution to spit on the collector, making it difficult
to have reproducible conditions for the deposition of uniform meshes. In this work, the inclusion of PCL

within the ECM enabled the production of meshes capable of mimicking the size and shape parameters
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of /n vivo matrices, such as nanoscale dimensions, large surface area and interconnected porosity (Figure
[1I-6). Moreover, blending dKECM with another material reduces the amount of matrix needed for the
fabrication of these scaffolds. DKECM composed meshes were crosslinked with glutaraldehyde to
guarantee the maintenance of the majority of natural ECM proteins on the mesh and to avoid loss over
culture time, which was not desirable. The fibrous structure was maintained after crosslinking. We avoided
immersing meshes on crosslinking solutions and instead we created a vacuum atmosphere with the
crosslinker, which helped on maintaining the mechanical properties of the meshes and avoiding

dissolution of material.

Mechanical testing revealed increasing elastic modulus with the increasing amount of PCL on the
meshes. This was somewhat expectable giving the complex mixture of natural non-living materials
composing the ECM, usually poorer in mechanical properties when compared with synthetic materials.
Thus, PCL membranes had an elastic modulus of approximately 74 % higher that of 30:70 ECM:PCL
membranes, suggesting that dKECM interferes with PCL structure after mixing the two solutions and
processing by electrospinning. However, we could also observe that we could augment the elastic
modulus of dKECM membranes by increasing the amount of PCL in them, which was our main goal by
joining a synthetic polymer on our formulations. This was important to assess the ease of membranes

manipulation in order to proceed with /n7 vifro biological assays.

To investigate the biological performance of the produced samples, a human proximal tubule
epithelial cell line, HK-2, was cultured on dKECM electrospun membranes. First, it was important to
assess the /n vitro cytocompatibility. We utilized an assay which measures metabolic activity to assess
cell viability. From these values we were able to evidence an increasing activity over time in culture.
Interestingly, at day 7, 70:30 ECM:PCL membranes exhibited approximately 27 % higher cell metabolic
activity when compared to PCL membranes and approximately 20 % higher when compared to the other
dKECM membranes, suggesting that renal ECM was more suitable for the growth of HK-2 cells than a

synthetic biocompatible polymer such as PCL (

Figure 111-8). The same occurred with dsDNA quantification, where dKECM membranes exhibited
overall 34 % higher DNA content after 7 days comparing with PCL membranes alone, suggesting that not
only dKECM membranes improved cytocompatibility but also had an important role on cell proliferation
(Figure 111-9). Additionally, 70:30 ECM:PCL membranes outperformed the other dKECM composed
membranes, completing the results for metabolic activity. The protein content was also quantified, and

the main difference was observed after 7 days of culture between cells seeded on PCL and on dKECM
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composed membranes, which further confirmed the other biological data (Figure 1ll-10). Additionally, a
huge difference was found between cells cultured on TCPS and cells cultured on electrospun meshes, as
the former were quantified with approximately half of the value for protein quantification comparing with
electrospun meshes (Figure S Ill-3). These results may be related to the morphology that cells adopted
on the tissue culture plastic, being more elongated and fibroblastic-like (Figure S Ill-4). Indeed, protein
content was already proven to be correlated with cell mass and volume.[38] This may happen due to the
higher surface area that dKECM fibers provided for cells to attach and spread, unlike TCPS surfaces.
Consequently, cells do not spread as a monolayer but instead as clusters, as revealed by SEM
micrographs (Figure S lll-4). This was a non-desirable outcome, since changing morphology can many
times mean a change on cell phenotype and/or epithelial-to-mesenchymal transition.[39] Furthermore,
day 1 micrographs demonstrated that 70:30 ECM:PCL membranes were the ones with less cell seeding
efficiency, since less surface area of the mesh was occupied with cells. This could have been a result of
the enzymatic degradation of bioactive matrices, despite being crosslinked. The increasing matrix content
lead to a faster membrane degradability by the seeded cells, having more infiltrated cells than on the
surface. Indeed, on day 3, membranes seem equally populated and on day 7 a monolayer of cells can
be seen on the dKECM membranes. SEM results confirm that fibrous scaffolds were preferred by proximal

tubule cells to form a monolayer of cells instead of flat surfaces such as TCPS.

The biological assays performed demonstrated improved biocompatibility and proliferation results
for the dKECM membranes, validating our initial hypothesis. This can be attributed to the intrinsic
bioactivity of the natural ECM, which was retained after electrospinning, enabling higher cell affinity by

the more abundant adhesion peptides present at the surface of collagen and other proteins.

Additionally, to validate cellular functionality, expression of ZO-1 was evaluated on HK-2 seeded
membranes. The structural organization of tight junctions is determined by the interaction of ZO proteins
and occludin. This will create a barrier to the diffusion of solutes through the paracellular pathway.[40]
Therefore, analyzing expression of ZO-1 in cell monolayers was an essential step to validate cell phenotype
and interaction on dKECM membranes, which was confirmed. By immunocytochemistry images (Figure
[I-12) expression of ZO-1 (in red) was observed in dKECM composed membranes but not on PCL
membranes, proving the value of natural-derived components on the behavior and phenotype of these

cells.

The transepithelial barrier function was confirmed by measurement of TEER (Figure 1ll-13). Studying

transepithelial resistance allows for a better understanding of a monolayer of epithelial cells, since it
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measures its electrical resistance. /7 vivo, the paracellular transport is mediated along the TJ and the
lateral intercellular spaces. Thus, this measurement is essential, especially when studying leaky epithelia
such as the proximal tubule.[41] Another method to measure paracellular permeability is inulin leakage,
which is typically inversely proportional to TEER.[42] Here, we could observe higher TEER for the dKECM
composed membranes in all timepoints, corroborating all of the performed biological assays. A slightly
decrease in TEER after 14 days could have been due to the static culture conditions, since there is lack

of shear-mediated calcium signaling, which has already been seen in previous studies.[43]

Recent studies have developed membranes for removal of uremic metabolites with the final aim of
modelling the proximal tubule or even the glomerulus.[43, 44] These reports have demonstrated organic
cation transport and an /i vivelike behavior with the development a microfluidic device. However, these
membranes lack similarity with the nephrons' underlying basement membranes, since they are
composed only by synthetic materials. The materials' combination developed throughout this work gives
a new insight into the kidney and nephron research with the incorporation of natural materials in their

composition, improving already developed strategies.

llI-5.  CONCLUSIONS

This study describes a novel scaffold composed of extracellular matrix of renal origin. By the
presented protocol, we were able to decellularize kidney tissue, preserving the most important
biochemical cues which are known to have an important role on cell proliferation, differentiation, adhesion
and migration in biological processes. Indeed, our findings suggest that renal cells cultured on
membranes composed of a higher fraction of ECM have a stronger biological performance, when
compared with bare synthetic PCL membranes in cell affinity, adhesion, proliferation and migration,
maintaining healthy cellular morphological features. This work demonstrates the potential of using kidney
decellularized ECM as a substrate to develop tubule functionality. These membranes would potentially be

a valuable tool to improve kidney advanced therapies in the future.
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lll-7.  SUPPLEMENTARY INFORMATION
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Figure S Ill-1 - Viability of the HK-2 cells measured by MTS assay. Statistical significance demonstrated only against TCPS.
n=9. *p<0.05, ***p< 0.001, ****p< 0.0001.
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Figure S lll-2 — Cell proliferation measured by quantification of DNA with Picogreen kit. Statistical significance demonstrated
only against TCPS. n=9. ****p< 0.0001.
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Figure S lll-3 - Protein intracellular content on HK-2 cells. Statistical significance demonstrated only against TCPS. n=9. ****p
< 0.0001.
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Figure S Ill-4 - SEM micrographs of HK-2 cells seeded on TCPS. Left, middle and right row represent cells after 1, 3 and 7
days of culture, respectively. Scale bar: 100 um for higher magnification images, 10 um for the insert images.
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Chapter IV

Co-cultures of renal progenitors and endothelial cells on kidney

decellularized matrices replicate the renal tubular environment /i viro+

ABSTRACT

Aim: Herein we propose creating a bilayer tubular kidney /in vifro model. It is hypothesized that
membranes composed of decellularized porcine kidney extracellular matrix are valid substitutes of the
tubular basement membrane by mimicking the physiological relevance of the /7 vivo environment and
disease phenotypes. Methods: Extracellular matrix was obtained from decellularized porcine kidneys. After
processing by lyophilization and milling, it was dissolved in an organic solvent and blended with
poly(caprolactone). Porous membranes were obtained by electrospinning and seeded with human
primary renal progenitor cells to evaluate phenotypic alterations. To create a bilayer model of the /7 vivo
tubule, the same cells were differentiated into epithelial tubular cells and co-cultured with endothelial cells
in opposite sites. Results: Our results demonstrate increasing metabolic activity, proliferation and total
protein content of renal progenitors over time. We confirmed the expression of several genes encoding
epithelial transport proteins and we could also detect tubular-specific proteins by immunofluorescence
stainings. Functional and transport assays were performed trough the bilayer by quantifying both human
serum albumin uptake and inulin leakage. Furthermore, we validated the chemical modulation of
nephrotoxicity on this epithelium-endothelium model by cisplatin exposure. Conclusion: The use of
decellularized matrices in combination with primary renal cells was shown to be a valuable tool for
modeling renal function and disease /7 vitro. We successfully validated our hypothesis by replicating the
physiological conditions of an /n vifro tubular bilayer model. The developed system may contribute

significantly for the future investigation of advanced therapies for kidney diseases.

¢ This chapter is based on the following publication:

Sobreiro-Almeida, Rita; Melica, Maria Elena; Lasagni, Laura; Romagnani, Paola; Neves, Nuno M. Co-cultures of renal progenitors and endothelial
cells on kidney decellularized matrices replicate the renal tubular environment in vitro. Acta Physiologica, 230(1):e13491, doi:
10.1111/apha.13491, 2020;
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IV-1.  INTRODUCTION

The human kidney filters nearly 2 L of primary urine from plasma every day, in which millions of
nephrons work together to regulate the complex process of filtration. As part of the nephron unit, the
tubules are mainly responsible to maintain normal physiological homeostasis and electrolyte balance by
regulating the volume and reabsorption of solutes. [1] The epithelial cells that compose the cellular barrier
of the tubule express several ion and water channels as well as transporters which can modify the
composition of the filtrate according to the physiological needs.[2] This vital function makes the tubules
highly susceptible to damage induced from drugs, toxins and bloodborne diseases, which frequently lead

to cell death and tubular dysfunction.[3, 4]

The ability to develop /n7 viro models that can recapitulate the renal tubular environment would be
of great interest for therapeutic development and discovery but also to understand mechanisms
underlying kidney pathology and homeostasis. Tubular cells are attached to an underlying basement
membrane (BM), composed by typical elements of the extracellular matrix (ECM), which when
dysregulated can affect cell attachment, proliferation, differentiation and migration. Indeed, changes on
the composition and thickness of the BM are linked with pathological conditions, such as inflammatory
processes, renal fibrosis and epithelial-to-mesenchymal transitions.[5] Major efforts have been
accomplished in this area, namely the creation of functional kidney microtissues,[6] microphysiological
fluidic kidney systems,[7, 8] or even strategies to mimic the organic cation transport.[9] Although these
systems were developed with the main aim of preclinical screening, they are far from replicating the /n
vivo contact with the BM and the cellular crosstalk between endothelial and epithelial cells, both crucial
factors on the filtration process of the kidney.[1] The endothelium and/or peritubular capillaries are in
close proximity to the tubular epithelium, not only when considering physiological processes, but also
under pathophysiological conditions.[10] Several studies have demonstrated the importance of the
endothelium for a normal kidney function. A complex communication network between epithelial cells
composing the tubule and endothelial cells of the vasculature has already been demonstrated to influence
solute transport, angiogenesis and enriched expression of specific genes.[10-13] These co-culture
systems proved not only the importance of having endothelial cells on an /n wiro model, but also the
importance of recapitulating the BM permeability and constitution. Although in the past few years huge
advances were reported in co-culture systems, their standardization is still difficult. Not only these systems

face the problem of epithelial dedifferentiation but also they are composed by synthetic materials which
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frequently fail to reproduce the /i vivo structure and function, being the majority of times coated with

different ECM proteins.[14, 15]

Previously, we proposed the use of electrospun membranes combining poly(caprolactone) (PCL) and
decellularized porcine kidney ECM (1:1) as valuable replicas of renal basement membranes. We have
demonstrated their value by comparing proximal tubular cellular performance on these meshes with bare
PCL electrospun meshes.[16] Herein, we propose a study focused on the cellular performance with renal
progenitor cells and a second study focused on establishing an /n vitro bilayer model to further validate
our initial hypothesis. We hypothesize that this membrane would be extremely valuable to recapitulate
the physiological environment, in such a way that would provide cues to renal progenitor cells (RRPCs) to
differentiate and form a functional epithelial monolayer. These cells represent a subset of multipotent
progenitors present in the Bowman's capsule, which can be purified from cultured capsulated glomeruli.
They were already shown to differentiate into several lineages including osteogenic cells, adipocytes and
cells that exhibit phenotypic and functional features of neuronal cells.[17] Additionally, their differentiation
potential was further extended for proximal and/or distal tubule cells and podocytes, upon culture with
specific supplementation.[18] Indeed, hRPCs were demonstrated to be involved in the regeneration of
different portions of the nephron after injury.[19] Accordingly, we hypothesize that we can achieve tubular
differentiation from hRPCs without supplementation on our membranes. Additionally, we focused our
study on demonstrating transport properties and induction of disease phenotypes on a bilayer model,
composed of epithelial and endothelial cells, mimicking the organization of an /n vivo tubule. Considering
the findings that we have found, these models are proposed as valuable tools for integrating dialysis

equipment’s or bioartificial kidneys in the future.

IV-2.  MATERIALS AND METHODS

IV-2.1.  Experimental Design

Kidneys were decellularized and the matrix was further processed to be used in electrospinning,
after which and membranes of 1:1 decellularized kidney ECM (dKECM) to poly(caprolactone) (PCL) were

obtained and sterilized. A brief scheme of the processing steps is represented in Figure IV-1.

For the cell culture assays, human renal progenitor cells (hRPCs) were used to validate the model.

We applied two separate and yet complementary approaches; initially, hRPCs were assessed for their
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spontaneous differentiation into cells of the tubular lineage. We compared how these cells behaved when
in mono or co-culture with human umbilical vein endothelial cells (HUVECs, Figure IV-1a). In a parallel
study, the same cells were stimulated to differentiate in 2D substrates into renal proximal tubular epithelial
cells (hRPTECs) and were again co-cultured, each cell type in one side of the membrane, creating a

bilayer model of an /n7 vivo tubule (Figure IV-1b).
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Figure IV-1 - Schematic representation of decellularization process and membranes preparation procedure. Porcine kidneys
are obtained on a local butcher. They were chopped and decellularized in different detergent solutions before being processed
by freeze drying and with a cryogenic mill to obtain a powder. In order to have a suitable solution for electrospinning process,
the powdered matrix is blended with a PCL solution at 1:1 ratio in an organic solvent. After the production of the membranes,
these are mounted in 24-well inserts and sterilized. In this work, we developed two kinds of cultures (a) to evaluate hRPCs
interaction with HUVECs and (b) a bilayer model composed of differentiated epithelial tubular cells (\RPTECs) and HUVECs to
better mimic the /7 vivo tubulointerstitial environment.

IV-2.2.  Processing of decellularized kidney electrospun membranes

Porcine kidneys were obtained from a local slaughterhouse. The decellularized matrix was processed
as previously described,[16] with minor modifications. Briefly, kidney portions were immersed in a
solution of 1 % SDS before being changed to another solution of 1 % Triton X-100. The solutions were
placed in an orbital shaker and changed twice a day. After the decellularization process, the matrix was
washed, freeze-dried and reduced to powder. The powdered matrix was solubilized in HFIP (1,1,1,3,3,3-
Hexafluoro-2-propanol =99 %) (Sigma-Aldrich) at a concentration of 100 mg mL*. Polycaprolactone (PCL,
80 kDa, Sigma Aldrich) was dissolved in the same reagent at a concentration on 15 % (w/v). Both
solutions were mixed 1:1 and electrospinning process was performed as previously described.[16] The
membranes were cut in squares and placed on 24-well inserts (CellCrown™) before being sterilized by

immersion in 70 % ethanol and 30 min exposure to UV on each insert side.
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IV-2.3.  Biochemical and immunohistochemistry analysis of the dKECM

Samples were fixed for 30 min with 10 % neutral buffered formalin before being embedded in OCT
compound (Bio-optica). After this, they were snap-freezed in liquid nitrogen and cut into 10 um sections
using a cryostat. Sections were incubated with primary antibodies for immunofluorescent analysis as
follows: anti-Collagen IV (1:100; ab6586), anti-Fibronectin (1:100, ab2413) and anti-Collagen | (1:40,
ab765). Secondary antibody Alexa Fluor 488 (1:500) was incubated with 4,6-diamidino-2-phenylindole
(1:1000, DAPI) for 1 h at RT before being analyzed under a confocal microscope.

Total protein content was quantified with Pierce™ Coomassie (Bradford) Protein Assay Kit (Thermo
Scientific), according to the manufacturer 's instructions. After sample incubation with the substrate,
absorbance was measured at 562 nm in a microplate reader. The concentration of total protein in the

samples was extrapolated using a standard curve of bovine serum albumin.

IV-2.4. DKECM electrospun membranes morphological and structural characterization

The morphology of the membranes was observed by scanning electron microscope (SEM, JSM-6010
LV, JEOL). Samples were sputter coated with gold prior to analysis and micrographs were obtained using
an accelerating voltage of 10 kV. The fiber average diameter was statistically calculated using a computed
image analyzer (ImagelJ) by measuring at least 200 fibers randomly in 3 samples from different fabrication

batches.

Membrane porosity was determined as previously described.[20] A liquid displacement technique
was used a porosity was calculated following equation 1, where V; is the initial liquid volume, V, is the
volume after soaking the membrane and all the pores are filled and V5 is the volume after membrane
soaking and removal. Membrane cross sections were obtained by immersing fibers in liquid nitrogen and
cutting immediately do avoid deformation. Average membrane thicknesses were calculated from SEM

micrographs of cross sections with ImageJ software.

Vi — Vs

x 100 Equation 1
v, —V, :

Porosity (%) =

To determine weight loss and water uptake of the membranes, these were initially weighted (m;)

and soaked in an isotonic solution of sodium chloride (Sigma Aldrich). After, membranes were incubated
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at 37 °C for 30 days. These conditions were optimized to simulate the human body environment. After
known periods of time, membranes were weighted in their wet state (m,,) and the percentage of water
uptake was calculated using the equation 2. Membranes were then placed on the incubator for another

hour to dry before being weighted again (my). Weight loss percentage was calculated using equation 3.

my, m;
Water uptake (%) = — x 100 Equation 2

l

. m; —my
Weight loss (%) = — x 100 Equation 3

i

IV-2.5. Isolation and characterization of human renal progenitor cells (hRPC)

Human kidney fragments were obtained in agreement with the Ethical Committee on human
experimentation of the Azienda Ospedaliero-Universitaria Careggi, Florence, Italy. All subjects gave their
informed consent for inclusion before they participated in the study. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee on
Human Experimentation of the Azienda Ospedaliero-Universitaria Careggi, Florence, ltaly (project
identification code 2015/0009082 from 25/03/2015). Human RPCs were obtained and cultured as
previously described with minor modifications.[17] Briefly, the cortex was minced before proceeding to
an enzymatic digestion with collagenase solution type IV 750 U mL* (Sigma Aldrich) for 45 min at 37 °C.
After digestion, the solution was sieved through graded mesh screens (60 and 80 mesh). The cellular
suspension was collected, washed and plated on petri dish containing complete medium. The medium
is composed by Microvascular Endothelial Cell Growth Medium (EGM™-MV, Lonza) supplemented with
20 % HyClone™ Fetal Bovine Serum (FBS, GE Healthcare). After 4 to 5 days of culture, cells that adhered
to the plate were subcultured. Cultures were checked for simultaneous expression of CD133 and CD24
by flow cytometry at different passages, according to previously published methods for characterizing

hRPCs.[17]

IV-2.6.  Renal endothelium-epithelium mono and bilayer seeding

HRPCs were seeded on the membranes at a density of 3x10: cells/insert in endothelial basal

medium (EBM, Lonza) supplemented with 10 % FBS (HyClone™, GE Healthcare) and expanded for 21
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days. For co-culture studies, primary HUVECs (Cascade Biologics, Inc.) were plated at a density of
7.5x10: cells/well in the day before hRPCs were seeded. The cell seeding concentration was optimized

to obtain a confluent monoculture of hRPCs at the end of the culture time.

For cell culture studies with hRPTECs, differentiation on tissue culture plastic was performed before
cell seeding on the inserts. Briefly, hRPCs were cultured in Renal Epithelial Cell Growth Medium (REGM™,
Lonza) supplemented with hepatocyte growth factor (HGF, Peprotech) at a concentration of 50 ng mL*
HUVECs were seeded on inverted inserts at a density of 2x10¢ cells mL* and allowed to attach 3 h before
being reverted. According to previously published reports, hRPCs take 30 days to differentiate into
hRPTECs, when in specific cell culture conditions.[19] Therefore, hRPCs with 23 days of differentiation
supplementation were cultured at a density of 1.3x10s cells mL* on the reverse side of the HUVECs insert

for 7 days. The medium consisted of a mixture of HGF-supplemented REGM with EBM plus 10 % of FBS.

IV-2.7.  Evaluation of cellular viability, proliferation and morphology

At 7, 14 and 21 days of culture, the viability of hRPCs was assessed using alamarBlue® (BioRad)
assay. Membranes with seeded hRPCs were removed from the inserts, washed with DPBS and placed
on new 24 well-plates with fresh cell medium containing 10 % of alamarBlue reagent. After an incubation
period of 4 h at 37 °C, the supernatant was used to determine the fluorescence intensity in a microplate
reader (excitation: 530/25 nm; emission: 590/25 nm). To evaluate hRPCs proliferation over time, dsDNA
quantification was performed. Briefly, after the viability assay, constructs were rinsed in DPBS to release
the alamarBlue dye. After, specimens were immersed in Milli-Q water and cells were lysed by thermal
and osmotic shock. The resulting supernatant was used for the quantification with Picogreen dsDNA Kit.
The fluorescence of each specimen was measured using a microplate reader (excitation: 485 nm;
emission: 528 nm). The DNA concentration for each sample was calculated using a standard curve. The
same supernatants were used to perform protein content measurements with Micro BCA protein assay
kit (ThermoFisher) according to the manufacturer's instructions. After 2 h of sample incubation with the
substrate, absorbance was measured at 562 nm in a microplate reader. The concentration of total protein

in the samples was calculated using a standard curve of Bovine Serum Albumin.

To analyze cellular morphology and the formation of a monolayer, after 21 days of culture,
membranes were washed with DPBS and fixed in 2.5 % glutaraldehyde (Sigma Aldrich) for 1 h at 4 °C.

After the fixation step, they were washed again and dehydrated through the exposure to a gradient of
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alcohol concentrations. Samples were sputter coated with gold prior to analysis and micrographs were

obtained using a scanning electron microscope (SEM, JSM-6010 LV, JEOL).

IV-2.8. Immunofluorescence of renal epithelial-related proteins

Both hRPCs and hRPTECs were fluorescently labeled with antibodies directed against markers for
differentiated epithelia and transport proteins. Briefly, cell-loaded membranes were fixed with 10 % neutral
buffered formalin for 1h at 4 °C and then washed in PBS. The blocking step was performed for 30 min
incubating the membranes in 3 % bovine serum albumin (BSA, Sigma Aldrich) solution. Primary
antibodies were diluted in blocking solution and incubated overnight at 4 °C. Epithelial protein analysis
was evaluated with antibodies against the sodium-dependent glucose transporter (SGLT2, abcam, 1:30),
aquaporin-1 (AQP-1, abcam, 1:100), chloride channel-Ka (CLC-NKA, Santa Cruz Biotechnology, 1:25)
and Na/Cl cotransporter (NCC, Santa Cruz Biotechnology, 1:25). Samples were washed in PBS and
incubated with fluorescent labeled secondary antibodies Alexa Fluor 488 against the specific primary
antibody species at 1:500 concentration. DAPI (Sigma Aldrich, 1:1000) was incubated along with the
secondary antibody. After several rinses in PBS, constructs were mounted with VECTASHIELD® (Vector
Laboratories) and analyzed under Leica SP5 AOBS confocal microscope (Leica, Wetzlar, Germany)
equipped with a Chameleon Ultra-Il two-photon laser (Coherent, Milan, Italy). Images were recorded

digitally and further processed using LASX software (Leica).

IV-2.9. Realtime quantitative polymerase chain reaction (RT-PCR) of tubular-related genes

Total RNA was extracted using RNeasy Microkit (Qiagen) and quantified using a Nanodrop
spectrophotometer (ThermoFisher Scientific). Briefly, after 7, 14 and 21 days, membranes with attached
hRPCs in monoculture or in co-culture systems were removed from the inserts and immersed in buffer
RTL (acquired from the kit) containing B-mercaptoethanol for efficient cell lysis. After extraction, 52 ng of
RNA was retrotranscribed using TagMan™ Reverse Transcription Reagents (ThermoFisher) following
manufacturer’s instructions, in a final volume of 17 uL. TagMan RT-PCR was performed as previously
described using a 7900HT Real Time PCR System (Applied Biosystems).[21] Na/K/Cl cotransporter
(SLC12A1), amino acid transport protein (SLC3AI), y-glutamyltranspeptidase (GGT71) and Na/H
exchanger (SLC9A3) quantification was performed using commercially available Assay on Demand kits

— z—AACt

(Applied Biosystems). Fold expression (FE) was determined using the equation FE , Where
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ACt = Ct gene of interest — Ct housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
and AACt = Ct sample of interest — Ct control sample, which was considered the gene expression level

at the seeding day.

IV-2.10. Paracellular permeability and albumin reabsorption studies

At day 7 of co-culture of hRPTECs and HUVECs, 400 L of media containing 25 ug mL: of fluorescein
isothiocyanate (FITC)-conjugated inulin (Sigma Aldrich) was applied to the top compartment, while 600
uL of medium was applied to the bottom compartment. Cells were incubated at 37 °C for 5 h. Every
hour, samples were drawn from both compartments and fluorescence intensity was measured in a
microplate reader (excitation: 485/25 nm; emission: 530/25 nm). For albumin uptake assay, FITC-
conjugated human serum albumin (HSA) was applied to the top compartment at a concentration of 40
pug mL* and the initial fluorescence was measured in the total volume of the well. After 5 h, inserts were
drawn from the wells and the remaining concentration of HSA in the well was measured as above
mentioned. The leakage and absorption studies were calculated as the percentage of the initial

concentration.

IV-2.11. Nephrotoxicity assessment

Cisplatin (Sigma Aldrich) was applied to the top compartment of confluent monocultures of hRPTEC
and to co-cultures with HUVEC. 0, 50, 100 and 150 uM of cisplatin in REGM complete medium was
added to the inserts after 7 days of cell culture. The range of values was selected according to previously
published papers which also performed nephrotoxicity assays,[22, 23] with the main aim of evaluating
cell response to the increasing concentration of cisplatin. Cellular viability was assessed by alamarBlue
as previously described and presented as a percentage of control viability (the inserts that were subjected
to O uM of cisplatin). To further evaluate cisplatin effect, live/dead assay with Calcein AM and propidium
iodide (PI, both Sigma Aldrich) and immunofluorescence of DAPI and Phalloidin (ThermoFisher) were
performed. The fluorescent dyes were incubated with the constructs at a concentration of 1 ug mL* for
Pl and 2 ug mL* for Calcein AM in DPBS for 30 min at 37 °C. Cell fixation and immunofluorescence
staining was performed as previously described. The cellHloaded membranes were visualized using a

confocal microscope (above mentioned).
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IV-2.12. Statistical analysis

Statistical analyses were performed with GraphPad Prism 8 (GraphPad Software, California, USA).
Data were expressed as means + standard deviation of experiments. Differences between groups were
analyzed by unpaired t test or two-way analysis of variance (ANOVA) in case of experiments conducted
over time, using Tukey test for post hoc assessments of the differences between samples. Statistical

significance was defined as p < 0.05.

IV-3.  RESULTS

IV-3.1. dKECM and dKECM-derived membrane characterization

To confirm that processing steps were not causing adverse effects on the protein content of kidney
ECM, collagen content was assessed by immunofluorescence (IF) methods, being the major component
of kidney ECM.[24] Fibronectin was additionally assessed as a well-known protein which mediates cell-
substratum adhesion.[25] Preservation of collagen |, collagen IV and fibronectin was confirmed by green
staining on the micrographs after sterilization process (Figure IV-2a, b and ¢ respectively). No differences
in fluorescence intensity were found between these micrographs and the ones obtained before sterilization
process (data not shown), which confirms protein preservation after processing steps. Nuclear staining
was also performed on IF sections by DAPI, although not visible on the micrographs, confirming effective
removal of cellular content. Moreover, biochemical quantification of total protein content was performed
(Figure IV-2d) and the difference on the quantity of protein per mg was found no significant after

sterilization (with a mean of ~328 and ~261 ug mL: for non-sterile and sterile conditions, respectively).

SEM micrographs of the electrospun meshes revealed a fibrous surface with randomly oriented fibers
(Figure IV-2e and f). These micrographs reveal the nanostructure of these fibers, which present an average
diameter of 0.242 + 0.1 pm, following a normal distribution (Figure IV-2g). These nanofibers will
potentially aid on cellular adhesion without compromising cellular proliferation, because of their large
surface area. Thickness was measured from SEM micrographs by performing a cross section and placing
the membrane at a 90° angle. The measured thickness was 22 + 5.19 um, which will allow for physical
separation of hRPCs and endothelial cells, while maintaining the communication between the two cell
types. Porosity measurements revealed the percentage of porous space existent in the membrane. We

calculated a porosity value of 97 + 1.28 %, which allows for the selective passage of solutes. These
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models also require the maintenance of the ultrastructure and very low percentage of weight loss, which
we tested during a 30-day degradation assay, where only ~3 % of the mass was lost, proving that our
membrane has a strong ECM crosslink and also a good blend between decellularized matrix and PCL.
This enables performing long-term studies with the membrane, being confident that its properties are not
lost. Additionally, the membranes shown having a very high water uptake capacity of nearly 499 %, which
further corroborates the high porosity results. The nanometer scale fibers will support higher cell
attachment, while providing a solid substrate with high porosity and water uptake, enabling solute, oxygen

and growth factors passage between the two compartments of the co-culture system.
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Figure IV-2 — dKECM characterization. (a-c) Immunofluorescence of ECM-related proteins (green) on cryosections of
decellularized powder (a) Collagen type I, (b) Collagen type IV and (c) Fibronectin; (d) Protein quantification of decellularized
powder demonstrates preservation of protein content after sterilization process; (e, f) SEM micrographs of the fibers at 100
and 3000x magnification, respectively; (g) Fiber diameter distribution was measured from 3 random sites on 3 different
batches of electrospun membranes. Fibers are randomly distributed and present an average diameter of 0.242 um. Scale
bars: (a-c and €) 100 pum, (f) 5 um.

IV-3.2.  Cellular behaviour of hRPCs on decellularized matrix membranes

Before all the experiments, hRPCs were characterized for simultaneous expression of CD133 and
CD24 by flow cytometry. hRPCs between passages 1-3 from two different donors were used. All of the
populations presented double positivity between 90-95 %, a signature preserved until passage 3. In this
work, the construction of the bilayer model started with a simplistic study on our dKECM membranes
where hRPCs growth and behavior was characterized in a culture time of 21 days. For that, it was

necessary to physically separate the HUVECs from hRPCs. Figure V-3 represents the results for cellular
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metabolic activity (by alamarBlue assay - Figure IV-3a) and proliferation (by quantification of DNA content
- Figure IV-3b) for mono and co-cultures. hRPCs were shown viable and proliferating in all timepoints
when in contact with dKECM, with increasing values over time. Interestingly, we observed no statistical
difference at 21 days of culture between mono and co-cultures for both assays. Indeed, results revealed
that at 7 and 14 days, mean values and correspondent interquartile ranges were lower for co-cultures
when comparing with monocultures, being this difference statistically relevant for DNA content
measurements. These cells were already demonstrated to possess high clonogenic potential and self-
renewal ability. In this work we demonstrate that this capacity is not influenced by the presence of the
endothelial cells on the system. Indeed, the lower values observed in the first timepoints for co-cultures
can be explained by the higher number of cells in the system for the same quantity of media. This allows
higher proliferation in monocultures at early timepoints, reaching cell confluency faster. As a result, when
comparing to co-cultures, a plateau phase is observed specially from day 14 to 21 for both assays in

monocultures.

It was also important to evaluate how cells organize in this system. We previously observed the
formation of a monolayer of epithelial cells on these membranes.[16] However, this work was a proof of
concept performed with a cell line, having its limitations when mimicking an /7 vivo mechanism. Herein,
we intended to assess if the hRPCs followed the same tendency as previously observed in monolayer
cultures. Therefore, SEM was performed after 21 days on mono (Figure IV-3c and d) and co-cultures
(Figure IV-3e and f). Contradicting the above-mentioned quantification results, we notice a huge difference
on how cells organize in these membranes. In co-cultures, a homogenous and organized layer of cells
was observed, with all cells oriented and resembling a natural epithelial monolayer. On the other hand,
for monocultures, some parts of the fibers which compose the membranes can be seen, proving that
cells were not able to form a homogeneous monolayer on this condition. Additionally, no cellular
polarization is observed, being the cells present in a spiral and round-shaped morphology. In some sites,
cells seem to be creating multilayered structures, which corroborates the higher values obtained for DNA
content. Overall, these results demonstrate that hRPCs may be presenting a different phenotype when

co-cultured with HUVECs.
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Figure IV-3 — Behavior of hRPC in contact with decellularized matrix membrane over 21 days. (a) Metabolic activity assay
demonstrated by alamarBlue fluorescence after a 4 h incubation period. Monocultures are represented by white bars, whereas
co-cultures are represented by blue bars. Monocultures present higher values at 7 and 14 days, whereas after 21 days mean
values are equal on both; (b) Proliferation assay demonstrated by quantification of dsDNA over time. The same tendency as
in viability assay is observed. Monocultures reach a plateau phase after 14 days culture, whereas in co-cultures values are
increasing over time; 1<0.01, $p<0.001 vs. monoculture; (c-f) SEM was performed on fixed hRPCs to evaluate morphology
and distribution after 21 days on the decellularized matrix membranes. Monocultures present a non-organized monolayer of
cells, while in co-cultures hRPCs have organized themselves in a polarized manner, resembling natural epithelial organization
and morphology. Scale bars: (c and e): 100 um; (d and f): 10 um.

IV-3.3.  Phenotypic characterization of hRPCs over time

To understand the response of progenitor cells to the created system, their phenotypic expression
was characterized simultaneously by qPCR and IF stainings of relevant tubular markers. Gene expression
was analyzed for genes encoding three different epithelial transporters: Na/K/Cl cotransporter
(SLC12A1), amino acid transport protein (SLC3A1) and Na/H exchanger (SLC9A3). Not only the presence
of transporters but also the recapitulation of physiological functions is important. For that, the expression
y-glutamyltranspeptidase (GGT71) was also measured, being this enzyme responsible for the supply of an
adequate amount of glutathione, essential to maintain normal kidneys function.[7] As demonstrated
(Figure IV-4a-d), all the genes are upregulated at day 21 for mono and co-cultures. We observe that the
higher turnover happens essentially from day 14 to day 21 and that all of the genes follow the same
tendency over time in mono and co-cultures. Indeed, between the two conditions, the only statistical
difference happens in GGT1 expression, which is probably due to variability between samples, since it is

a unit fold difference between the two conditions. The higher fold expression happens on Na/K/Cl
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cotransporter (with a mean of ~30-fold and ~21-fold expression for mono and co-cultures, respectively)
and on Na/H exchanger (with a mean of ~13-fold and ~ 15-fold expression for mono and co-cultures,
respectively). No differences in GAPDH expression were found with culture time and co-culture systems,

validating our gPCR assay (Figure S IV-1b).

Afterwards, we used fluorescence microscopy to directly confirm the presence of tubular-related
proteins in co-cultures (Figure IV-de-h) and in monocultures (Figure S IV-1c-f). We could observe that the
proximal tubular transporters aquaporin-1 (AQP-1) and sodium glucose transporter (SGLT2) have a more
homogeneous fluorescent staining (Figure IV-4 e and f) when comparing to the distal convoluted tubule
Na/Cl cotransporter (NCC) and the thick ascending limb chloride channel-Ka (CLC-NKA) (Figure IV-4g
and h). Furthermore, by comparing with the immunofluorescent staining of the same transporters in
monocultures (Figure S IV-1c-f), a much more diffuse staining is shown in all transporters, with several
cells evidencing no signal. Indeed, no green staining is shown for CLC-NKA. We experienced difficulties
in obtaining clear confocal images caused by the autofluorescence of the ECM that strongly absorbs DAPI
stain.[16] Because of that, and since each membrane is different on its irregularity, we selected a
representative site of the membrane in which we could obtain micrographs with sharper contrast. Protein
content on the cell cultures was also measured over the 21 days of culture (Figure S IV-1a). No statistical
differences were found between mono and co-cultures. However, an increase on protein content from
day 7 to day 14 was observed for monocultures, which decreased after 21 days. Indeed, the same
tendency was observed for the proliferation assay, and a plateau phase is observed from day 14 to 21 in
monocultures. In contrast, proliferation in co-cultures was stable from day 14 to 21 and protein content

values increased, a possible indicator of cellular differentiation.
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Figure IV-4 - Phenotypic characterization of hRPCs cultured on decellularized membranes. Gene expression of tubular related
markers (a) SCL12A1 (Na/K/Cl cotransporter), (b) SLC3AI (amino acid transport protein), (c) SLCIA3 (Na/H exchanger) and
(d) GGTI (y-glutamyltranspeptidase); *p<0.05, +p<0.001 vs. monoculture; Tubular related markers protein assessment of
(e) AQP-1 (aquaporin-1), (f) SGLT2 (sodium glucose transporter-2), (g) NCC (Na/Cl cotransporter) and (h) CLC-NKA (chloride
channel-Ka) marked in green. Nuclei were stained with DAPI (blue). Scale bar: 100 um. Both assays were performed
simultaneously. All genes are upregulated at 21 days of culture with respect to their expression at day 0. Additionally, AQP-1
and SGLT2 had the most homogenous staining. These results suggest preferable differentiation of hRPCs on proximal tubular
cells when in contact with the decellularized membranes.

IV-3.4.  Polarization and maturity assessment on proximal tubule cells

The ability of the RPTECs/HUVECs bilayer model to recapitulate renal function is highly dependent
on the polarity and maturity of the seeded cells. For that, we have used imaging methods to analyze
cellular organization and specific protein content after 7 days of bilayer seeding, corresponding to the 30
day of hRPCs differentiation stimulus. The previously detected phenomena for the hRPCs was also
observed for hRPTECs, although the position of the endothelial cells had changed as well as the degree
of differentiation of the hRPCs. As demonstrated in Figure IV-5a and b, epithelial morphology and
distribution was highly influenced by the presence of the HUVECs, when comparing to monocultures
(Figure S IV-2a and b). The endothelial cells enhanced the formation of a polarized monolayer of epithelial
cells, typical of renal morphology.[14] SEM micrographs of higher magnification also revealed the
formation of tight junctions connecting the neighboring cells (signaled by circles) and short microvilli at
the apical surface (signaled by arrows), although much more present in co-cultures (Figure IV-5b),
confirming epithelial cell polarization in this system. Indeed, we calculated the percentage of cells
expressing microvilli on mono and co-cultures at 150x magnification SEM micrographs by ImageJ

software (Figure IV-5d). The obtained values corroborate the above results, where ~ 83 % of the co-cultured
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cells were found to present microvilli on their cell surface, contrasting with a value of ~21 % for

monocultured hRPTECs.

After observing a positive effect of the presence of HUVECs on hRPTECs monolayer formation, we
evaluated if in co-cultures we could observe signals of enhanced maturity by IF staining of tubular-related
proteins. Similar to what was observed in hRPCs culture, we could notice higher fluorescence intensity
signal and an overall more organized cellular distribution on co-cultures (Figure IV-5d-g) than for
monocultures (Figure S IV-2¢c-f), which confirms the maturity observed in SEM micrographs. Also,
fluorescence intensity differed for the different tubular segments, being much higher for proximal tubular
markers in both conditions (AQP1 and SGLT2). However, in contrast to hRPCs culture, we could observe
better fluorescence signal for NCC and CLC-NKA markers, indicative of simultaneous differentiation on
epithelial cells of the distal tubule and the thick ascending limb of the loop of Henle. Overall these results
suggest a good differentiation onto the renal tubular lineage on our co-culture system, with the presence

of specialized cells of different segments of the tubule.

(c)

1 Monoculture
== Co-culture

Protein of interest/DAPI

Figure IV-5 — Assessment of hRPTECs maturity and polarization after 7 days of bilayer assembling. (a-b) SEM micrographs of
hRPTECs co-cultured with HUVECs. These cells organized in a homogenous oriented monolayer. Tight junctions characteristic
of fully maturated epithelial tubular cells can be observed (indicated by circles) as well as microvilli (indicated by arrows).
These micrographs suggest cellular polarization with the apical surface towards the top compartment, accurately mimicking
tubular organization; (c) Percentage of cells expressing microvilli on mono (white) and co-cultures (blue). Values were obtained
by cell counting on ImageJ software; (d-g) Tubular related markers protein assessment of (d) AQP1 (aquaporin-1), (e) SGLT2
(sodium glucose transporter-2), (f) NCC (Na/Cl cotransporter) and (g) CLC-NKA (chloride channel Ka) marked in green. Nuclei
were stained with DAPI (blue). Results demonstrate the presence of proteins corresponding to several nephron segments on
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hRPTECs, indicating successful maintenance of fully differentiated epithelial cells on our membranes. Scale bars: (a) 50 um;
(b) 10 pm; (d-g) 100 pm.

IV-3.5.  Characterization of proximal tubule physiological functions

To understand and characterize the developed system, we investigated Human Serum Albumin
(HSA) and inulin transport (Figure IV-6a and b, respectively). These compounds were loaded into the
upper compartment and their kinetics of diffusion was measured over time. We noticed that after 5 h,
HSA uptake was more pronounced in co-cultures versus monocultures (~60 % versus ~40 % uptake).
Inulin leakage was measured as an indicator of the barrier function. We noticed a slight increase of the
leakage during the experiment both in mono and co-cultures, which was more pronounced in
monocultures (T 12 % versus ~ 8 % in co-cultures). However, this increase was expectable due to the over
concentrated solution of inulin introduced in the system and the necessary manipulation of the system
between the timepoints. It can also be observed that in all timepoints leakage values for monocultures
are higher than in co-cultures, being statistically different at the 5 h timepoint. Comparing these results
with the values obtained for non-seeded membranes, we noticed that there was no uptake of HSA, being
the values around O % or negative, which could be explained by medium evaporation for the same amount
of probe throughout the timepoints. Inulin leakage after 5 h was ~50 % for membranes with no cells (data
not shown), which indicates that the membranes alone are also selectively permeable. The results

obtained for cell-seeded membranes indicate selective reabsorption characteristics of our bilayer model.
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Figure IV-6 — Functional assays on the bilayer model. (a) Human serum albumin (HSA) uptake of hRPTECs cultured on mono
or co-cultures. A solution of FITC-conjugated HSA with a known concentration was introduced on the top compartment. After
5 h, the concentration of the remaining compound was extrapolated from its fluorescence intensity; (b) Percentage of inulin
leakage obtained for mono and co-cultures. FITC-conjugated inulin at a known concentration was introduced on the top
compartment. Throughout the 5 h timepoints, the fluorescence intensity of the compound present on the bottom compartment
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was measured; *p<0.05. These results are indicative of higher endocytic activity as well as higher resistance to compound
leakage on epithelial cells cultured in the bilayer model, rather than in monocultures.

IV-3.6.  Model of drug-induced nephrotoxicity

A major goal in developing /n wifro models is to have the recapitulation of physiological functions and
disease phenotypes to better predict drug toxicity in humans. We therefore administered the known
chemotherapeutic drug and nephrotoxin cisplatin in the top compartment of our co-culture system in
different dosages. We evaluated cellular viability by live/dead assay in co-cultures (Figure IV-7a to d) and
monocultures (Figure S IV-3a to d) and by MTS (Figure IV-7i), comparing to a control condition (0 uM of
cisplatin). Phalloidin and DAPI staining was also performed on fixed mono (Figure S IV-3e to h) and co-
cultures (Figure IV-7e to h). We could observe that, with the increasing concentration of cisplatin, cellular
viability was reduced in ~80 % for monocultures and ~90 % for co-cultures when the higher concentration
of the drug was administered. Although no significative differences were observed between both
conditions, we could notice that co-cultured cells reacted quicker to the drug than in monocultures, which
can be due to the higher abundance of active transporters mediating drug uptake. Live/dead micrographs
indicate the abundance of dead cells by the internalization of propidium iodide. These micrographs
corroborate the above MTS results, where a higher red and lower green fluorescence staining can be
detected with the increasing concentration of cisplatin, comparing with the control condition (Figure
IV-7a). Additionally, on monocultures (Figure S IV-3), some parts of the cellular body can still be
distinguished even after the administration of a higher cisplatin dose, which does not happen in co-
cultures, where scarce green staining appears. This is again indicative of a higher epithelial differentiation
degree. However, the demonstrated green staining is often accompanied by red staining in the same cell,
suggesting that cells may be entering apoptosis. Phalloidin and DAPI staining on fixed mono and co-
cultures corroborates the above results, where lower red staining for phalloidin is observed with the

increasing concentration of cisplatin.
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Figure IV-7 - Cisplatin-induced nephrotoxicity model. Cisplatin was dissolved in cell culture medium in different concentrations
and introduced in the cell culture system to assess cellular damage. (a-h) Qualitative results for viability on co-cultures were
obtained by immunofluorescence micrographs of live/dead assay and Phalloidin/DAPI staining of fixed cells. Cells were
administered with O uM (a, €), 50 uM (b, f), 100 uM (c, g) and 150 uM (d, h) of cisplatin. Live/Dead assay was performed by
incubating cells with Calcein AM (stains green for live cells) and PI (stains red for dead cells). DAPI/Phalloidin staining was
performed after cell fixation in formalin. Cytoskeleton is stained by phalloidin (red) and nuclei are stained by DAPI (blue). (i)
Quantitative results for viability were obtained by MTS assay. No significative differences were found between mono and co-
cultures. These assays revealed that hRPTECs cultured on the bilayer model were more sensitive to the presence of cisplatin,
which uptake occurs in proximal tubules. Scale bars: 100 pm.

IV-4.  DISCUSSION

In this work, we focused in developing and characterizing a physiologically relevant /n7 vitro tubular
bilayer model incorporating both endothelial and epithelial cells. By using an electrospun membrane, we
intended to mimic orientation, separation, porosity and composition of the basement membrane found
in vivo (Figure IV-2). The large surface area obtained by electrospinning processing has already
demonstrated to allow stronger cell adhesion and proliferation,[26, 27] which was our main goal when

fabricating these membranes. They were previously studied by our group, where we demonstrate
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functionality of the proteins included on the membrane, by comparing cellular behavior on membranes
which had no dKECM on their composition.[16] Herein, we intended to further explore their potential by
using co-cultures of endothelial and renal progenitor cells (the precursors of tubular epithelial cells). The
obtained results for quantitative cellular assays reveal that hRPCs do not demonstrate any kind of
preference for being in co-culture or monoculture (Figure IV-3), which can be attributed to the lack of
evidence showing any beneficial effect on having endothelial cells boosting the performance of renal
progenitor cells. However, we demonstrated that the formation of monolayer was remarkably enhanced
by adding endothelial cells to the system. The assessment of ultrastructure by SEM revealed hallmarks
of an epithelial-like morphology, showing the importance of the co-cultures in this kind of studies. We also
characterized the phenotypic expression by RT-PCR and IF staining methods. All genes were upregulated
after 21 days, revealing hRPCs differentiation into tubular epithelial cells (Figure IV-4). The major fold
increased expression was observed for SLC12A1 and SLCIA3, which encode Na/K/Cl cotransporter and
the Na/H exchanger, respectively. The upregulation of SLC3A7 and GGT1 was also demonstrated, which
is indicative of a higher maturation of these cells, since both genes encode proteins responsible for amino
acid transport on the tubular epithelial brush-border. IF revealed consistent staining of proximal tubular
markers AQP-1 and SGLT?2, whereas the signal for NCC and CLC-NKA, markers for the distal tubule and
the thick ascending limb was lower. Furthermore, by comparing these results to that of the monocultures,
we observe overall lower IF signal of all markers (Figure S IV-1). These findings demonstrate not only a
preference for hRPCs differentiation into proximal tubular cells, but also increased phenotypic markers
provoked by the presence of endothelial cells. Moreover, the cells were able to express tubular-related
genes and proteins at day 21 of culture, contrasting with a previously published work, in which a 30-day

culture was necessary for fully tubular differentiation of hRPCs.[17]

To further evaluate how hRPCs potentiate the use of the electrospun membrane as a model of a
natural renal filtration barrier, we have also studied co-cultures of hRPTECs with HUVECs, by growth
factor-induced differentiation of hRPCs. Figure IV-5 clearly demonstrates the ultrastructure, polarization
and the presence of characteristic transporters of the renal epithelial cell lineage.[28] Brush border
microvilli and tight junctions are abundant in all of the cells co-cultured on the membranes, which are
polarized according to the organization of the /7 vivotubule. We can observe the apical membrane turned
to the top compartment which suggests the basolateral membrane to be in contact with the decellularized
kidney ECM, similar to what happens with /7 vivo BMs. By IF, markers correspondent to different sections
of the tubule were assessed to understand the heterogeneity of the population. Less fluorescence intensity

was found on CLC-NKA, which is explained by the basolateral location. However, all of the markers were
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found present on our membranes, showing differentiation towards other epithelial phenotypes rather than
proximal tubule cells, which was not previously demonstrated with renal progenitor cells. Higher
fluorescence intensity is always found with the presence of HUVECs on the system, comparing with
monocultures (Figure S IV-2), demonstrating once more the value of the epithelial cells on modulating

cellular phenotype.

The adopted polarized morphology of hRPTECs when in co-culture with HUVECs allowed the study
of renal-specific transport functions across the bilayer model, similar to the complete pathway which water
and solutes cross when reabsorbed from the tubular lumen to the blood flow. We have demonstrated
consistent values for HSA uptake and inulin leakage (Figure IV-6). Indeed, we were able to obtain lower
values for inulin leakage than what is reported in the literature for transwell systems.[10] We were also
able to obtain higher values for HSA uptake comparing with tubule models including immortalized

hRPTECs instead of primary lineages.[29]

One of the major goals on developing a reliable /77 vifro model of the tubule is to have a consistent
response to drugs which are known to induce nephrotoxicity. In this way, it would be possible to predict
drug toxicity on humans. Cisplatin is a known nephrotoxic drug that accumulates in the renal parenchyma
by active transport into proximal tubular cells.[30, 31] Herein, we have demonstrated that hRPTECs
exhibit a dose-dependent toxic response to cisplatin with higher fidelity when cultured on the bilayer model
(Figure IV-7). Indeed, by live/dead assay micrographs we demonstrate that cisplatin induced less cellular
damage in monocultures which was also corroborated by phalloidin cytoskeleton staining. These results

suggest that our model should provide specific and reliable measurements of drug toxicities /7 vitro.

The main aim of an epithelial-endothelial bilayer system is having the formation of single layered
epithelia and their maintenance for long periods of time. We were able not only to develop a system
capable of recapitulating morphology and physiological functions, but also a system which is capable of
maintaining the maturity of differentiated cells. Other authors developed different systems in order to
mimic ECM compositions and spatial organization of the tubular basement membrane, including
bioprintring,[29, 32, 33] microphysiological systems,[7] and tubule-on-a-chip technology.[22] Herein, we
employ a different strategy, where a similar composition to the human kidney ECM is used to give a
proper stimulus to the cultured cells. The importance of the ECM on the maintenance of these monolayers
was already described.[5] Indeed, changes in the ECM in the tubule and the surrounding interstitium are
associated with pathological conditions, including inflammatory processes and renal fibrosis. Our system

enabled obtaining the /7 wvivo variability by the incorporation of natural kidney ECM on electrospun
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membranes. Besides, no additional treatment was necessary to mimic porosity, since that electrospinning
enables obtaining porous membranes, suitable for solute and water passage between the two layers.[34]
However, we do think that there are further developments to be performed, including employing specific
renal endothelial cells, which could have recapitulated in a more relevant manner the organization and
phenotype of an interface between tubular and vascular poles. Indeed, in the future, we intend to not only
have a mature renal cellular phenotype on the bilayer, but also introduce flow-induced shear stress to the
model, to better understand and mimic physiological conditions. We also will work on understanding what
is the exact stimulus that the proteins present on our membrane are giving to the cells and which cellular
pathways are being activated. Nevertheless, we do think that this biomimetic system constitutes a
powerful tool not only for drug toxicity screening but also for increasing our knowledge on molecular
mechanisms that underlie kidney function and disease. To the best of our knowledge, this is the first
demonstration of a co-culture system on decellularized kidney membranes and also the first time that

hRPC-derived epithelial cells were co-cultured and maintained in a differentiated state /n vitro.
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IV-6.  SUPPLEMENTARY INFORMATION
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Figure S IV-1 - Human renal progenitor cells (nRPCs) behavior and phenotypic expression when cultured on the decellularized
membranes. (a) Protein content was measured at 7, 14 and 21 days of culture by microBCA assay. Cells were submitted to
an osmotic shock and proteins were quantified. Increasing values were obtained for co-cultures, whereas monocultures had a
quantification peak at 14 days and a decrease at 21 days; (b) GAPDH ACt values for all of the timepoints and conditions. No
differences in expression were found with time of incubation and/or co-culture; (cf) Tubular related markers protein
assessment of (c) AQP-1 (aquaporin-1), (d) SGLT2 (sodium glucose transporter-2), (e) NCC (Na/Cl cotransporter) and (f) CLC-
NKA (chloride channel Ka) marked in green. Nuclei were stained with DAPI (blue). Diffuse expression of tubular related markers
is found on these cells. Scale bars: 100 um.
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Figure S IV-2 — Assessment of hRPTECs maturity and polarization in the monolayer model. (a-b) SEM micrographs of hRPTECs.
These cells are organized in a non-oriented monolayer. Tight junctions characteristic of maturated tubular cells can be spotted
in some sites (indicated by circles) as well as microvilli (indicated by arrows), although not consistent in all of the membrane.
(c-f) Tubular related markers protein assessment of (c) AQP-1 (aquaporin-1), (d) SGLT2 (sodium glucose transporter-2), (e)
NCC (Na/Cl cotransporter) and (f) CLC-NKA (chloride channel Ka) marked in green. Nuclei were stained with DAPI (blue).
Diffuse expression of proteins is found on monocultures of hRPTECs, indicating some epithelial maturation of the cells on our
membranes. Scale bars: (a) 50 um; (b) 10 um; (c-f) 100 um.
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Figure S IV-3 - Nephrotoxicity assessment of cisplatin on monocultures. Qualitative results for viability were obtained by
immunofluorescence micrographs of live/dead assay and Phalloidin/DAPI staining of fixed cells. Cells were administered with
0 UM (a, €), 50 uM (b, f), 100 uM (c, g) and 150 uM (d, h) of cisplatin. Live/Dead assay was performed by incubating cells
with Calcein AM (stains green for live cells) and PI (stains red for dead cells). DAPI/Phalloidin staining was performed after
cell fixation in formalin. Cytoskeleton is stained by phalloidin (red) and nuclei are stained by DAPI (blue). Cells in monoculture
demonstrate a dose-dependent response to cisplatin, which is indicative of effective epithelial differentiation. Scale bars: 100

um.
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Chapter V

Retinoic acid benefits glomerular organotypic

differentiation from adult renal progenitor cells /n vifros

ABSTRACT

When in certain culture conditions, organotypic cultures are able to mimic developmental stages of
an organ, generating higher-order structures containing functional subunits and progenitor niches.
Despite the major advances in the area, researches have not been able to fully recapitulate the complexity
of kidney tissue. Pluripotent stem cells are extensively used in the field, but very few studies refer the
potential of using adult stem cells. Herein, we describe a simple and feasible method for achieving
glomerular epithelial differentiation on an organotypic model comprising renal progenitor cells from adult
kidney (hRPCs). Their glomerular differentiative potential was studied using retinoic acid (RA), a
fundamental molecule for intermediate mesoderm induction on early embryogenesis.
Immunofluorescence, specific cell surface markers expression and gene expression analysis confirm the
glomerular differentiative potential of RA in a short-term culture. We also compared the potential of RA
with a potent WNT agonist, CHIR99021, on the differentiative capacity of hRPCs. Gene expression and
immunofluorescence analysis confirmed that hRPCs are more sensitive to RA stimulation when compared
to CHIR9901. Endothelial cells were also included on the spheroids, resulting in a higher organizational
level. The assembly potential of these cells and their selective stimulation will give new insights on adult

organotypic cell culture studies and will hopefully guide more works in this important area of research.

§ This chapter is based on the following publication:

Sobreiro-Almeida, Rita; Melica, Maria Elena; Lasagni, Laura; Romagnani, Paola; Neves, Nuno M. Retinoic acid benefits glomerular organotypic
differentiation from adult renal progenitor cells in vifro. (Under review)
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V-1. INTRODUCTION

The human kidney is a complex organ working in very organized mechanisms. During its
development, structures that allow the reproduction of crucial body functions are formed.[1] Each kidney
is composed of nearly 1 million nephrons, each one comprising its own glomerulus.[2] Due to this
complex architecture, mimicking its functional and physiological conditions /7 vitrois a very demanding
challenge in the tissue engineering field. Currently, several tissue engineering strategies are being
developed to overcome the limitations of 2D cell cultures, which include decellularization/recellularization
strategies,[3, 4] microfluidics[5, 6] and 3D scaffolding technology.[7, 8] All of these strategies are
promising to the evolution of the field, being able to demonstrate, even if only partially, tubular or
glomerular function. However, the majority of the studies refer proof-of-concept experiments and the
mechanisms regulating developmental and regeneration processes occurring in the kidney are still not
well elucidated. For this reason, the research on cellular development and on the physical and molecular
cues driving organogenesis is of extreme importance and can shed new light on kidney progenitor cells’

migration, proliferation and differentiation.

Recently, researchers are performing studies on organoid cultures because these enable the
study of developmental processes, drug screening, disease modeling and ultimately tissue remodeling
and regeneration. These organoids are able to spatially restrict lineage commitments, since cells have
the freedom to self-organize and differentiate similarly to /7 1/v0,[9] not being restricted to the architecture
of the substrate. Organoid cultures were already established for several different tissues including
brain,[10] retina,[11] intestine,[12] lung,[13] liver,[14] and kidney.[15] They have a vast potential of
applications and can lead us to uncover relevant knowledge for the development of new tissue engineering
strategies. A critical aspect to enable the formation of a fully functional organoid is the potential to
differentiate a cell into multiple cell types. Thus, the selection of cells is of critical importance.[16] Kidney
organoids were already established from induced pluripotent stem cell (iPSC) [17, 18] and Embryonic
Stem Cells (ESCs),[19, 20] demonstrating incorporation into developing renal tubules and generation of
nephron structures. However, we must also be aware of the current constraints. A lot of ethical concerns
are raised by the use of ESCs, and also the tumorigenic risk of using both of these cell types is well
known.[21] Furthermore, non-kidney cells were already found in kidney organoids, such as neurons and
muscle,[22] and all of the protocols tend to last more than 30 days to form a fully differentiated organoid,

which limits the feasibility of clinical applications in the future.[15]
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In an embryo, kidney development arises from intermediate mesoderm patterning (AP patterning)
of the primitive streak. The AP patterning will allow the formation of a strip of intermediate mesoderm
that extends along the axis of the embryo'’s trunk, which will later be specified as the metanephros. This
phenomenon gives rise to the anterior and posterior intermediate mesoderm (AIM and PIM, respectively),
in which cells migrate and are exposed to canonical WNTSs, followed by FGF9 and retinoic acid (RA).
Consequently, cells that migrate earlier will be exposed for a shorter period of time to WNTSs, giving rise
to the AIM, whereas longer exposure will result in the formation of the PIM.[23] Additionally, the
spatiotemporal AP patterning contributes to the establishment of different portions of the urogenital
system, being that AIM gives rise to the ureteric epithelium and PIM develops into the metanephric
mesenchyme. These are the two structures that will respectively evolve to the branching collecting duct
network of the kidney (AIM) and to mature nephrons and glomerular structures (PIM).[24] During the
formation of the metanephros, a population of renal progenitors (RPCs) has been identified to present
stemness features, such as self-renewal capacity and multipotency, characterized by the expression of
the surface markers CD133 and CD24 and the absence of lineage specific markers of differentiation.[25,
26] Indeed, RPCs were first localized in the metanephric mesenchyme primordial structures and their
expression is elevated during all stages of the metanephros formation. Additionally, when mature
nephrons are formed, they decrease in number and are selectively located in the Bowman capsule or
scattered in the tubules, acting as precursors to all renal epithelial cells and/or glomerular cell
lineages.[27-29] The evidence that renal repair is mainly driven through endogenous cells and the fact
that they do not present any tumorigenic risk strongly suggest them as valuable tool of cellular therapies

for renal failure.[29, 30]

Herein, we propose to study the role of adult renal progenitor cells in an organotypic culture
model and their differentiative potential. We aim to compare their response to different molecules when
cultured in an organoid and in 2D substrates. Furthermore, we hypothesize that the required time for
maturation and differentiation of human RPCs can be significantly shortened when comparing to iPSCs
and ESCs. The expression of specific glomerular proteins will be studied, as well as the replication of the

3D structures and architecture.
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V-2. MATERIALS AND METHODS

V-2.1.  Human renal progenitor cells (hRPCs) isolation

Human kidney fragments were obtained in agreement with the Ethical Committee on human
experimentation of the Azienda Ospedaliero-Universitaria Careggi, Florence, Italy. All subjects gave their
informed consent for inclusion before they participated in the study. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee on
Human Experimentation of the Azienda Ospedaliero-Universitaria Careggi, Florence, ltaly (project
identification code 2015/0009082 from 25/03/2015). Human RPCs were obtained and cultured as
previously described [27] with minor modifications. Briefly, the cortex was minced before proceeding to
an enzymatic digestion with collagenase solution type IV 750 U ml* (Sigma Aldrich) for 45 min at 37 °C.
After digestion, the solution was sieved through graded mesh screens (60 and 80 mesh). The cellular
suspension was collected, washed and plated on petri dish containing complete medium. The medium
is composed by Microvascular Endothelial Cell Growth Medium (EGM™-MV, Lonza) supplemented with
20 % HyClone™ Fetal Bovine Serum (FBS, GE Healthcare). After 4 to 5 days of culture, cells that adhered

to the plate were subcultured.

V-2.2.  Spheroid formation and differentiation

hRPCs between PO and P2 were used on this study. Cells were culture by hanging drop method
[31]. Briefly, hRPCs were plated in hanging drops of 20 L containing EGM-MV medium with 5, 10 and
20 x 10¢ cells/drop. Podocyte differentiation was conducted with DMEM-F12 medium as previously
described, with minor modifications [28]. DMEM-F12 (Sigma) was supplemented with 10 % FBS and all-
trans retinoic acid (RA, 100 uM, Sigma) and applied to the spheroids for a maximum of 48 h. Similarly,
an highly selective glycogen synthase kinase-3 (GSK-3) inhibitor, CHIR99021, was used as a WNT agonist
to induce differentiation according to a previously published protocol [15]. Spheroid cultures were
supplemented for 1 h in DMEM-F12 medium supplemented with 10 % FBS and 5 uM of CHIR99021
(R&D Systems). After, the medium was changed to include 10 % of FBS and 200 ng mL* of FGF9 (R&D
Systems) as supplements for 5 days. To obtain spheroid derived cells, spheroids were incubated with

trypsin/EDTA for 5-20 min in a 37 °C water bath while pipetting every 2—3 min.
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V-2.3.  Endothelial inclusion on the spheroids

For experiments using endothelial cells, we employed a human microvascular endothelial cell
line, HMEC-1 (ATCC Cat# CRL-10636, RRID:CVCL 0307). Briefly, 5 x 10* HMEC-1 were mixed with 15
x 10¢ hRPCs and seeded on hanging drops as previously described. The culture was either maintained
for 4 days in EGM-MV media or stimulated with DMEM-F12 RA-containing media after 2 days of seeding
time, for 48h. After 4 days of co-culture, spheroids were retrieved for immunofluorescence or histology

assessment.

V-2.4.  Viability and growth over time

At specific timepoints, the viability and growth rate of hRPCs aggregated as spheroids was
assessed using MTT Cell Proliferation Assay Kit (ThermoFisher) and Picogreen dsDNA Kit (ThermoFisher).
Briefly, spheroids were incubated with a mixture of 1:5 MTT reagent:DMEM-F12 and incubated for 4 h at
37 °C. After, the mixture was removed and 100 uL of DMSO (Sigma Aldrich) were used to dissolve the
dye. Absorbance was read at 570 nm. For dsDNA quantification overtime, spheroids were immersed in
Milli-Q water and cells were lysed by thermal and osmotic shock. The resulting supernatant was used for
the quantification according to manufacturer’s instructions. The fluorescence of each specimen was
measured using a microplate reader (excitation: 485 nm; emission: 528 nm). Optical microscopy was

used to take gross appearance photos and measure spheroid diameters.

V-2.5.  Flow cytometry characterization

Cultures were checked for simultaneous expression of CD133 and CD24 by flow cytometry at
different passages, according to previously published methods for characterizing hRPCs [29]. Briefly, cells
were washed with PBS containing 0.5% BSA and blocking was performed with FcR Blocking Reagent
(Miltenyi Biotec). Primary antibodies anti-CD133/2 (Miltenyi Biotec) and anti-CD24 (Santa Cruz) were
incubated for 15 min along with respective isotypes. Secondary antibodies added and incubated for 15
min in the dark. A total of 4 x 10* events for each sample were acquired. Dead cells were excluded by
propidium iodide positive staining (Miltenyi Biotec). Only populations expressing > 90 % CD133+CD24+

cells were used on this study.
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V-2.6.  Immunocytochemistry and immunohistochemistry

Spheroids were fluorescently labeled with antibodies directed against markers for undifferentiated
hRPCs and podocyte lineages. To perform immunocytochemistry, they were fixed with 10 % neutral
buffered formalin for 30 min at RT and then rinsed in PBS. Primary antibodies were diluted in 0.5 %
TWEEN 20 (Sigma Aldrich) plus 3 % bovine serum albumin (BSA, Sigma Aldrich) and incubated overnight
at 4 °C. Secondary antibodies Alexa Fluor 488 or 594 (1:500, Alfagene) were diluted in PBS plus 0.5 %
TWEEN 20 and incubated overnight at 4 °C in the dark. When required, DAPI (1:500, Sigma Aldrich) and
Phalloidin (1:200, Alfagene) were incubated along with the secondary antibody. After several rinses in
PBS, spheroids were mounted with VECTASHIELD® (Vector Laboratories) and analyzed under Leica SP5
AOBS confocal microscope (Leica, Wetzlar, Germany) equipped with a Chameleon Ultra-Il two-photon
laser (Coherent, Milan, Italy). Images were recorded digitally and further processed using LASX software

(Leica).

Immunohistochemistry was also performed after the fixation step. Briefly, spheroids were
embedded in Histogel™ (ThermoFisher) before being processed and embedded in paraffin for sectioning.
5 um thick sections were stained with Hematoxylin & Eosin (H&E) or deparaffinized and rehydrated to
perform immunofluorescence. Blocking step was performed with 3 % BSA and primary antibodies were
incubated for 1 hat RT in 0.5 % TWEEN 20. Secondary antibodies Alexa Fluor 488 or 594 were incubated
among with DAPI and Phalloidin for 1 h in the dark. After several rinses in PBS, slides were mounted with

VECTASHIELD® and visualized under a confocal microscope.

V-2.7.  Gene expression analysis

Total RNA was extracted using RNeasy Microkit (Qiagen) and quantified using a Nanodrop
spectrophotometer (ThermoFisher Scientific). Briefly, 50 spheroids for each condition were centrifuged,
trypsinized and frozen until analysis. After, cells were resuspended in buffer RTL (acquired from the kit)
containing 3-mercaptoethanol for efficient cell lysis. RNA correspondent to the same number of cells per
condition was used. After extraction, RNA was retrotranscribed using TagMan™ Reverse Transcription
Reagents (ThermoFisher) following manufacturer’s instructions. TagMan RT-PCR was performed as
previously described using a 7900HT Real Time PCR System (Applied Biosystems).[32, 33] Paired box2
(PAX2), Octamer-binding transcription factor 4 (OCT74), Wilms tumor 1 (W71), Synaptopodin (SYVPO) and

Nephrin (NPHSI) quantification was performed using commercially available Assay on Demand kits
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(Applied Biosystems). Fold expression (FE) was determined using the equation FE=2"(-AACt), where ACt
= Ct gene of interest — Ct housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
AACt = Ct sample of interest — Ct control sample, which was considered the gene expression level at the

seeding day.

V-2.8.  Statistical analysis

Statistical analyses were performed with GraphPad Prism 8 (GraphPad Software, California, USA).
Data were expressed as means + standard deviation of experiments with at least three independent
assays. Differences between groups were analyzed by unpaired t test or two-way analysis of variance
(ANOVA) in case of experiments conducted over time, using Tukey test for post hoc assessments of the

differences between samples. Statistical significance was defined as p < 0.05.

V-3. RESULTS

V-3.1.  Spheroids remain viable and intact during long-time cultures

After hRPCs isolation, spheroids were formed by hanging drop method for 48 h. They have shown
to aggregate and shape into a spheroid in all seeding concentrations (Figure V-1-A). As expected, their
diameter was shown to be dependent of the initial seeding concentration (Figure V-1-B), being larger when
higher cell concentrations were used. A reduction on the size was also observed over time, particularly in
the higher seeding concentration (20K). We also evaluated the viability and proliferation over time by
means of metabolic and DNA quantification, respectively. Spheroids were shown viable along a 28-day
culture time, with increasing values over time (Figure V-1-C). Results also demonstrate that metabolic
activity is dependent on seeding concentration, with higher absorbance values for higher concentrations.
DNA content demonstrate that cells proliferate in the beginning of the culture, but then reach a plateau
phase from day 7 until the end of culture time (Figure V-1-D). This result suggests that cells cannot further
proliferate when aggregated. Immunofluorescent images of the cytoskeleton demonstrate once more the
decrease in diameter with culture time (Figure V-1-E, F and G). Overall, cytoskeleton staining
demonstrates that, after 2 days, hRPCs aggregated, forming round structures. However, after 5 days, the
organization in the spheroid is more evident, and small round structures can be found, forming little

organized niches, indicating some type of structural organization. 5K spheroids demonstrate an
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inconsistent morphology, with some cellular disaggregation. The lower viability and reproducibility
demonstrated by the 5K spheroids left us to proceed for the following assays only with 10K and 20K

seeding concentrations.
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Figure V-1 — Spheroids remain viable and intact during long-time cultures. (A) Optical microscopy micrographs of spheroids
after 48h of cell seeding. Scale bar: 200 um; (B) Spheroid diameter after 2 (orange) and 7 days (blue) of cell seeding.
*p<0.0001; (C) MTS absorbance values for a 28-day spheroid cell culture, indicating increasing viability values over time; (D)
DNA content values for a 28-day spheroid cell culture, indicating that cells are not proliferating overtime, reaching a plateau
phase. #0<0.05 vs. 20K; &p<0.05 vs. 10K; Tp< 0.05 vs. 20K.; (E-G) Immunofluorescent images of phalloidin (red) and DAPI

(blue), demonstrating cytoskeleton organization and nuclei after 2 (left image) and 5 days (right image) of cell seeding. 5K (E),
10K (F) and 20K (G) spheroids. Scale bar: 100 pm.

V-3.2.  Short maturation time potentiates the effect of retinoic acid

For studying the effect of RA on spheroid differentiation, two protocols were tested, in which the

stimulus was given in different times of spheroid maturation - Day 2 and Day 7 after seeding (Figure V-2-
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A). After 48h of stimulus, spheroids were retrieved for analyzing the presence of PAX2 (Figure V-2-B to G)
and nephrin (Figure V-2-H to M). We noticed that, by using protocol 2, the spheroids adopted an
inconsistent morphology, mostly on 10K seeding concentration. By using this protocol, the 20K seeding
density revealed better structural maintenance after 9 days of culture, comparing with the 10K spheroids.
Indeed, the overall structure of the 10K spheroids was sometimes lost, with disintegration and loss of
structure, indicating that cells may be losing their viability. Instead, by applying protocol 1, spheroids
maintained the overall structure, with some inconsistencies on the 10K spheroids (Figure V-2-C, D, J). In
addition, a more marked presence of nephrin was noted, especially for 20K concentration (Figure V-2-K
to M). Regarding the staining observed for PAX2, it was less evident with the prolonged culture time on
20K spheroids, regardless of the protocol, demonstrating a tendency of hRPCs to change phenotypic
expression with 3D culture (Figure V-2-C, D, F, G). Weaker staining for PAX2 and stronger staining for
nephrin was found on 20K spheroids differentiated using protocol 1 (Figure V-2-F, L). Due to these
findings, we have selected this protocol to continue with the experiments, in which we evaluated the

metabolic activity and the expression of specific stem markers.

A
HANGING DROP RETINOIC ACID SPHEROID
CELL SEEDING STIMULUS RETRIEVAL AND
ASSESSMENT
)&t SPHEROID MATURATION \ SPHEROID y
DIFFERENTIATION
No stimulus Protocol 1 Protocol 2 No stimulus Protocol 1 Protocol 2

Nephrin/Phalloidin/DAPI

Figure V-2 — Short maturation time potentiates the effect of retinoic acid. (A) Schematic representation of the applied strategy,
where the time between spheroid seeding and stimulation was varied from 2 to 7 days. (B-C) Immunofluorescence against (B)
PAX2 and (C) Nephrin (green), cytoskeleton (red) and nuclei (blue), varying spheroid maturation time before RA stimulus from
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2 (protocol 1) to 7 days (protocol 2). The protocols were tested in two different seeding densities, 10K and 20K. The provided
images refer to the end of culture time. Scale bar: 100 um.

V-3.3.  Specific markers expression is dependent of the seeding concentration

Flow cytometry analysis reveals, as previously published, that hRPCs are > 95 % double positive
for CD133/CD24 (Figure V-3-A).[27] Herein, we hypothesized that this value would decrease with cell
culture conditions and RA stimulation. Indeed, a huge decrease on the double positivity of CD133/CD24
was observed only by changing hRPCs from a 2D (before seeding) to a 3D (spheroid) environment, which
corroborates with PAX2 staining (Figure V-3-A). Additionally, this double positivity was significantly affected
when spheroids were stimulated with RA. For the 10K seeding concentration, the double positivity
decreased in ~9.59 %, whereas for 20K the decrease was ™~ 26.8 %, revealing once more that the higher
seeding concentration is more sensible to the RA stimulus (Figure V-3-B). Control conditions for each
seeding concentration and respective isotype controls of FACS analysis are shown in Figure S V-land

Figure S V-2.

To further validate this protocol, the effect of RA on viability was assessed by MTT assay, and
values were compared to spheroids which were not stimulated. We have noticed that spheroids were
intact and easy to manipulate in both conditions. No significative differences were found between 10K
and 20K spheroids viability and a decrease on the values was observed for all stimulated conditions

comparing with their control (Figure V-3-C).
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Figure V-3 — Specific markers expression is dependent of the seeding concentration. (A) Flow Cytometry (FC) analysis for the
simultaneous expression of CD133 and CD24 before seeding and after RA stimulus in 10K and 20K seeding concentrations.
Control conditions for each seeding concentration and isotype controls are shown in Figure S V-land Figure S V-2; (B)
Percentage of CD133 reduction when comparing RA stimulation to non-stimulated spheroids at the same timepoint. *p<0.016;
(C) Percentage of the reduction in viability caused by RA stimulus. Values were calculated dividing MTT absorbance values of
spheroids submitted to RA stimulation by non-stimulated spheroids at the same timepoint.

V-3.4.  Retinoic acid outstands CHIR99021 on spheroid glomerular differentiation

For analyzing the potential of RA on glomerular differentiation, we compared this stimulus with a
known GSK-3 inhibitor, CHIR99021.[34] This molecule has been used by several researchers to induce
the differentiation of pluripotent cells into specific lineages, including in spheroids, demonstrating effective
results in spheroid differentiation.[15] Herein, we analyzed the GSK-3 inhibitor as a late differentiation
molecule and the stimulus was maintained for a short period of time, after which FGF-9 was used to
maintain the spheroid culture (Figure V-4-A). Gene expression was assessed before the stimulus (TO) and
after the culture times (T2 and T5) and normalized to the expression at the seeding day (Figure V-4-B).
PAX2 and OCT4 were assessed as relevant stem cell markers. A significant decrease in the expression
of the stem marker PAX2in RA induction was observed, which did not happen for CHIR99021 induction.
OCT4 revealed maintenance of expression values independent of stimulus or culture time, although

values were all upregulated comparing with the seeding time. Podocytes are characterized by persistent
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expression of W71, synaptopodin (SYNPO) and nephrin (NPHSI). W71 was found significantly
upregulated upon RA induction, comparing with the stimulus day (TO) which was not observe with
CHIR99021 induction. SYNPO was found significantly upregulated in both induction conditions,
comparing with hRPCs in initial seeding expression and also TO. At last, NPHS1 has a marked increase
in expression by 6 thousand-fold upon RA stimulus, which was also observed upon CHIR99021 induction,
but to a minor extent (3 thousand-fold), which suggests that RA has the strongest differentiative capacity

on 3D culture of adult renal progenitor cells.
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Figure V-4 — Retinoic acid outstands CHIR99021 on spheroid glomerular differentiation. (A) Schematic representation of the
differentiation protocols applied for the two molecules. After spheroid formation (48h), RA stimulus was applied for another
48 h, whereas CHIR99021 stimulus was only applied for 1 h, followed by FGF9-supplemented culture for 5 more days. (B)
Gene expression analysis for Paired box2 (PAX2), Octamer-binding transcription factor 4 (OC74), Wilms tumor 1 (WT1),
Synaptopodin (SYVPO) and Nephrin (NPHSI). Expression is compared before (TO) and after the stimulus (T2 and T5) and
normalized to hRPCs expression at the seeding day. *p<0.05 vs. TO.

To confirm the obtained results, the presence of the most relevant podocyte proteins was also
assessed by immunofluorescence staining. The stem marker PAX2 was again evaluated as a control and
the podocyte markers synaptopodin, nephrin and podocin were used to compare the differentiation
induction capacity of the two molecules (Figure V-5-A, C, E). Our results show, as corroborated by previous
assays, that the 3D environment is sufficient to induce some degree of differentiation. Indeed, podocyte
markers are already present in the non-induced condition. Comparing the two induction molecules, it was
noticed that the staining for podocyte markers was more evident on RA-induced spheroids rather than on
CHIR-induced spheroids, especially for nephrin and podocin. Quantification of fluorescence intensity

corroborates these results (Figure V-5-B, D, F) by showing a significative difference between the

fluorescence intensities of RA and CHIR-stimulated spheroids on nephrin and podocin. Synaptopodin does
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not demonstrate this difference, which corroborates the PCR results. The results reveal consistency and

a preference for glomerular differentiation upon RA stimulation.
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Figure V-5 — Retinoic acid outstands CHIR99021 on spheroid glomerular differentiation. Immunofluorescent staining of hRPC-
related markers (A) PAX2 (green) and of the podocyte-related markers (A) synaptopodin (red), (C) nephrin (green) and (E)
podocin (green). DAPI and Phalloidin stain for nuclei and cytoskeleton in blue and red, respectively. Scale bars: 100 pm.
Quantification of fluorescence intensity of podocyte-related markers synaptopodin (B), nephrin (D) and podocin (F).
Quantification was performed in ImageJ and divided to the fluorescence intensity of non-stimulated spheroids. *p<0.0001 vs.
RA fluorescence intensity.

V-3.5.  Endothelial inclusion allows for a higher spheroid organizational level

Human microvascular endothelial cells were included in the spheroids to evaluate their interaction
with  hRPCs. Herein, we intended to evaluate morphological and phenotypic changes by
immunofluorescence of von Willebrand Factor (vWWF) (Figure V-6-A, B, C) and hematoxylin and eosin (H&E)
histological staining (Figure V-6A, B, C). RA was also added to the culture media to observe its effect in

deeper spheroid layers.
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An overall change in morphology is shown only by including the endothelial cells. Spheroids
switch form an irregular shape, in which the outer layers demonstrate a loose interaction (Figure V-6-A,
D), into organized round and compact shapes (Figure V-6- B, C, E, F). VWF immunofluorescence
demonstrates that endothelial cells are mostly located in the outer layers (Figure V-6-E, blue arrow). Round
and non-nucleated structures appear only after endothelial inclusion inside the spheroids (circles). Also,
cells demonstrate a higher organizational degree, and some hollow spaces can be spotted (black arrows).
After RA stimulation, the hollow spaces become more evident (Figure V-6-F). Additionally, bigger cells with
long cytoplasmic projections are demonstrated around the spheroids, which is similar to a podocyte
morphology (Figure V-6-F, green arrow). Figure S V-3 demonstrates higher magnification images with
evident nephrin expression only present on the RA-stimulated spheroids. Although these stained sections
demonstrate a small portion of the spheroids, images show that the expression is not confined to the
outer layers and is also present in the center of the spheroids. Moreover, endothelial cells seem to be
intercalating with podocytes, a typical interaction of /7 vivo glomerular systems. These results demonstrate
a successful inclusion of HMEC-1 cells in hRPC-derived spheroids, in which a higher organizational degree

is achieved.

hRPCs hRPCs+HMEC-1 hRPCs+HMEC-1+RA

It

DAPI/Phalloidin/vWF

Hematoxylin & Eosin

Figure V-6 — Endothelial inclusion allows for a higher spheroid organizational level. (A-C) Immunofluorescent staining of
endothelial-related marker von Willebrand Factor (WWF) in green, cytoskeleton marker phalloidin in red and nuclei in blue.
Scale bars: 100 um; (D-F) Hematoxylin and Eosin staining. Circles and arrows denote morphological changes regarding the
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control condition without endothelial cells. Circles indicate non-nucleated structures, black arrows indicate hollow spaces, blue
and green cells indicate elongated cells. Scale bars: 50 um.

V-4, DISCUSSION

Organotypic cell cultures have emerged with the increasing knowledge on embryonic
development. Being able to recapitulate developmental stages /n7 vifro is a huge scientific advance that
will give scientists valuable insights for developing new regenerative strategies. Although adult stem cells
cannot rearrange in order to recapitulate whole organs, as pluripotent cells theoretically do, they enable
molecular and cellular analysis, disease modeling and drug screening. Herein, we focused on obtaining
adult renal cell-derived spheroids and to optimize its glomerular differentiation. We were also focused on
assessing the best conditions for spheroid formation and on developing an adequate protocol for their

differentiation.

Primarily, spheroids were tested for three different cell seeding densities. Their viability,
proliferation, diameter and overall morphology were assessed. There was a significant reduction of 20K
spheroids diameter from day 2 to day 7. This can be a result of the time that hRPCs require for self-
spatial organization into a viable spheroid, which was observed in a less extent for the 5K and 10K
concentrations. Also, the diffusion of nutrients and metabolites to the center of the spheroid is more
difficult as cell density increases, and this can also explain the reduction of the 20K spheroid size.
Although lower concentrations require less time for self-organization, we have noticed that after some
time in culture, the 5K spheroids lose viability or even start to disintegrate, resulting in a very difficult
manipulation and assessment. Regarding quantification assays, day 2 demonstrates higher values
comparing with the rest of culture time. This effect also suggests that spheroids require some self-
organization time, which is only achieved between day 2 and 7, after which the values are maintained or
increasing at a lower rate. Moreover, at day 2, the first medium change after the seeding is performed.
We postulate that this medium change removes non-adhered cells, therefore diminishing the number of
metabolic active cells. There is also a disparity between MTS values and DNA content values. Although
MTS reveals an increase in metabolic activity over time, this tendency is not followed by the mitogenic
activity of the cells. This can be reflection of hRPCs differentiation within the spheroids. As these cells
may be entering its final stages of differentiation, they stop proliferating, therefore reflecting different

tendencies for metabolic activity and proliferative capacity. Overall, we postulate that hRPCs need at least
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48 h of organizational time, in which some cells are lost, and others aggregate, forming a compact

spheroid, mainly on 10K and 20K cell concentrations (Figure V-1).

In order to observe if maturation time influences overall morphology and, consequently,
differentiation of hRPCs, spheroids were kept for 2 or 7 days in expansion media before being changed
to differentiation media. Overall, hRPCs demonstrated to be more sensitive to retinoic acid when applied
after 2 days of seeding (protocol 1) than after 7 days (protocol 2) (Figure V-2-B and C). These findings
suggest a more homogeneous differentiation by using protocol 1. Instead, by using protocol 2 cellular
organization changes, demonstrating no fluorescence for nuclei and cytoskeleton in the center of the
spheroid (Figure V-2-B and C). This effect will have influence on the effect of retinoic acid, concentrating

its effect on the cells placed in the outside layers, as can be seen by nephrin immunostaining.

To have a deeper insight on cell phenotype, we analyzed the cell surface markers CD133 and
CD24 by flow cytometry before and after RA differentiation (Figure V-3). The differentiation effect of RA in
the spheroids was once more confirmed by a percentual reduction on the presence of CD133/CD24
markers in almost 50 % on the 20K seeding concentration. This differentiation kinetics was already
observed in 2D surfaces, where a subset of CD24-CD133- cells were shown to be derived from

CD24:CD133 cells, i.e., hRPCs.[28, 35]

The metabolic activity of the spheroids demonstrated being always higher after 48h comparing
with the rest of the culture time. RA induction has demonstrated do decrease metabolic activity for all
conditions (Figure V-3-C), which was already observed by retinoic acid stimulation in hRPCs.[28] Because
RA induces hRPCs into terminally differentiated podocytes, these cells cannot further proliferate and
divide, demonstrating a limited survival capacity, and thereby affecting its metabolic activity. The results
obtained for immunostaining and flow cytometry were balanced with overall spheroid survival, viability
and maintenance of structure, suggesting that higher cell seeding concentrations and shorter time of

maturation stimulate the effect of retinoic acid on its differentiation induction.

In an embryo, during the intermediate mesoderm AP patterning, cells are exposed to canonical
WNTs, FGF9 and RA.[36] These cells will further maturate into more specific structures, such as the
metanephric mesenchyme and the ureteric bud, later developing into mature nephrons. A potent WNT
agonist is CHIR99021, a glycogen synthase kinase (GSK-3) inhibitor. It has been extensively used to
induce nephrogenesis and to differentiate pluripotent and embryonic stem cells into kidney specialized
structures.[15, 18, 37, 38] Results have shown that the time of exposure to CHIR99021 influences the

induction into anterior and/or posterior intermediate mesoderm, a result that is also dependent on the
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origin of the cells.[39] Herein, we employed adult stem cells, a subset of multipotent progenitors also
existent in the kidney from early developmental stages.[40] A recent study with adult stem cell-derived
tubuloids in Matrigel® revealed prolonged maintenance of proximal as well as distal nephron segments
in culture and were also able to recapitulate disease phenotypes.[41] Although the regenerative potential
of these cells was already proved by recovering kidney function in diseased animals,[26, 27] the
glomerular differentiation of hRPCs in 3D organoids was yet to be studied. Human renal progenitor cells
were already identified in the metanephric mesenchyme during renal organogenesis.[26] However, in
adulthood, they become selectively located in the Bowman's capsule or scattered along the tubules.
These cells were found to be the precursors of glomerular and tubular epithelial cells, thus actively
participating in the /7 vivo remodeling of kidney tissue.[29, 42] RA has already shown to promote hRPCs
differentiation into podocytes by upregulating specific podocyte genes, through the activation of RA
response elements on their promoters.[28] Herein, we were able to study the effect of two different
nephrogenic molecules existent /77 v/vo on the phenotype of adult renal progenitor cells in a 3D culture.
CHIR99021 differentiation protocol was adapted from Takasato ef a/[15]. Given that hRPCs possess a
further step of differentiation compared with pluripotent stem cells, we started the protocol after the
intermediate mesoderm induction, in which a pulse of CHIR99021 was followed by 5 days of
supplementation with FGF9. FGF9 is a growth factor required for nephron progenitor growth /n vivo,
directing the differentiation of the primitive streak into the intermediate mesoderm.[43, 44] It has also
shown its efficiency on directing renal development in organoids, by using both CHIR99021 and FGF9
supplementation.[15, 45] Herein, we analyzed if this strategy could be more effective than RA
supplementation to generate podocytes from adult hRPCs in 3D organotypic cultures. Overall, RA
stimulation demonstrated better differentiative capacity than CHIR99021, as evidenced by gene
expression (Figure V-4-B) and immunofluorescence analysis (Figure V-5). PAX2and OC74 were analyzed
as key regulatory genes of kidney stem cells.[46, 47] WT1 is a tumor suppressor gene known to be
expressed in kidney progenitor cells (together with PAX2and Six2), in epithelial precursors of renal cells
and also on podocytes, being a good indicator that cells are not differentiating into epithelial tubular
lineages. Indeed, its expression has significantly increased in RA-induced spheroids, while PAX2 has
significantly decreased (Figure V-4). Additionally, NPHSI fold expression indicates the successful
differentiation of these spheroids into glomerular epithelial cells, being its product (nephrin) a
transmembrane protein which composes the core of the glomerular filtration barrier. Figure V-5
immunofluorescent assays corroborate these results, in which the podocyte markers nephrin and podocin

demonstrate higher cell fluorescence intensity by using RA rather than CHIR99021. Synaptopodin was
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present in the two conditions without significative differences, which may be a result of its nature, as an
actin binding protein. Comparing with nephrin and podocin, which are components of the filtration slits
of podocytes, their expression is only present in fully differentiated podocytes. In this way, synaptopodin
expression may be present in a premature point of differentiation, therefore being present in the two
conditions. Overall, these results suggest that RA is able to stimulate hRPCs differentiation more

homogeneously than CHIR99021, validating our initial hypothesis.

The inclusion of endothelial cells indicates a higher organizational degree (Figure V-6), with new
structures forming inside the spheroids. We were able to successfully demonstrate that these spheroids
can be further explored to form mature glomerular structures. However, we do think that culture time and
conditions have to be further optimized to achieve this mature state. Nevertheless, RA stimulation seems
to be successful in achieving deeper layers of cells (Figure S V-2), which is a strong evidence supporting
our initial hypothesis. Future studies may be focused on studying matrix deposition and also the formation

of more established glomerular structures.

Although we were not able to perform functional analysis on these spheroids, we believe that this
work will help researchers understanding the mechanisms guiding the differentiation of a population of
progenitor cells existent from embryogenesis to adulthood in the kidney. Also, this work helps on

establishing the proper cell culture conditions for other works following our rationale.

V-5. CONCLUSION

The existence of a population of renal progenitor cells in adult kidney has already proved to be
beneficial for the /n vivo remodeling of kidney tissue upon injury. Herein, we hypothesize that organotypic
cell cultures could be established from these cells and that glomerular differentiation could be achieved
in 3D spheroid cultures. Taking together our results, we established adequate culture conditions for the
maintenance and differentiation of these cells in spheroids for long periods. We compared the effect of
two embryonic molecules on renal progenitor cells, confirming the potent effect of RA on glomerular
differentiation of 3D cultures. We have also successfully validated endothelial inclusion on the spheroids.
Future studies may explore high-order organ structures, in which functional analysis could be performed.
Although we have not achieved the complexity of the kidney tissue, we have focused our work on simplicity

and practicability, achieving a 4-day protocol with reasonable growth factor stimulation. This balance
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between complexity and feasibility provides an attractive starting point for the development of adult stem

cell-derived organoids focusing on therapeutic discovery, toxicology and regenerative medicine.
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V-7. SUPPLEMENTARY INFORMATION
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Figure S V-1 — Flow cytometry analysis for non-stimulated conditions. Density plots indicate the used gating for live cells - left
and middle dot plots - excluding debris and Pl-positive stained cells, respectively. Right plots indicate fluorescence of specific
antibodies. (A) Gating for 10K isotype control condition demonstrates 94 % live cells and 0.02 % Alexa Fluor 647 1gG2b and
Alexa Fluor 488 IgG1 double positive cells; (B) Gating for 10K stained control condition demonstrates 96 % live cells and 83 %
CD133 and CD24 double positive cells; (D) Gating for 20K isotype control condition demonstrates 85 % live cells and 0.44 %
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Alexa Fluor 647 1gG2b and Alexa Fluor 488 1gG1l double positive cells; (B) Gating for 20K stained control condition
demonstrates 90 % live cells and 73 % CD133 and CD24 double positive cells.
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Figure S V-2 - Flow cytometry analysis for retinoic acid-stimulated conditions (induction). Density plots indicate the used gating
for live cells - left and middle dot plots - excluding debris and Pl-positive stained cells, respectively. Right plots indicate
fluorescence of specific antibodies. (A) Gating for 10K isotype induction condition demonstrates 91 % live cells and 0.01 %
Alexa Fluor 647 IgG2b and Alexa Fluor 488 IgG1 double positive cells; (B) Gating for 10K stained induction condition
demonstrates 91 % live cells and 77 % CD133 and CD24 double positive cells; (D) Gating for 20K isotype induction condition
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demonstrates 78 % live cells and 0.65 % Alexa Fluor 647 1gG2b and Alexa Fluor 488 IgG1 double positive cells; (B) Gating for
20K stained induction condition demonstrates 90 % live cells and 54 % CD133 and CD24 double positive cells.

Figure S V-3 — Higher magnification (x63) images of hRPC spheroids with endothelial cells. Immunofluorescent staining of
podocyte-related marker Nephrin (green) and of endothelial-related marker von Willebrand Factor (red). Images demonstrate
spheroids composed of hRPCs + HMEC-1 without (A) and with (B) RA stimulation. Scale bar: 40 um.
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Chapter VI

Particulate kidney extracellular matrix: bioactivity and proteomic analysis

of a novel scaffold from porcine origins

ABSTRACT

Decellularized matrices are attractive substrates, being able to retain growth factors and proteins
present in the native tissue. Several biomaterials can be produced by processing these matrices.
However, new substrates capable of being injected and reverse local kidney injuries are currently scarce.
Herein, we hypothesized that decellularized particulate kidney porcine ECM (pKECM) could support renal
progenitor cell cultures for posterior implantation. Briefly, kidneys are cut into pieces, decellularized by
immersion on detergent solutions, lyophilized and reduced into particles. Then, ECM particles are
analyzed for nuclear material remainings by DNA quantification and histological examination, molecular
conformation by FITR and structural morphology by SEM. Protein extraction is also optimized for posterior
identification and quantification by mass spectrometry. The results obtained confirm the collagenous
structure and composition of the ECM, the effective removal of nucleic material and the preservation of
ECM proteins with great similarity to the human kidney. Human renal progenitor cells (nRPCs) are seeded
in different ratios with pKECM, on 3D suspensions. The conducted assays for cell viability, proliferation
and distribution over 7 days of culture suggest these matrices as biocompatible and bioactive substrates
for hRPCs. Also, by analyzing CD133 expression, an optimal ratio for specific phenotypic expression is
revealed, demonstrating the potential of these substrates to modulate cellular behavior. The initial
hypothesis of developing and characterizing a particulate ECM biomaterial as a consistent substrate for
3D cultures is successfully validated. The findings on this manuscript suggest these particles as valuable
tools for regenerative nephrology by minimizing surgeries and locally reverse small injuries which can

lead to chronic renal disfunction.

5 This chapter is based on the following publication:

Sobreiro-Almeida, Rita; Melica, Maria Elena; Lasagni, Laura; Osorio, Hugo; Romagnani, Paola; Neves, Nuno M. Particulate kidney
extracellular matrix: bioactivity and proteomic analysis of a novel scaffold from porcine origin. Biomaterials Science, ahead of print, doi:
10.1039/DOBM01272F, 2020
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VI-1.  INTRODUCTION

The extracellular matrix (ECM) is known to directly influence cell adhesion, migration, proliferation
and differentiation. It is a specific product of resident cells providing not only support, but also biochemical
cues crucial for determining cell fate and survival.[1, 2] Thus, tissue engineers have been trying to mimic
not only the morphology but also the composition of the ECM for promoting repair and regeneration of
tissues. Many studies refer candidate biomaterials by using micro- and nanofibrillar fabrication
techniques, such as electrospinning[3-5] and/or supramolecular self-assembly.[6-8] However, these
materials are often composed by synthetic polymers, which fail to reproduce the intricate network of

proteins, growth factors, glycosaminoglycans and cytokines, inherent to the natural ECM.[9, 10]

In the past few years, decellularized tissues have been extensively studied because they enable
retaining proteins and other components present in the native tissue. This naturally-occurring ECM has
shown to be biocompatible, lacking immunogenic cell membrane proteins, and to promote site-specific
remodeling of tissues, minimizing scar formation.[11, 12] Decellularized tissues are also advantageous
because of the high degree of evolutionary conservation of many ECM components, which allows for the
use of xenogeneic sources. These matrices are currently being studied as an alternative source for organ
transplantation, where whole-organ decellularization, repopulation,[13, 14] and posterior in vivo
implantation is achieved by using perfusion strategies.[15, 16] Despite the promising results obtained, a
number of concerns remain to be addressed to translate this technique to the clinical practice. It is also
important to consider new solutions for initial-stage repetitive episodes of Acute Kidney Injury (AKI), which

can lead to irreversible renal damage and evolve into Chronic Kidney Disease (CKD).[17]

Several authors already reported the use of decellularized and processed kidney extracellular matrix
to obtain several ECM-derived biomaterials, suitable for addressing early symptoms of kidney disease.
Kidney ECM hydrogels from human origin were already developed and characterized for their properties
and ability to support kidney endothelial cell culture.[18, 19] Other authors also studied the growth and
metabolism of kidney stem cells when seeded on hydrogels from three different regions of the kidney,
revealing tissue and region-specificity.[20] However, cells were seeded on top of the hydrogels and,
therefore, in 2D. Another approach is to combine kidney-derived ECM with other components (natural or
synthetic) in order to enhance its limited mechanical properties. For instance, a small portion (10 %) of
porcine derived kidney ECM was combined with a synthetic polymer to fabricate a porous scaffold. This
scaffold was implanted in a partially nephrectomized mice /n vivo, demonstrating regeneration of renal

glomerular tissue, with some inflammatory response.[21] Other works have also followed this rationale,
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developing alginate and gelatin-based hydrogels in combination with kidney matrices as new bioinks for
3D printing.[22, 23] Although hybrid biomaterials can provide diverse cellular responses, it is also
important to study the composition-related response of the host tissues. Having a particulate form of ECM
can also be of advantage because of their small size and shape, which allows for their implantation by
non-invasive techniques, such as injections,[24] enabling cell delivery on a specific defect and/or injury
of any size or shape.[25] This particulate ECM can also circumvent the problems of low cellular migration
on hydrogels, allowing for a more efficient cell spreading. Some studies were published in the past few
years using particulate ECM as a cell carrier for regeneration of several tissues, such as cartilage,[25]

adipose tissue[26] and bone.[27]

In this work, we hypothesized that decellularized porcine kidney ECM particles possess similar
composition to the human kidney, enabling the 3D culture of human-origin cells, without changing their
phenotypic expression. To the best of our knowledge this is the first time that porcine kidney matrix is
fully characterized by proteomic analysis and also the first time that renal progenitor cells are cultured in
3D with natural ECM. We believe that this substrate can be promising for cell delivery and, ultimately, to

promote kidney regeneration.

VI-2.  MATERIALS AND METHODS

Expanded methods for morphological, structural, histological and biochemical analysis of particulate
kidney ECM as well as the nano-liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS)
methodology for characterization and relative quantification of protein composition can be found in
Supplementary Experimental Section. Detailed information about the isolation and characterization of

human renal progenitor cells (hRPC) is also provided.

VI-2.1. Processing and characterization of kidney ECM derived powders (pKECM)

VI-2.1.1. Kidney decellularization and pKECM preparation

A schematic representation of the whole process is shown on Figure VI-1. Fresh porcine kidneys
obtained from a local slaughterhouse were decellularized according to a previously described method
with minor modifications.[28, 29] After removing renal capsules and pelvis, kidney was sectioned (A).

After, portions were immersed in a solution of 1 % SDS before being changed to another solution of 1 %
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Triton X-100 and washed for removal of residual detergent with Milli-Q water for 7 days (B). The whole
process was performed at 4 °C. The portions were frozen at -80 °C before being freeze-dried (C). Next,
the pKECM was obtained by milling with a cryogenic grinder (SamplePrep Freezer/Mill, SPEXSamplePrep)
and sterilized by ethylene oxide (D). Sterile pKECM was stored at 4 °C until further use.

Figure VI-1 - Sequence of procedures used in the preparation of pKECM. (A) Porcine kidneys were obtained in a local
slaughterhouse and cut into sagittal sections before being washed in distilled water. (B) Sections were immersed in detergent
solutions of 1 % SDS and 1 % Triton X-100 and placed on an orbital shaker for 7 days. Decellularization was achieved by
frequent renewal of the solutions. (C) The decellularized tissue was freeze-dried. (D) pKECM was obtained using a cryogenic
mill. Scale bar: 1 cm.

VI-2.1.2. Protein extraction from pKECM substrates

Decellularized kidney particulate protein was extracted in three fractions. A brief scheme of the whole
process is represented in Figure VI-3. Approximately 5 mg of pKECM was processed in triplicate. One mL
of Urea Extraction Buffer (8 M Urea, 10 mM ammonium bicarbonate and 25 mm of tris(2-
carboxyethyl)phosphine, pH 8.0) supplemented with 10 mg mL* of dithiothreitol (abcr GmbH) and 20 uL
mL* of protease inhibitors (Sigma Aldrich) were used to homogenize the matrix with a tissue grinder
(Nippon Genetics). After, the matrix was incubated with the buffer overnight in agitation. The homogenized
pKECM was centrifuged at 12700 rpm and the supernatant, referred as Fraction 1, was removed and
saved. The pellet was once again homogenized and centrifuged. The resultant supernatant was joined to
the soluble Fraction 1 (F1). Urea extraction buffer was again added to the resultant pellet and vortexed.
The mixture was sonicated at 40 % amplitude while being refrigerated. After centrifuging, the supernatant
was saved as Fraction 2 (F2). The remaining pellet was digested with trypsin as described in section

2.2.5. 1o yield Fraction 3 (F3).
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VI-2.2.  In vifrorenal progenitor cell culture studies on pKECM

VI-2.2.1. Preparation of the constructs and cell seeding

The effect of pKECM on cell behavior was analyzed having 3 different ratios of pKECM to hRPCs.
Suspension tissue culture 48-well plates were used in this study. In order to perform non-adherent
cultures, plates were coated with a thin layer of 1.5 % agarose gel which was left to gelify overnight at 4
°C. After that, 1, 2 and 4 mg of pKECM were weighted and added to each well before being rehydrated
with complete medium for 30 min at 37 °C. A cell suspension of 50 uL containing 10: hRPC was added
to each well and left 30 min at 37 °C to adhere to pKECM substrates. After that, complete medium
composed by Microvascular Endothelial Cell Growth Medium (EGM-MV, Lonza) supplemented with 20 %
HyClone™ Fetal Bovine Serum (FBS, GE Healthcare) was added. The same cell concentration was seeded
without the presence of pKECM in tissue culture treated polystyrene plates for the adherent cultures (2D

control). The medium was changed every 2 or 3 days.

VI-2.2.2. hRPC viability and proliferation

The viability of hRPCs was evaluated both by indirect and direct culture method. For the first,
conditioned medium (EGM-MV exposed to pKECM during 24h) was added to hRPCs cultured on tissue
culture plastic. Macroscopic evaluation of cells’” morphology and growth was evaluated after 2 and 24 h
of plating, comparing with cells cultured in EGM-MV media. Direct evaluation of pKECM viability was
performed on cell+pKECM suspensions after 1, 2, 4 and 7 days of culture using alamarBlue (BioRad)
assay. Culture medium was removed and replaced with fresh medium supplemented with 10 % of
alamarBlue reagent. After an incubation period of 7 h at 37 °C, the supernatant was used to determine
the fluorescence intensity in a microplate reader (excitation: 530/25 nm; emission: 590/25 nm). For
the evaluation of the effect of the different ratio of cells/pKECM on cell viability, a live/dead assay was
performed using Pl and Calcein, AM (Thermo Fisher). The fluorescent dyes were incubated with the
constructs at a concentration of 1 ug mL* for Pl and 2 ug mL* for Calcein, AM in DPBS for 30 min at 37
°C. After this time, the constructs were visualized using a SP5 AOBS confocal microscope (Leica, Wetzlar,
Germany) equipped with a Chameleon Ultra-ll two-photon laser (Coherent, Milan, ltaly). Images were

recorded digitally and further processed using LASX software (Leica).

175



Chapter VI - Particulate kidney extracellular matrix: bioactivity and proteomic analysis of a novel scaffold from porcine origin

To evaluate hRPCs proliferation on the different cell/matrix ratios, dsDNA quantification was
performed. After the viability assay, constructs were rinsed in DPBS to release the alamarBlue dye. After,
specimens were immersed in Milli-Q water and cells were lysed by thermal and osmotic shock. The
resulting supernatant was used for DNA quantification with Quanti-T Picogreen dsDNA assay kit
(ThermoFisher). The fluorescence of each specimen was measured using a microplate reader (excitation:
485 nm; emission: 528 nm). The DNA concentration for each sample was calculated using a standard

curve.

VI-2.2.3. hRPC distribution and stemness potential

For microstructure analysis of the cellular adhesion onto different quantities of pKECM, after 7 days
of culture, constructs were washed with DPBS and fixed in 2.5 % glutaraldehyde (Sigma Aldrich) for 1 h
at 4 °C. After the fixation step, they were washed again and dehydrated through an alcohol series.
Samples were sputter coated with gold prior to analysis and micrographs were obtained using a scanning

electron microscope (SEM, JSM-6010 LV, JEOL).

For the histological analysis of the distribution of cells on the matrix after 7 days, constructs were
fixed in 10 % neutral buffered formalin and embedded in OCT compound for cryosectioning. H&E and MT
stainings were performed on the constructs. Staining intensity and cell distribution were observed under

light microscopy (DM750, Leica).

The stemness potential of hRPCs cultured in pKECM was evaluated by immunocytochemistry after
7 days of culture. Briefly, constructs were fixed with 10 % neutral buffered formalin for 1 h at 4 °C and
then washed in PBS. Cells were further incubated with antibody against CD133 marker for hRPCs
(Miltenyi Biotec; 1:2.5 diluted in 3% BSA/PBS) for 1 h at RT. Samples were washed with PBS and
incubated with the secondary antibody Alexa Fluor 488 (Alfagene; 1:500 diluted in PBS) at RT in the dark
for 1h. DAPI (Sigma Aldrich, 1:500) and Alexa Fluor 546 Phalloidin (Alfagene; 1:200) were incubated
along with the secondary antibody. After several rinses in PBS, constructs were analyzed under a Leica
SP5 AOBS confocal microscope. Cells cultured in conventional polystyrene plates without pKECM were

used as control. Images were recorded digitally and further processed using LASX software (Leica).
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VI-2.3.  Statistical analysis

Statistical analyses were performed with GraphPad Prism 8 (GraphPad Software, California, USA).
Data were expressed as means + standard deviation of experiments with at least three independent
assays. Differences between groups were analyzed by unpaired t test or two-way analysis of variance
(ANOVA) in case of experiments conducted over time, using Tukey test for post hoc assessments of the

differences between samples. Statistical significance was defined as p < 0.05.

VI-3.  RESULTS

Naturally occurring ECM has been gaining interest in the past few years in the tissue engineering
field. This matrix, in a particulate form, enables developing injectable advanced therapies. Herein, we aim
at characterizing the ECM particulate morphology, composition and bioactivity when supplemented in

cultures of specific renal progenitor cells.

VI-3.1. Evaluation of pKECM substrates

This section will report on the studies aiming at characterizing the particulate ECM structure and
morphology. Its protein and DNA content are compared with those of native kidney tissue. Also, the effects
of ethylene oxide sterilization on thermal and conformational behavior were evaluated. Its protein
composition was extensively characterized by mass spectrometry and further compared with human renal

proteomic content.

VI-3.1.1. pKECM biological and structural characterization

ECM particles were obtained with minor modifications of a published protocol.[28, 29] The
macroscopic structure of the decellularized kidneys shows being intact, with effective cell removal with
minor loss of collagen. In the present study, we focused on characterizing the structure of the powders
to show bioactivity even after processing by milling and freeze-drying. In Figure VI-2-A, we can observe
the gross appearance of the obtained powders. By microscopic evaluation with SEM (Figure VI-2-B and
C) we can notice highly irregular size and shape. Particles with size ranges from 10 to 100 um can be

found on the micrographs, presenting a sheet-like shape, characteristic of collagenous material.[24, 30]
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To assess the effect of decellularization and processing of the matrix on the molecular composition,
ATR-FTIR analysis was performed to native, decellularized and sterile pKECM samples (Figure VI-2-D).
The spectra, characteristic of collagenous components, presents several bands and peaks that will be
herein described. The band at 3284 cm-is characteristic of amide A for NH stretching. Also, the peaks
at 2848 and 2916 cm are characteristic of OH, NH., and NH stretching vibration in the amide group.
The peaks at 1631 and 1537 cm?, respectively, are characteristic of the C=0 (amide ) stretching
vibration and to the bending and stretching vibration of NH and CN (amide 11).[31] The peak at and 1232
cm-! is relative to the NH plane bending from amide linkages (amide Ill), associated with the secondary
conformation of collagen. The peak identified at 1450 cm and the region in the range of 1,417-1,360
cm* corresponds to the stereochemistry of the pyrrolidine rings of proline and hydroxyproline.[32] No
significative difference was found between the spectra of native kidney, pKECM and pKECM submitted to
EO sterilization process, suggesting that the molecular conformation of ECM and collagen does not

change by decellularization and/or sterilization process.

Differential Scanning Calorimetry (DSC) was used to compare the thermal properties of pKECM
substrates before and after sterilization process and compared to the thermal properties of native samples
(Figure VI-2-E). In all samples the matrix demonstrates a broad transition temperature from approximately
15 °C to 140 °C, with one distinct endothermic peak. Enthalpy has a shift from 181 to 306 J/g when
samples are decellularized. The melting temperature (Tm) peaks range from approximately 73 to 77 °C,
which are within the range of collagen melting temperature. Additionally, another endothermic peak
appears around 225 °C for both decellularized conditions and also for native samples, but in a minor

extent.

To assess effective removal of cellular content, specimens were embedded in OCT and the obtained
cryosections were stained with H&E and MT. Also, dsDNA quantification enables a quantitative
measurement of the effectiveness of the decellularization process. H&E micrographs demonstrate no
violet staining for nucleus (Figure VI-2-G), representing a successful decellularization, in comparison to
the native tissue (Figure VI-2-H). As eosin Y binds to positively charged amino-acid side chains such as
lysine and arginine, we found that the pKECM stains positive for it, evidencing their protein content and
structure in 2D. This staining is comparable to the native tissue (Figure VI-2-H), where the pink color can
also be found surrounding the nucleus, evidencing the cytoplasm and ECM. Corroborating these results,
MT staining for pKECM revealed no red staining for Weigert's iron hematoxylin (Figure VI-2-1), comparing

with the native tissue (Figure VI-2-J). Double-stranded DNA quantification confirms an effective removal
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of > 90 % of the nucleic material when comparing with the native tissue, confirming an adequate protocol

for kidney decellularization (Figure VI-2-F).
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Figure VI-2 — Particulate kidney matrix characterization. (A) Gross appearance of the powders obtained after decellularization,
freeze-drying and milling process. Scale bar: 1 ¢cm; (B-C) Scanning electron microscopy micrographs of the powders. A broad
distribution of sizes is presented, with collagen-characteristic sheet-like conformation. Scale bars: 100 and 10 um. (D) Fourier
Transformed Infrared Spectroscopy and (E) Differential Scanning Calorimetry characterization of native kidney (orange),
decellularized matrix (pKECM, blue) and decellularized matrix submitted to Ethylene Oxide sterilization (pKECM EO, green).
Results suggest maintenance of molecular composition and thermal properties of the matrix after decellularization and after
ethylene oxide sterilization process. (F) DNA quantification of decellularized and native tissue demonstrating a ~90% decrease
on dsDNA content (n = 3). ***p<0.001 vs native; (G-H) Hematoxylin and Eosin and (I-J) Masson’s Trichrome staining on
cryosections of native tissue (H-J) and decellularized matrix (G and I). Nuclear staining is not present on decellularized matrix
sections and collagenous staining is seen (blue). Scale bars: (G- I): 50 um, (H- J): 200 um.

VI-3.1.2. Proteomic analysis of decellularized pKECM

In order to provide a complete characterization of the proteomic profile of porcine kidneys after
decellularization, we did a 3-fraction proteomic extraction and analyzed the content in each one of these
fractions. For this study, 3 different decellularized kidneys were used as representative of sample

variability. The workflow, represented in Figure IV-3-A, was optimized to yield the maximum quantity of
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protein without compromising protein stability and avoiding degradation. Therefore, a higher amount of
proteins is expected in Fraction 1 (F1) compared to the other fractions. With this study, we aim to evaluate
this protocol in extracting the proteins present in the insoluble part of the decellularized ECM and also to
avoid the effect of the initial sonication and enzymatic digestion on more sensible proteins. Together we
were able to identify 77 relevant ECM proteins, in which 43 of them were common to the 3 fractions,
which corresponds to = 56 % of total ECM proteins (Figure IV-3-B). Moreover, only 6 new proteins were
identified in F2 and F3, which include collagen alpha-1 (V) chain, elastin and fibulin 5. A tendency was
observed regarding the total number of proteins identified; 364 in F1, 208 in F2 and 119 in F3, which

represents a drop of ~67 % on the total amount of proteins identified from F1 to F3.

To better categorize the proteins that are present in each fraction, we performed gene ontology
analysis of the characterized ECM proteins. This categorization was not completely automatic because
the UniProt database for porcine (Sus scrofa) is less informative than that of the human (Homo sapiens).
Therefore, and because some proteins were still “uncharacterized”, the majority were confirmed and
classified manually. The most abundant of them is collagen type IV, which is herein named as “COL4*"
because the NC1 domain could not be identified. We have noticed that although we were able to extract
the majority of proteins in F1 (59 out of 77), they did not represent the abundance expected from a
naturally-sourced biological kidney matrix. So, we graphed all of the identified proteins as a percentage
of the total protein abundance by gene ontology classification (Figure IV-3-C). From this analysis we could
observe that fibrillar collagen only constitutes ~ 10 % of the proteins identified in F1, while matricellular
proteins account for ~ 37 % of whole protein abundance. Furthermore, by analyzing F2 and F3, ~69 %
and 755 % of their content is composed of fibrillar collagen, and ~23 % and ~41 % is composed of
basement membrane proteins, respectively. Accordingly, the amount of proteins representing ECM
regulators, FACIT collagens, secreted and matricellular proteins decrease radically from F1 to F3. Indeed,
in F3, only ~4 % of the proteins correspond to this kind of proteins, being the remaining ~96 % basement
membrane and fibrillar collagen proteins. These results support our initial hypothesis; the chaotropic
insoluble pellet, which is typically discarded in proteomic analysis of this kind, is mainly composed of
fibrillar collagen and basement membrane proteins, essential components of the ECM. Encouragingly,
cytoskeletal components represent less than 1 % of the total amount of proteins, which confirms once

more a successful protocol of decellularization.
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Figure VI-3 — Schematic representation of the methodology and the unique profile of the ECM fractions. (A) Fraction 1 was
obtained by homogenization with Urea Extraction Buffer, Fraction 2 was obtained after sonication of the remaining pellet and
Fraction 3 was obtained after tryptic digestion of the Fraction 2 pellet; (B) 43 proteins are common to the three fractions being
most proteins identified on fraction 1 (F1), while only 6 new proteins were found in fraction 2 and 3 (F2 and F3). (C) F2 and
F3 are mainly composed by basement membrane proteins and fibrillar collagen, which lead us to conclude that F1 abundances
do not correspond to the total protein isolated, and that several steps of protein homogenization are required to extract the
total amount of protein.

A more detailed description of the identified proteins is shown on Table S VI-1. The percentages of
each protein present on each analyzed kidney sample (K1, K2 and K3) and their coefficient of variation
(CV) were calculated. We could notice that high variances (greater than 1) were mainly detected on ECM
regulators family of proteins, rather than in the most abundant components of the matrix. This feature is
expectable due to the decellularization process, in which those proteins are more easily removed. In
proteins such as collagen type IV, collagen type |, collagen type VI, perlecan and nidogens, CV calculated

values were lower than 0.5.

Absolute quantitative abundances of the 30 more expressed ECM proteins were graphed in a heat
map for each separate sample that was analyzed by MS (Figure S VI-1), where green represents the
lowest abundances, red represents the higher abundances and b/ack denotes the middle-term. We

managed to extract the majority of proteins in F1, a consistent result within the 3 replicas. However, as
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previously noticed in Figure IV-3-C, the extraction of fibrillar (collagens type | and lll) and basement
membrane collagens (collagen type 1V) revealed higher abundances in F2 and F3 extractions. On the
contrary, matricellular collagens (collagen type VI) have a decrease in abundance from F1 to F3. The
same phenomena occurred for all of the remaining proteins identified. We couldn’t notice the presence
of nidogen-1 in F3, which was the only protein in this set which could not be detected in the 3 fractions.
The overall profile denotes that chaotrope protein extraction may give us a reasonable idea of the group
of proteins that constitute the matrix, but cannot give us a rigorous quantification, which was only possible

when separating the fractions and quantifying separately.

To have a stronger analysis of our protein profile, we have performed pie chart analysis for total ECM
components of the kidney considering the three independent tissue replicas (Figure VI-4). Percentages
were obtained by dividing the individual abundance of each identified protein by the total ECM abundance
content. Fibrillar collagens, basement membrane and matricellular proteins were further analyzed, and a
sub-pie chart is presented for each one of these categories, given that together they constitute more than
92 % of the total protein content. As expected, the main component of basement membranes is collagen
type IV (70 %). Matricellular protein analysis revealed that collagen type VI composes 76 % of the total
amount of identified proteins and collagen type | composes 92 % of fibrillar collagen existent in porcine

kidneys.
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Figure VI-4 - Quantitative assessment of proteomic profile of pKECM by LC-MS/MS. A sub graph is demonstrated for the most
abundant ECM categories: fibrillar collagens (blue), basement membrane proteins (purple/pink) and matricellular proteins
(green). Quantitative proteomics demonstrate that collagen type IV composes nearly 70 % of basement membranes; collagen
type | composes 92 % of total fibrillar collagen content and collagen type VI is 76 % of total matricellular proteins. Proteins are
identified with the respective gene name. This proteomic analysis enlightens the three major collagenous components of the
porcine kidney ECM.

VI-3.2. 3D culture of renal progenitor cells and pKECM

This section includes the evaluation of the bioactivity of particulate ECM to stimulate specific renal
progenitor cells in a 3D culture. Cytocompatibility and cell proliferation were evaluated, as well as the

capacity of the ECM to guide phenotypic changes.
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VI-3.2.1. hRPC viability and proliferation studies

hRPCs were obtained from the mechanical enzymatic digestion of kidney fragments. They were
isolated for their unique capacity of self-renewal and high clonogenic potential, which does not occur for
terminally differentiated cells, such as those composing the renal tubule or the Bowman's capsule. Flow
Cytometry (FC) analysis was also performed and we were able to demonstrate that the recovered
population homogeneously exhibit the presence of CD24 and CD133 (™ 94 %), known to be specific stem

cell markers which when co-expressed identify this population of cells (Figure S VI-2).[33]

To assess pKECM cytotoxicity, we first evaluated cell viability when in contact with pKECM
conditioned medium. Figure VI-5-B and D demonstrates cells after 2 and 24 h of conditioned culture,
respectively. No morphological differences are observed between these cells and cells submitted to
regular culture medium (Figure VI-5-A and C), giving a first insight on the biocompatibility of this matrix.
Next, the matrix was directly cultured with particulate ECM for 7 Days and live/dead staining was
performed with Calcein AM and Pl to 1, 2 and 4 mg of pKECM (Figure VI-5-E, F and G, respectively). No
significant red staining is visible, indicative of the biocompatibility of this substrate, regardless of the
quantity used for the assays. However, a higher quantity of cells can be seen on 1 and 2 mg of matrix
comparing with 4 mg. Also, an alteration on morphology is present, being that cells cultured on 4 mg of
matrix are bigger and rounder, suggesting lack of adhesion points to the pKECM. On the other hand, cells
cultured with lower quantities of matrix demonstrate evenly distribution and a higher amount of green
staining, also suggesting higher cell viability and proliferation. Quantification of fluorescence intensity was
also performed, corroborating the previous findings (Figure VI-5-H). Although not significant, Pl staining
is only visible on cells cultured on 1 mg of pKECM. This can be explained due to the high proliferation
and higher cell confluence present on these constructs, which can lead to cell death. As the quantity of
matrix increases, the cell number diminishes and, as a consequence, the number of live and dead cells

also decrease, leading to no dead cells quantified on 4 mg of pKECM.
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Figure VI-5 — Cytocompatibility of human renal progenitor cells. (A-D) Optical microscope images of hRPCs after 2 and 24 h
of seeding in complete medium (EGM-MV) or conditioned medium (EGM-MV prior exposed to pKECM during 24 h). Conditioned
medium cultures (B and D) demonstrate no morphological changes on the hRPCs comparing with complete medium cultures
(A and C). Scale bar: 200 um; Qualitative results for viability were obtained by immunofluorescence micrographs of live/dead
assay for hRPCs after a 7-day culture time with (E) 1 mg, (F) 2 mg and (G) 4 mg of matrix. Cells were incubated with Calcein
AM (stains green for live cells) and Pl (stains red for dead cells). Scale bar: 100 um; (H) Quantification of fluorescence intensity
of live and dead cells was performed on ImageJ, corroborating Live/Dead stainings (n = 3).

As a corroborative assay, hRPCs metabolic activity was quantitatively assessed overtime using
alamarBlue on hRPCs seeded on pKECM substrates (1, 2 and 4 mg) and on tissue culture plastic (0 mg)
(Figure VI-6-A). We noticed that hRPC shown viable in all timepoints when in contact with pKECM,
revealing no cytotoxicity. We can additionally notice a common tendency for a peak increase in
intermediate culture times and then a decrease of the metabolic activity after 7 days of culture. We
hypothesized this event to be a result of achieving cell confluence after 4 days, reducing cellular metabolic
activity. We can also observe that after 2 days of culture, cells were shown more metabolically active
when cultured on intermediate amounts of matrix (2 mg), which was also observed at day 4, being
statistically different from all the other conditions. At day 7, cells are shown more metabolically active

when cultured on the higher amount of matrix, which is also attributed to the lack of cell confluence on

these substrates.

Cellular proliferative capacity was inferred from the quantification of double-stranded DNA present
on hRPCs (Figure VI-6-B). After 24 h, RPCs cultured on O and 4 mg substrates present the higher

proliferation capacity. However, throughout the timepoints, cells seem to not be proliferating on the 4 mg
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condition, being the concentration of dsDNA maintained after 7 days of culture on the substrates.
Nevertheless, there is a tendency for the increasing of DNA content from day 1 to day 7 on the cells
cultured on lower amounts of pKECM (1 and 2 mg). This is a good indicator of cells preference towards
lower quantities of particulate matrix. It is also important to notice a tendency from day 4 to day 7 of
higher proliferation capacity of the cells when cultured on 1 mg instead of 2 mg of pKECM. This can be
again explained by the lower quantity of substrate, which enables higher surface area for cells to attach
and proliferate. Instead, in 2 mg of matrix, although cells can proliferate in between the ECM particles,
this effect becomes reduced as the amount of matrix increases. This can also be corroborated by the
lower DNA content demonstrated on 4 mg of pKECM. The increasing values observed for 0 mg condition
translate the proliferating capacity of these cells on tissue culture plastic, although it cannot be directly

compared with our 3D suspension conditions.
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Figure VI-6 — Quantitative analysis of viability and proliferation of hRPCs cultured on pKECM. (A) Viability assay demonstrated
by alamarBlue fluorescence over 7 days timepoints. Control condition (0 mg) represents hRPCs cultured on tissue culture
plastic; RFU = Relative Fluorescence Units; (*) statistically different from 0 mg; (&) statistically different from 1 mg; (#)
statistically different from 4 mg (n = 9); (B) Proliferation assay demonstrated by quantification of DNA over time. (*) statistically
different from all conditions; (#) statistically different from 1 and 2 mg conditions; (n = 9).

VI-3.2.2. Evaluation of morphology and phenotype

To assess cellular phenotype when cultured on these substrates, we evaluated the presence of a
known hRPC marker, CD133. Also, alteration on the morphology of the cells was evaluated by IHC and
SEM to detect phenotype changes. H&E and MT stainings are shown on Figure VI-7-A, B, C and Figure
VI-7-D, E, F, respectively. These stainings reveal maintenance of the collagenous content and the
attachment of hRPCs to the matrix. The pKECM substrates stain pink in H&E and blue in MT staining,

indicative of their collagenous nature. These substrates can be seen covered with cells, which stain purple
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on H&E and red on MT staining. A higher amount of nucleus can be found with lower quantities of pKECM
used in the culture, as observed previously. Regarding the CD133 staining, the marker was only present
on cells seeded on 1 and 2 mg of pKECM (Figure VI-7-G and H). No CD133 expression was found on
cells cultured on 4 mg of matrix (Figure VI-7-1), as well as on 2D cultures of hRPCs in tissue culture plastic
(data not shown). Evaluating the morphology and distribution adopted by the cells around the matrix by
SEM micrographs, we can observe a confluent culture and full coverage of this surface with cells when
cultured on 1 mg of pKECM (Figure VI-7-J), being slightly lower when comparing with cells cultured on 2
mg of pKECM (Figure VI-7-K). These micrographs corroborate the IF images shown, which also suggest
a lower number of cells and different distribution when cultured on 4 mg of pKECM (Figure VI-7-1), as
well as altered overall cellular and nuclear size of the cells, which was confirmed by phalloidin (Figure

VI-7-1) and Calcein-AM staining (Figure VI-5-G).
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Figure VI-7 - Spatial distribution of hRPCs cultured on pKECM substrates. Immunohistochemistry on matrix cryosections for
Hematoxylin and Eosin (A-C) and Masson'’s Trichrome (D-F) demonstrate good cellular coverage around the powders mainly
on 1 and 2 mg of pKECM after 7 days of culture. Scale bars: 100 um. (G-) Immunofluorescence of CD133 (green), phalloidin
for cytoskeleton (red) and DAPI for nuclei (blue) demonstrate greater fluorescence of the stem marker on 2 mg of pKECM.
Scale bar: 100 um. (J-L) Scanning Electron Microscopy images of hRPCs cultured on matrix after being fixed and dehydrated.
After 7 days, overall cell coverage of the substrate is found on 1 and 2 mg of pKECM. Scale bar: 50 pm.
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VI-4.  DISCUSSION

This work was focused on developing a particulate kidney matrix to act as a new advanced therapy
for kidney diseases. We performed structural, morphological and proteomic characterization and as a
second aim, we optimized a strategy to culture cells of human origin /n vitro with the matrix. We suggest
that decellularized kidney particles retain the biological efficacy needed to maintain the stemness of renal
progenitor cells. The injection of cells alone has a number of shortcomings. Without a substrate to attach,
a lot of cells are lost in the process or migrate out of the intended site of action and frequently there is
insufficient cell engraftment to obtain clinically relevant efficacy. Therefore, we propose a synergistic effect

of using pKECM as a substrate in which hRPCs could be delivered, helping in the renal repair after injury.

To ensure that the cells can interact, attach and proliferate in the particulate matrix, it is important
to evaluate the structure and composition of the ECM. SEM micrographs (Figure VI-2-B and C), allow
detecting two distinct surface ultrastructures within the particles: smooth surfaces, demonstrating the
sheet conformation of basement membranes and fibrous surfaces, which can be assigned to the
interstitial matrix.[24] We also noticed the resemblance of the matrix to those of other previously published
works.[30] By ATR-FTIR we could not detect any alterations in molecular conformation between native
and decellularized samples (Figure VI-2-D), indicating the preservation of the structure. Moreover, we can
infer from the FTIR spectrum that the integrity of the triple helix was conserved by the ratio of 1235 cm-
(amide Ill) and 1450 cm (pyrrolidine ring) bands, which is close to 1 in both samples.[34] By DSC, we
could confirm that decellularization and sterilization did not change the thermal properties of the native
tissue. Additionally, the broad transition temperature range presented in the DSC thermogram, indicates
the specific distribution of the collagenous population in the particulate matrix.[31] The difference
observed between melting peaks (4 °C range) is attributed to variability between samples, since they
were not performed on the same kidney sample. The enthalpy values also differ between native and
decellularized samples. To the best of our knowledge, this is the first report on the thermal behavior
between native and decellularized samples of kidney tissue. We suggest that this difference is due to the
natural plasticizer effect of the cells, which reduces the forces of attraction between ECM fibers, thereby
reducing the enthalpy needed for denaturation, as previously reported.[35] We also investigated the
remainings of cellular and nuclear materials by DNA quantification and hematoxylin staining of pKECM
frozen sections. We demonstrated that > 90% of the nucleic material was removed after powder digestion
(Figure VI-2-F). Additionally, no hematoxylin staining for DNA was found on IHC stainings (Figure VI-2-G

and 1). By comparing our findings with previously published results, we were able to notice structural,
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morphological and thermal properties very similar to other decellularized matrices.[30, 36] Thus, we were
able to validate our developed particulate matrix in terms of particle size, collagenous content, thermal

properties and immunogenic content.

The proteomic content of our matrices was investigated by nanoLC-MS/MS. Herein, we employed
for the first time an ECM targeted homogenization method and proteomic analysis to define the molecular
components of porcine-derived renal matrices at a quantitative level. We demonstrate the presence of
essential ECM proteins in the pellets that arise from protein homogenization, which are typically
discarded. We also considered the biological variability existing between kidney donors, and thus we
analyzed three kidneys representative of different animals which were independently submitted to the
decellularization process. The variability between ECM components of each kidney presented on Table
S1 can be attributed to donor-to-donor variability, since it is dependent on donor age, species of origin
and also the history of stimulus/insults that each kidney experienced.[37] By applying this methodology,
we were able to identify proteins which are typically lost during decellularization procedures, such as
some glycoproteins, proteoglycans and other secreted factors. These proteins are extremely important on
stabilizing elastin and collagen networks being therefore essential to maintain the basement membrane
stability and integrity.[38] We were also able to retain the majority of renal basement proteins, such as
collagen type IV and laminins, important because of their abundant binding sites for both endothelial and
epithelial cells and their capacity of regulating cellular migration and proliferation.[39] We have also
noticed the preservation of fibrillar collagens, which provide tensile strength to the organs, including the

kidney.

Until now, our understanding of matrix composition of renal decellularized matrices was relying on
a previous mass spectrometry study.[18] However, this study does not describe donor-to-donor variability
and no gene ontology classification was performed. Other authors also performed a fractioned proteomic
analysis in lung and myocardial tissues.[40, 41] Unlike those reports, we didn’t use toxic digesting agents
and we managed to extract the majority of proteins in F1, a consistent result within the 3 replicas (Figure
S VI-1). The results presented on Figure S VI-1 suggest that subpopulations of proteins are able to
solubilize according with their location in the matrix as well as their interactions with other matrix proteins,

making some of them insoluble in the commonly used buffer solutions.[42]

Comparing our results with a recently published study by Louzao-Martinez et a/.,[43] where the
human kidney proteome was analyzed, we can detect proteomic similarities between porcine and human

kidney, where 49 proteins were common to both proteomes (Figure S VI-3). However, we also could
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notice that a lot of essential proteins are not present in the human kidney proteomic analysis, such as
alpha-3, 4, 5 and 6 chains of collagen type IV, alpha-1 and 2 chains of collagen type V and even apha-1
laminin. Being collagen type IV and laminins the main components of human kidney basement
membranes,[44] and collagen type V a fibrillar collagen that compose the majority of the interstitial
ECM,[45] these should have been detected and identified in the human proteomic analysis. As
aforementioned, we noticed that fibrillar and more crosslinked collagens could only be extracted in its
total abundance in the fractions F2 and F3, with a more severe method of homogenization. We
hypothesize that the different extraction protocols may be responsible for the differences found when
comparing human and porcine kidney proteomics. Therefore, an accurate comparison cannot be
performed on this study between porcine and human kidney ECM. We have additionally noticed that we
are lacking the identification of some renal ECM proteins on porcine kidney, such as laminin alpha-4 and
5 and small proteoglycans such as biglycan and decorin. Instead, we identified other 5 sub-domains of
laminin and the core proteins of heparan sulfate lumican, perlecan, collagen type XVIII and agrin (Table

S1).[45]

As a second aim, we investigated the bioactivity of particulate ECM by evaluating the growth,
proliferation, morphology and phenotypic changes of hRPCs. These cells represent a subset of multipotent
progenitors present in the Bowman's capsule. They can be purified from cultured kidney fragments,
revealing self-renewal potential and a high cloning efficiency.[46] When injected into SCID mice with acute
renal failure, hRPCs have demonstrated to ameliorate the morphologic and functional kidney damage.[33]
Our results demonstrate high biocompatibility and mitogenic activity on a 3D culture with ECM particles
(Figure VI-5 and 6). We also noticed the presence of cell-cell and cell-substrate interactions when cultured
on 1 and 2 mg of matrix (Figure VI-7), indicative of good cellular environment adaptation by 7 days of /n
vitro culture. The IHC micrographs are the result of a 10 um section of the whole 3D culture, being not
representative of the cell-cell interactions but on how cells are distributed. We could notice the cells
surrounding the matrix, creating an evenly distributed monolayer when cultured on 1 and 2 mg of matrix.
On the contrary, when augmenting the quantity of matrix to 4 mg, but with the same cell concentration,
the cells lose their cell-to-cell interactions. Consequently, very few cells or no cells can be spotted on IHC
micrographs. However, they can be found when performing a z-stack on IF micrographs. Regarding
CD133 expression (Figure VI-7-G, 1), it was interesting to spot a change on morphology and size of the
cells with the increasing content of matrix. This change consequently caused the loss of CD133
expression on 4 mg of pKECM. Additionally, very few CD133 expression is found on cells cultured on 1

mg of matrix, suggesting that cell-cell and cell-matrix interactions lead the guidance of phenotypic
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expression, where a mild proliferation capacity together with a mild cell-cell interaction lead to
maintenance of stemness by using 2 mg of matrix. A 3D reconstruction of cellular organization around
the matrix can be seen in Figure S VI-4. Although these results are promising and consistent with each
other in terms of cell distribution, morphology and interaction with the substrate, the stem nature of
hRPCs is only confirmed by immunofluorescence. In the future, we intend to do a follow-up of the cell
markers CD133 and CD24 by flow cytometry, which will enable for a stronger evaluation of cellular
phenotype. Moreover, in a future /n vivo work, we intend not only to perform injectability tests but also

functional analysis assays in order to evaluate the full potential of our therapy.

These findings suggest an optimal ratio for the maintenance cell phenotype and an optimal cell-cell
interaction. The particulate matrix has shown to be highly supportive for a 3D progenitor cell culture,
suggesting that a scaled-up culture of these cells with pKECM could be achieved /in wvifro for posterior

patient engraftment.

VI-5.  CONCLUSIONS

This work highlights the potential of ECM-based biomaterials from porcine origin for kidney advanced
therapies. We successfully confirmed our initial hypothesis of developing and characterizing a particulate
extracellular matrix biomaterial as a consistent substrate for 3D cultures of adherent renal progenitor
cells. We herein shown a similar protein composition with the human kidney. Indeed, the matrix
demonstrated being an excellent substrate for supporting renal progenitor cell attachment, proliferation
and growth. Moreover, it was shown to modulate the morphology and phenotypic expression of renal
progenitor cells. To the best of our knowledge, this the first report investigating particulate kidney ECM
as a promising 3D substrate for cell cultures. Our results suggest that this particulate ECM together with

reparative progenitor cells may become a powerful tool to address renal pathologies in its early stages.
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VI-7.  SUPPLEMENTARY INFORMATION

VI-7.1. Supplementary methods

VI-7.1.1. Morphological and structural analysis of pKECM

After fixation with 2.5 % glutaraldehyde dehydration in a graded ethanol series, pKECM structure was
analyzed by Scanning Electron Microscopy (SEM; JSM-6010 LV, JEOL, Japan). Samples were sputter
coated with gold (coater 108 A, Cressington, United States) prior to examination. Micrographs were
obtained at an accelerating voltage of 10 kV. The infrared spectra of pKECM before and after sterilization
was analyzed by Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FITR, IRPrestige
21, Shimadzu), with a spectral range of 500-3000 cm* in reflection mode to characterize the composition
and molecular conformation of the pKECM. Thermal properties of the pKECM substrates before and after
sterilization were characterized by differential scanning calorimetry (DSC, Q100, TA Instruments).
Approximately 2 mg of sterile and non-sterile pKECM were transferred into an aluminum pan and the
sample was scanned with a modulated heating method. First, pKECM was heated until 250 °C at a
heating rate of 10 °C min* and then cooled down to 10 °C. The sample chamber was purged with nitrogen

at a flow rate of 50 mL h-.

VI-7.1.2. Histological and biochemical analysis of pKECM

PKECM substrate was assessed by Hematoxylin & Eosin (H&E) and Masson’s Trichrome (MT)
stainings of frozen sections. The samples were fixed for 30 min with 10 % neutral-buffered formalin before
being embedded in OCT compound (Bio-optica). After this, they were snap-freezed in liquid nitrogen and
cut into 10 um sections using a cryostat. Sections were stained with working solutions of H&E and a MT
kit according to manufacturer’s instructions (Bio-optica), dehydrated through a series of ethanol and
mounted. For the detection of dsDNA, pKECM was digested for 2 h at 56 °C with proteinase K and the
remaining DNA extraction was performed using DNeasy blood and tissue kit (Qiagen) according to
manufacturer’s instructions. The digested samples were quantified using Quanti-iT PicoGreen dsDNA
assay kit (Invitrogen) according to the manufacturer’s protocol. Values were extrapolated using a standard
curve of dsDNA and sample fluorescence was read in a microplate reader (excitation: 485/20 nm;

emission: 530/25 nm).
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VI-7.1.3. Characterization and relative quantification of protein composition by nano-liquid

chromatography-tandem mass spectrometry (nanoLC- MS/MS)

Each sample was reduced and alkylated and processed for proteomics analysis following the solid-
phase-enhanced sample-preparation (SP3) protocol as described in PMID30464214.[1] Enzymatic
digestion was performed with Trypsin/LysC (2 ug) overnight at 37 °C at 1000 rpm.

Protein identification and quantitation was performed by nanoLC-MS/MS. This equipment is
composed by an Ultimate 3000 liquid chromatography system coupled to a Q-Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany). Samples were loaded
onto a trapping cartridge (Acclaim PepMap C18 100A, 5 mm x 300 um i.d., 160454, Thermo Scientific)
in @ mobile phase of 2 % acetonitrile (ACN), 0.1 % formic acid (FA) at 10 uL min. After 3 min loading,
the trap column was switched in-line to a 50 cm by 75 um inner diameter EASY-Spray column (ES803,
PepMap RSLC, C18, 2 um, Thermo Scientific, Bremen, Germany) at 250 nL min*. Separation was
generated by mixing A: 0.1 % FA, and B: 80 % ACN, with the following gradient: 5 min (2.5 % Bto 10 %
B), 120 min (10 % B to 30 % B), 20 min (30 % B to 50 % B), 5 min (50 % B to 99 % B) and 10 min (hold
99 % B). Subsequently, the column was equilibrated with 2.5 % B for 17 min. Data acquisition was

controlled by Xcalibur 4.0 and Tune 2.9 software (Thermo Scientific, Bremen, Germany).

The mass spectrometer was operated in data-dependent (dd) positive acquisition mode alternating
between a full scan (m/z 380-1580) and subsequent HCD MS/MS of the 10 most intense peaks from
full scan (normalized collision energy of 27 %). ESI spray voltage was 1.9 kV. Global settings: use lock
masses best (m/z 445.12003), lock mass injection Full MS, chrom. peak width (FWHM) 15 s. Full scan
settings: 70 k resolution (m/z 200), AGC target 3E6, maximum injection time 120 ms. dd settings:
minimum AGC target 8E3, intensity threshold 7.3E4, charge exclusion: unassigned, 1, 8, > 8, peptide
match preferred, exclude isotopes on, dynamic exclusion 45vs. MS2 settings: microscans 1, resolution
35 k (m/z 200), AGC target 2E5, maximum injection time 110 ms, isolation window 2.0 m/z, isolation

offset 0.0 m/z, spectrum data type profile.

The raw data was processed using Proteome Discoverer 2.4.0.305 software (Thermo Scientific) and
searched against the UniProt database for the Sus scrofa Proteome 2019_11. The Sequest HT search
engine was used to identify tryptic peptides. The ion mass tolerance was 10 ppm for precursor ions and
0.02 Da for fragment ions. Maximum allowed missing cleavage sites was set 2. Cysteine

carbamidomethylation was defined as constant modification. Methionine oxidation and protein N-terminus
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acetylation were defined as variable modifications. Peptide confidence was set to high. The processing
node Percolator was enabled with the following settings: maximum delta Cn 0.05; decoy database search
target FDR 1 %, validation based on g-value. Protein label free quantitation was performed with the Minora
feature detector node at the consensus step. Precursor ions quantification was performing at the
processing step with the following parameters: unique plus razor peptides were considered for
quantification, precursor abundance was based on intensity and normalization was based on total peptide

amount.

The total number of proteins identified in each fraction was obtained by filtering peptide
identifications at > 95.0 % confidence interval with at least two peptides per protein. Gene ontology
analysis (GO) was performed manually using AmiGO online platform.[2, 3] Following categorization, non-
ECM proteins were excluded to perform graphical analysis. Coefficient of variation (CV) values were
calculated by dividing standard deviation by mean values of the ECM proteins identified on each kidney
sample. The mass spectrometry proteomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE [4] partner repository with the dataset identifier PXD019122.

VI-7.1.4. lIsolation and characterization of human renal progenitor cells (hRPC)

Human kidney fragments were obtained in agreement with the Ethical Committee on human
experimentation of the Azienda Ospedaliero-Universitaria Careggi, Florence, Italy. All subjects gave their
informed consent for inclusion before they participated in the study. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee on
Human Experimentation of the Azienda Ospedaliero-Universitaria Careggi, Florence, ltaly (project
identification code 2015/0009082 from 25/03/2015). Human RPCs were obtained and cultured as
previously described,[5] with minor modifications. Briefly, we minced the cortex and we performed an
enzymatic digestion with collagenase solution type IV 750 U mL* (Sigma Aldrich) in PBS for 45 min at 37
°C. After digestion, we filtered the solution by a standard sieving technique through graded mesh screens
(60 and 80 mesh). Subsequently, we performed red blood cell lysis by incubating with lysis buffer (NHACI
0.087 %) for 4 min at 37 °C. The cellular suspension was collected, washed and plated on petri dish
containing complete medium. The medium is composed by Microvascular Endothelial Cell Growth
Medium (EGM™-MV, Lonza) supplemented with 20 % HyClone™ Fetal Bovine Serum (FBS, GE
Healthcare). After 4 to 5 days of culture, cells that adhered to the plate were subcultured. Cultures were

checked for simultaneous expression of CD133 and CD24 by flow cytometry, according to previously
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published methods for characterizing hRPC.[6] For the analysis, total hRPCs population was gated on a
forward scatter (FSC)/side scatter (SSC) plot and dead cells were excluded by Propidium lodide (PI)
staining. Live cells (Pl negative) were gated for CD133 and CD24 expression. Only cells between passage

1-3 and expressing > 90 % CD24/CD133 double positivity were used in this study.
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VI-7.3.  Supplementary Figures and Tables
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Figure S VI-1 - Quantitative proteomic analysis of the 30 most abundant proteins on decellularized porcine matrix. Heat map
representing the absolute abundance per each fraction (F - detailed at Scheme 2), present on each kidney (K). Red boxes
correlate with higher abundances of proteins while green boxes to lower. Proteins are identified with the respective gene name.
The majority of protein present higher abundance values in F1, with the exception of some collagens.
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Figure S VI-2 - Flow cytometry characterization of hRPCs. CD133 and CD24 markers expression in human renal progenitor
cells confirm that double-positive cells represent a homogeneous population with ~94% double positivity. Images represent
(A) Isotype control and (B) double-stained cells.
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Figure S VI-3 - Venn diagram representing the overlap and differences between the human and porcine kidney ECM proteome
as identified by the study of Louzao-martinez et al. Each word represents a single protein that is labeled with the gene name.
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Figure S VI-4 — 3D micrograph of the hRPCs distribution on the pKECM. Immunofluorescence of phalloidin for cytoskeleton
(green) and DAPI for nuclei (blue). Matrix autofluorescence appears in red. Numbers are displayed in pum.
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Chapter VI

Decellularized kidney extracellular matrix bioinks recapitulate

renal 3D microenvironment /n vitrot

ABSTRACT

In the past few years, the use of decellularized matrices as bioinks has been gaining interest. They
are able to provide the necessary and specific cues for remodeling and maturation of tissue-specific cells
and have already demonstrated being highly versatile when mixing them with other components for
bioprinting. However, researchers have not yet been able to produce a bioink uniquely composed of
decellularized kidney matrix, mainly due to its limited viscoelastic properties. Herein, we have optimized
the bioprinting process using an agarose microparticle support bath containing transglutaminase for
printing. This methodology has shown being highly effective to obtain constructs with good printing
resolution and structural integrity. Herein, porcine kidneys were decellularized, lyophilized and digested
over 48 h to yield a viscous solution that is able to crosslink after neutralization and incubation at
physiological temperature. The viscoelastic properties of the decellularized kidney matrix (IKECM) were
tested as well as its printability. Moreover, encapsulation of primary renal progenitor cells was performed,
which resulted in high cell viability, with the creation of 3D complex structures over time. This tissue-
specific matrix has also shown to influence cellular growth, maturation and differentiation over time.
Taken together, these results demonstrate that these bioinks have great potential for bioengineering renal
tissue, with numerous applications for the future of regenerative medicine and 3D /n vifro modeling

systems.

ft This chapter is based on the following publication:

Sobreiro-Almeida, Rita; Gomez-Florit, Manuel; Quinteira, Rita; Reis, Rui L.; Gomes, Manuela E.; Neves, Nuno M. Decellularized kidney extracellular
matrix bioinks recapitulate renal 3D microenvironment /n7 vitro. (Under review).
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VII-1.  INTRODUCTION

Renal diseases represent a concerning health-care issue. When kidney fails to perform its normal
function, patients have to resort to lifelong dialysis treatments or renal transplantation.[1, 2] Last decades’
advances in the biomedical field disclosed new routes to improve current renal replacement therapies.
Novel bioengineering techniques, such as 3D printing,[3] decellularization[4, 5] or microfluidics[6]
enabled the production of new advanced therapy strategies aiming at kidney regeneration. In such a
context, researchers are now applying this knowledge with the ultimate goal of developing functional full-
size organs. Nonetheless, kidney's anatomic and cellular complexity combined with its extensive

homeostatic function, represent an important tissue engineering challenge.

Tridimensional bioprinting is an emerging technology that consists in the layer-by-layer deposition of
cells embedded in a biomaterial. This high precision technology, allows the construction of structures that
partially reproduce the architecture and function of the native tissue.[7] However, printing a fully functional
kidney represents a higher complexity level and is currently beyond our current capabilities. Numerous
challenges can be pointed out, including the technical difficulty of assembling the structures into
nephrons, the vascularization requirements, and the selection of biomaterials.[8] Although current 3D
bioprinting technology has allowed researchers to produce small portions of nephrons for the future
integration in a macroscale organ,[9] the choice of the adequate bioink for kidney tissue engineering is
still under extensive research. The ideal bioink needs to keep a good balance between printability (allow
extrusion and physical integrity of printed structure with good shape fidelity) and biocompatibility (allow
cell encapsulation and normal proliferation), while mimicking the tissue-specific microenvironment.[10]
In order to print with bioinks less suited for use as fabrication materials, due to low viscosity or weak

mechanical strength, 3D printing in suspension baths has emerged as a promising alternative.[11]

Recently, natural-derived hydrogels were explored as adequate biomaterials to produce bioinks.[12,
13] However, the high complexity and tissue specificity of the extracellular matrix (ECM) are not well
represented in the majority of the developed bioinks. Tissue decellularization is the most truthful way to
recapitulate the tissue microenvironment, providing all the native biological cues for cell survival and
proliferation.[14] Advances in decellularization procedures allowed for an efficient separation of the
cellular components from the ECM, which enable the development of biomaterials based on decellularized
ECM, including in the kidney.[5, 15, 16] The production of hydrogels from decellularized kidney ECM
(dKECM) was already reported.[16—18] These works enabled scientists to understand the electrostatic

and hydrophobic interactions that promote collagen fibers to naturally crosslink, when brought to
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physiological pH.[19] The soft gel that is formed can have several therapeutic applications, such as
studying tissue-specific response, for /n vivo implantation or as a bioink for 3D bioprinting. Indeed, 3D-
printed tissue models from decellularized visceral organs such as heart, liver and pancreas, have been
successfully developed in the last few years.[20-22] However, ECM-derived bioinks generally lack
mechanical strength, and possess weak mechanical properties which is an important feature specially
for weight-bearing tissues.[23] Additionally, they demonstrate slow gelation/crosslinking kinetics, which
does not allow to print using the typical layer-by-layer technologies. Despite all concerns, researchers
have already been able to print dKECM-derived bioinks, by adding other biomaterials to provide additional
support and improve printability.[9, 24] Both works offer innovative and promising concepts for renal
regeneration research, but there is room for further development, including in the bioink composition.
Little advantage is taken of inherent bioactive and biomimetic properties of the decellularized tissue, by
using less than 50 % of dKECM on their bioinks. Furthermore, these works were proposed with the main

goal of developing disease models or for /n7 vitro biocompatibility.

Herein, we hypothesize that a bioink can be developed by using just dKECM and that it reunites the
adequate properties to print kidney tissue structures. Additionally, we propose using these bioinks to
promote renal differentiation /n7 sitv and cell growth over a long-time culture. For that, the most relevant
physicochemical properties of the bioinks are adjusted and a printing support bath impregnated with an
enzymatic crosslinking agent is developed. To the best of our knowledgg, this is the first report of bioinks
composed uniquely of decellularized kidney matrix and also the first time studying the growth and
differentiation of encapsulated renal progenitor cells. We believe that this work gives a valuable insight on
the development of decellularized tissue-derived bioinks and that the developed constructs can be used

as advanced therapies to promote kidney regeneration.

VII-2. METHODS

VII-2.1. Tissue decellularization and characterization

Porcine kidneys were obtained from a local slaughterhouse according to the national ethical animal
guidelines. After removal of the renal capsule and pelvis, two detergent solutions were used to achieve
cell removal and matrix preservation. Kidneys were immersed in solutions of 1 % sodium dodecyl sulfate
(SDS) and 1 % Triton-X100 for cellular removal under agitation. Following, 1x PBS was used to eliminate

detergent residues for 7 days. Remnants of nucleic acid material were further removed with 0.0025 w/w%
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DNase and 10 mM of magnesium chloride overnight. Magnesium chloride is essential to potentiate the
action of DNase, as this enzyme requires activation through divalent metals for hydrolyzing double-
stranded DNA.[25] All the processes were conducted in a sterile environment. Decellularized kidneys

were immediately processed after the decellularization process.

To evaluate the efficacy of the decellularization, histological and DAPI stainings were performed.
Briefly, kidney sections were immersed in a 10 % neutral buffered formalin solution (Thermo Scientific)
for 24 h at room temperature. Pieces of decellularized and native tissues were embedded in paraffin and
cut into 5 um thick sections. These sections were deparaffinized, rehydrated and stained with working
solutions of Hematoxylin and Eosin, Alcian blue or with a Masson Trichrome staining kit (Bio-optica),
according to manufacturer instructions. Sections were also stained with DAPI (VWR) (diluted 1:1000) for

10 min in the dark. The slides were further analyzed by optical or fluorescence microscopy.

VII-2.2. Bioink development and characterization

Decellularized kidney extracellular matrix (dKECM) was further cut into pieces and frozen at -80 °C
overnight. After, a freeze-dryer was used to lyophilize the tissues for 48 h. dKECM was further processed
into a powder by using a cryogenic grinder (SPEX SamplePrep). At this point, the fine powder was stored
at-20 °C until further use. The fabrication of the bioinks was performed by digesting the dKECM in acidic
environment. Two concentrations were produced to test injectability and rheological properties. 1 and 2
w/v% dKECM were digested for 48 hin 0.01 M hydrochloric acid together with 0.1 or 0.2 w/w% of pepsin,
respectively. All the solutions were passed through a 0.22 um filter before use. After 48 h, the matrix was
brought-up to physiological pH by the addition of 1/9 v/v% of 10 x PBS (Sigma Aldrich) and 1/10 v/v%

of 0.1 N NaOH (Enzymatic). After neutralization, the solutions were immediately used for bioprinting.

Evaluation of the bioink rheological properties was performed on 1 and 2 % dKECM using a
rheometer (Kinexus Prot, Malvern). 20 mm diameter parallel plates and 1 mm gap size was used for all
the measurements. To mimic crosslinking conditions after bioprinting, microbial transglutaminase
(Ajinomoto) was added at a final concentration of 10 mg mL* of dKECM neutralized solution. The gelation
kinetics of the samples was measured by temperature sweep, following a previously reported
protocol.[20] Briefly, dKECM bioinks were subjected to oscillatory shear stress (by setting the strain to 1%
and angular frequency to 10 rad s) during heating from 4 to 37 °C. A linear ramp of 5 °C min- was
set, while there were two incubation periods at 15 °C and 37 °C for 5 and 40 min, respectively. Dynamic

frequency sweep analysis was performed after a 30 min incubation at 37 °C, by setting the applied strain
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at 1% and sweeping the frequency from 100 to 0.1 rad s. Finally, shear rate sweeps were conducted to
assess the viscosity, by varying the shear rate from 0.01 to 500 s at room temperature. Mineral oil

(Fisher Scientific) was used as solvent trap.

The overall morphology and the internal structure of the hydrogels was assessed by Scanning
Electron Microscopy (SEM). Briefly, all samples were fixed in 2.5 % glutaraldehyde (VWR), washed with
PBS and frozen with liquid nitrogen before freeze-drying for 24 h. After dehydration, samples were sputter
coated with gold and analyzed under a SEM equipment (JSM-6010 LV, JEOL) at an acceleration voltage
of 10 kV.

VII-2.3. Cellular encapsulation on dKECM bioinks

Before bioprinting, dKECM bioinks were centrifuged at 4000 rpm to pellet non-digested pieces.
Human renal progenitor cells (hRPCs) were kindly provided by Prof. Paola Romagnani (Department of
Biomedical, Experimental and Clinical Medicine, University of Florence, ltaly). They were used from
passage 1 to 3 and isolated as previously described.[5, 15, 26] HRPCs were cultured and expanded in
Microvascular Endothelial Cell Growth Medium (EGM™-MV, Lonza) supplemented with 20 % HyClone™
Fetal Bovine Serum (FBS, GE Healthcare). Cells were trypsinzed with TrypLE Express (ThermoFisher)
before being suspended on fresh media, counted and centrifuged at 1500 rpm. 10¢ cells were
resuspended in each 1 mL of 2% dKECM matrix. CellHaden bioinks were loaded in sterile cartridges
(CELLINK) for printing. Gelatin-laden bioinks were used as a control. Briefly, a 10 % gelatin solution (Sigma
Aldrich) was dissolved in PBS under constant stirring at 60 °C for 30 min and then cooled to 37 °C,

before being mixed with 10¢hRPCs per mL and loaded in sterile cartridges.

VII-2.4. Printing of cell-laden constructs

Constructs were printed using a bioprinter (BioX, CELLINK). All printing models were post-processed
by the BioX HeartOS (V2.0, CELLINK). The bioprinting was performed using a support bath, as previously
described.[12] Briefly, a 0.5 % agarose solution (Lonza) containing 11 mM CaCl. (Sigma-Aldrich) was
prepared and autoclaved. Immediately after, the solution was cooled down to room temperature under
constant agitation at 700 rpm to form agarose microparticles. The solution was stored at 4 °C or used
directly after cooling. 0.5 w/v % of microbial transglutaminase (Ajinomoto) was added to the agarose bath

and left to solubilize for 20 min before printing. Printability was tested using a 25 G needle with a printing
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speed varying from 8 to 14 mm s* and pressure varying from 5 to 10 kPa. The gelatin-containing
printhead was heated at 37 °C, and hRPCs-laden gelatin was printed at a constant pressure of 5 kPa and
a printing speed of 10 mm s.. Based on the printability tests, a square solid construct of 10 x 10 x 1
mm: was printed inside sterile plates loaded with the support bath. After printing, the constructs were
crosslinked by incubation at 37 °C for 2 h, followed by agarose bath removal and fresh culture media
addition. Cultures were maintained for 30 days, with specific timepoints to evaluate the evolution of

cellular performance.

VII-2.5. Evaluation of cellular performance

The metabolic activity of encapsulated hRPCs was evaluated on constructs after 1, 5 and 12 days
after bioprinting using alamarBlue (BioRad) assay. Culture medium was removed and replaced with fresh
medium supplemented with 10 % of alamarBlue reagent. After an incubation period of 4 h at 37 °C, the
supernatant was used to determine the fluorescence intensity in a microplate reader (excitation: 530/25
nm; emission: 590/25 nm). For the evaluation of the effect of the printing process on cell viability, a
live/dead assay was performed using Pl and Calcein, AM (ThermoFisher). The fluorescent dyes were
incubated with the constructs at a concentration of 1 ug mL=for Pl and 2 ug mL+ for Calcein, AM in
DPBS for 30 min at 37 °C. After this time, the constructs were analyzed using a TCS SP8 confocal
microscope (Leica, Wetzlar, Germany). Images were recorded digitally and further processed using LASX
software (Leica). For the histological analysis of the distribution of cells on the matrix, the printed
constructs were fixed in 10 % neutral buffered formalin, and embedded in Histogel™ (ThermoFisher)
before being processed and embedded in paraffin for sectioning. 5 um sections were stained with

Hematoxylin & Eosin, and observed under light microscopy (DM750, Leica).

VII-2.6. Evaluation of cellular phenotype

The potential of dKECM bioinks to modulate hRPCs phenotype was evaluated by
immunocytochemistry after 21 and 30 days of culture. Briefly, the printed constructs were fixed with 10
% neutral buffered formalin for at 4 °C and washed with PBS. Constructs were further incubated with
blocking solution 3 % bovine serum albumin (BSA, Laborspirit) for 30 min, after which the primary
antibodies against Paired box gene 2 (PAX2, Abcam, 1:100), Nephrin (NPHS1, Citomed, 1:200) and
Tamm-Horsfall protein (THP, Santa Cruz, 1:25) were incubated in blocking solution overnight at 4 °C.

Samples were washed with PBS and incubated with the secondary antibody Alexa Fluor 488 (Alfagene;
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1:500 diluted in PBS) at RT in the dark for 1h. DAPI (Sigma Aldrich, 1:500) and Alexa Fluor 546 Phalloidin
(Alfagene; 1:200) were incubated along with the secondary antibody. After several rinses in PBS,
constructs were analyzed under a Leica SP8 confocal microscope. Images were recorded digitally and

further processed using LASX software.

VII-2.7. Development of the glomerular model

The glomerulus 3D model was created using AutoCAD (Adobe, USA) and exported to STL format,
which was converted to G-code using HeartWare (CELLINK). The design of the model was inspired in the
human glomerular architecture, in order to comprise two cell types: endothelial cells and podocytes.
Human umbilical vein endothelial cells (HUVECs) were obtained from Cascade Biologics® and
encapsulated in dKECM as previously described at a density of 2 x 10¢ cells mL*. To obtain primary
podocytes, hRPCs were cultured for two days in DMEM-F12 media (Sigma), supplemented with 10 % FBS
and all-trans retinoic acid (100 uM, Sigma) for 48 hours before encapsulation, as previously reported.[27]
These cells were encapsulated at a density of 1 x 10¢ cells mL*. The printing of cell laden constructs was
performed as previously described and cultures were maintained for a maximum of 2 days. For cell
tracking purposes, cells were incubated with CellTrace™ dyes (ThermoFisher) for 30 min at 37 °C before

being encapsulated.

VIl-2.8. Statistical Analysis

Statistical analyses were performed with GraphPad Prism 8 (GraphPad Software, California, USA).
Data were expressed as means + standard deviation of experiments with at least three independent
assays. Differences between groups were analyzed by unpaired t test or two-way analysis of variance
(ANOVA) in case of experiments conducted over time, using Tukey test for post hoc assessments of

differences between samples. Statistical significance was defined as p < 0.05.

VII-3. RESULTS

VII-3.1. Tissue processing and evaluation of decellularization

In this study, porcine kidneys were decellularized using solutions of an anionic (SDS) and non-ionic

detergent (Triton X-100), followed by DNase to remove the remainings of nucleic material. This protocol
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was previously described by our group,[5, 15] where we have shown that contents of dsDNA were
successfully removed and that collagen and glycosaminoglycan’s contents were preserved in the
decellularized tissue.[15] Herein, we proceeded to histological analysis of native versus decellularized
tissue to corroborate these findings. In comparison to the native kidney (Figure VII-1-A), the decellularized
tissues appear whiteish and with smaller overall volume (Figure VII-1-F). Histomorphological analysis
reveals nucleic material removal and preservation of structures on the decellularized tissues, including
capillaries, glomerular and tubular structures (Figure VII-1-G, H, 1). Masson trichrome and Alcian Blue
stainings reveal preservation of collagen and glycosaminoglycans of the decellularized tissue (Figure VII-1-
H, 1), respectively. No DAPI staining for nucleic material is found after the decellularization process (Figure
VII-1-J), which corroborates our previous findings. Overall, we have successfully demonstrated a
reproducible decellularization protocol that renders a good balance between nucleic material removal and

preservation of kidney structures and its major components.

To obtain decellularized kidney ECM (dKECM) bioinks, the matrix was dehydrated and cryo-milled
(Figure VII-1-K). The resulting particulate matrix was already characterized by our group.[14] Then, it was
enzymatically digested in acidic environment (pH = 2), creating a viscous solution (Figure VII-1-L). After
solution neutralization, the crosslinking process using microbial transglutaminase (mTG) and temperature

enables to obtain a gel consistency, which viscoelastic properties were further characterized.
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NATIVE KIDNEY

\ FREEZE DRY DIGEST CROSSLINK

37°C +mTG

Figure VII-1 - Representative micrographs of native and decellularized kidney tissue and macroscopic representations of post-
decellularization processing. (A) Representation of kidney sections before decellularization. (B) Hematoxylin and Eosin, (C)
Masson’s Trichrome, (D) Alcian Blue and (E) DAPI stainings of native tissue. (F) Representation of kidney sections after
decellularization. (G) Hematoxylin and Eosin, (H) Masson’s trichrome, (I) Alcian Blue and (J) DAPI stainings of decellularized
tissue. (K) Appearance of decellularized kidney after freeze-drying and milling. (L) Representative micrograph of the digested
matrix. (M) Representative micrograph of sol to gel transition of dKECM after thermal (37 °C) and enzymatic (mTG - microbial
transglutaminase) crosslinking. Scale bars: A, F = 1.5 cm; B-D, G-I = 500 um; E, J = 50 um.

VII-3.2. Effect of dKECM bioink concentration on structural and rheological properties

The flow behavior of the dKECM bioinks was measured at room temperature, to mimic printing
conditions. Both concentrations demonstrate shear thinning behavior in the shear stress range of 0.01
to 500 s (Figure VII-2-A), indicating that viscosity decreases as the shear rates increase. Additionally, the
increase in concentration results in higher viscosity values for all shear rates. Because dKECM bioinks
are printed in an agarose support bath, we also evaluated its rheological properties upon inclusion of
mTG (Figure S VII-1). The agarose bath demonstrates shear thinning behavior even after mTG inclusion,
which allows for a smooth printing process, and healing upon nozzle movement, as previously shown.[12,

28]

In addition, we also evaluated the gelation kinetics by varying the temperature from 4 to 37 °C and

measured its influence on the storage modulus (Figure VII-2-B, C). The increasing concentration of dKECM
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results in increasing storage modulus both before and after crosslinking. The inclusion of mTG had the
same effect regardless of the concentration. It is interesting to note that the time required for reaching
the higher modulus peak was higher for gels containing mTG in its composition. In addition, upon reaching
37 °C, the storage modulus of 2 % dKECM is already increasing, whereas for 1 % dKECM, the storage
modulus has a slight decrease in its values within the temperature ramp from 15 to 37 °C, particularly
in the condition without mTG. This indicates that the assembly of collagen fibrils in 2 % dKECM is triggered
before reaching 37 °C, starting an earlier gelation. Nevertheless, all four conditions formed a fully

crosslinked hydrogel after 30 min incubation at 37 °C.

The stability of the dKECM hydrogels was measured by frequency sweeps in both concentrations
(Figure VII-2-D, E). This measurement was performed after thermal crosslinking and the influence of
enzymatic crosslinking (inclusion of mTG) was also evaluated on the gel behavior. The inclusion of mTG
results in increasing storage modulus of the network over all frequencies in both concentrations. However,
1 % dKECM concentration demonstrates a huge increase in the storage modulus upon higher angular
frequencies (Figure VII-2-D), which does not happen with 2 % dKECM concentration (Figure VII-2-E). This
indicates that elastic behavior becomes dominant, whereas the influence of the viscous behavior is
diminished.[29] Besides, the storage modulus (G') documented for 1 % concentration is at all frequencies
lower than 2 % concentration, which can be correlated with greater stability of the 2 % dKECM gel after
crosslinking. Additionally, these results confirm the gel-like behavior of all samples, since they

demonstrate a higher storage modulus (G') than loss modulus (G") (data not shown).
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Figure VII-2 — Rheological characterization of dKECM bioinks using different concentrations. (A) Flow behavior of dKECM
bioinks measured at RT. Viscosity was measured by increasing shear rates on 1 and 2 % dKECM (black symbols). (B, C)
Storage modulus of 1 and 2 % crosslinked dKECM bioinks at varying frequencies, respectively. The inclusion of mTG (blue
symbols) was performed in situ in order to mimic post-printing conditions. (D, E) Gelation kinetics of 1 and 2 % dKECM,
respectively, with (blue) and without mTG (black). The gelation kinetics was measured from 4 to 37 °C in four stages (red
line), comprising one first increment from 4 to 15 °C (at 5 °C/min), a 5 min incubation at 15 °C, a second increment from
15 to 37 °C and finally 30 min incubation at 37 °C.

The structural properties of the dKECM hydrogels were also evaluated by SEM (Figure S VII-2).
Herein, we intend to evaluate the changes in fibril organization upon the increase in concentration and
the inclusion of mTG. Upon dehydration of the gels, they form lamellar sheets, particularly in the 1 %
dKECM concentration (Figure S VII-2-A, E), which is a characteristic of collagenous hydrogels. Moreover,
all conditions demonstrate porous structure and an intrinsic fibril network. The increase in concentration
results in a denser network, as expected by the increasing protein content (Figure S VII-2-C, G). The
inclusion of mTG results in interconnected pores and rearrangement of the network, forming a more

cohesive ultrastructure, which corroborates with the rheology values observed for these hydrogels (Figure

S VII-2-D, H).

Analyzing the obtained results, the 2 % dKECM concentration yields better results regarding hydrogel
stability and viscoelastic properties, with no significant changes in their ultrastructure. This stability is
highly correlated with maintenance of the shape and mechanical integrity after printing. Based on this
outcome, the printability and biological response of the dKECM bioink was evaluated using only 2 %

dKECM gels.
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VII-3.3. Printability of dKECM bioink using a support bath

To demonstrate the printability properties of the dKECM bioink, we printed constructs of different
kinds with increasing complex geometry and evaluated the differences after crosslinking and support bath
removal (Figure VII-3). The 3D models used for printing are represented in Figure VII-3-A to D. Using our
printing methodology, we are not only able to print in the x and y axis directions, creating straight lines
(Figure VII-3-E), but also in oblique angles, creating curved lines (Figure VII-3-F, G). Additionally, we are
able to print constructs with unsupported layer deposition (90° rotation from the previous layer, Figure
VII-3-G), without losing the integrity of the construct after support bath removal (Figure VII-3-K). Our major
goal with the support bath was to provide a stable bed to print a bioink with slow gelation kinetics to allow
the self-assembly of collagen, while supplying the right amount of transglutaminase in order to obtain
stable constructs with shape-fidelity and mechanical integrity after changing the support bath for culture
media. In addition, this strategy allows the crosslinking between the deposited layers, which is difficult
using bioinks that crosslink right after extrusion, resulting in structures with high shape and mechanical
integrity not limited by the number of layers. Herein, we are able to print structures from 4 (71 mm
height) to at least 18 layers (4.5 mm height), without losing its integrity, even after crosslinking and
agarose removal (Figure VII-3-H). In Figure S VII-3, we can observe the effect of printing the same
constructs without including mTG in the support bath. Although some filaments are still preserved (Figure
S VII-3-A), the overall structure and geometry is lost, and the printed constructs disintegrate after agarose

removal, which reinforces the need to have an external crosslinking agent.
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3D models

18 LAYERS

Inside support bath

2 h after printing

INCREASING COMPLEXICITY

Figure VII-3 — Macroscopic printability evaluation using different 3D models. (A-D) 3D models used for printability assessment;
(E-H) Representative images of the constructs right after printing process, inside the agarose support bath; (I-L) Representative

images of the constructs after a 2 h incubation at 37 °C, removal of the agarose support bath and addition of media. Scale
bars: 1 cm.

The printability precision was evaluated using a standard square model with four layers and
intercalated orientation (rotating 90° between each layer deposition). For that, we established a constant
pressure for extrusion (8 kPa), which enabled uniform extrusion without needle clogging. The increasing
printing speed from 8 to 14 mm s* enables obtaining solid constructs with macroscopic differences in
size (Figure VII-4-A to D). Microscopic evaluation of line-crossing points demonstrates that the intercalated
orientation printing does not drag the deposited material from the bottom layer, creating thinner filaments
and resulting in higher resolution with the increasing printing speeds (Figure VII-4-E to H). Quantitative
data corroborates the macroscopic evaluation, being that printing speeds of 8, 10, 12 and 14 mm s
results in mean filament widths of 667, 569, 465 and 440 um (Figure VII-4-1), and mean areas of 1.39,
1.28, 1.18 and 1.10 cmz (Figure VII-4-J), respectively. We noticed that 8 mm s* printing speed yields
constructs very variable in size, with filament widths more than 2.5 times the nozzle diameter, which

indicates excessive extrusion of material. Additionally, the 14 mm s* printing speed yields constructs with
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higher resolution, but low stability, in which the outer filaments become separated from the original
construct, probably due to insufficient flow of material (Figure VII-4-D). We also notice that upon small
fluctuations in temperature, it is necessary to increase or decrease the printing speed, based on the
variation of the viscoelastic properties of dKECM, as aforementioned. Based on these findings, we have

proceeded to biological assays using a printing speed range between 10 and 12 mm s
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Figure VII-4 - Printability of the dKECM bioinks depending of the printing speed. (A-D) Macroscopic view of the constructs
printed with increasing speed after crosslinking and agarose removal. Scale bar: 1 cm; (E-H) Microscopic view of line-crossing
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points with increasing printing speed. Scale bar: 500 um. (I) Quantitative analysis of the fiber diameter and (J) area of the
constructs upon increasing printing speeds. Measurements were performed using ImageJ Software.

VII-3.4. Biological evaluation of dKECM bioinks

One of the most important criteria for a bioink is that it enables extrusion without loss of cell viability
and the growth of tissue-specific cellular phenotypes. For that, we used gelatin as a control, a natural
origin protein derived from collagen hydrolysis.[30] Gelatin-based biomaterials have already been
developed in combination with several biomaterials and stem cells, and have demonstrated great
versatility for biomedical applications.[31] Herein, we employed human renal progenitor cells (hRPCs) to
study matrix-induced changes on cellular behavior. Therefore, after bioprinting, we evaluated bioinks’
cytocompatibility by qualitative (live/dead assay) and quantitative methods (alamarBlue assay) over 12

days with hRPCs (Figure VII-5).

Live/dead assay results are shown in Figure VII-5 for dKECM and gelatin-encapsulated cells after
printed and removed from the support bath. Cells demonstrate being viable and evenly distributed in the
printed hydrogels throughout the assay, regardless of the bioink in which they were encapsulated. Day 1
micrographs (Figure VII-5-A, D) do not demonstrate substantial microscopic differences between dKECM
and gelatin-encapsulated cells. Indeed, after 24 h, cells are still round-shaped and very few dead cells
(red staining) can be observed (< 5 %). However, after 5 days in culture (Figure VII-5-B, E) some
differences between control condition and dKECM can be observed, especially regarding cellular
morphology. Cells encapsulated in dKECM start to elongate, whereas hRPCs encapsulated in gelatin do
not demonstrate the same behavior, remaining round-shaped during all the assay. Indeed, after 12 days
in culture (Figure VII-5-C, F), these differences are even more evident, a result which is corroborated by
the quantification of live cells fluorescence (Figure VII-5-G). Herein, the increase in fluorescence intensity
is observed overtime for dKECM-encapsulated cells, indicating that the percentage of live cells is
increasing, but the exact opposite effect is observed for gelatin-encapsulated cells, being the difference
in values statistically different at day 5 and day 12. Cellular metabolic activity was evaluated by
alamarBlue assay (Figure VII-5-H). Although these results can give an insight on cellular behavior over
time, it is not possible to infer that all the encapsulated cells were metabolizing the compound and
therefore this was considered as a corroborative assay for the live/dead analysis. Indeed, the results are
correlated with the viability assay, demonstrating that metabolic activity is maintained overtime for dKECM

and gelatin-encapsulated cells, being the difference in values statistically relevant at day 5.
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To evaluate the inner organization of encapsulated cells on dKECM constructs, we have performed
H&E staining on 5 um paraffin slices of constructs cultured for 12 days (Figure S VII-4). During culture
time, it is possible to observe that the inner cellular density is increasing and that cells are changing from
a round shape to an elongated morphology, which corroborates the observation of the live/dead assay.
Indeed, it is also possible to observe that cells migrate and evolve from isolated single cells to
agglomerates of two or more cells (Figure S VII-4-F). It is not possible to show similar H&E micrographs

of gelatin constructs due to the excessive dye absorbance of the gelatin.

We also analyzed the stability of the constructs after 30 days in culture (Figure VII-5-I-L). Constructs
were printed with relatively low infill and high porosity, allowing for nutrients and waste exchange. Even
though, it was possible to observe high structural integrity over long-term cultures. Representative images
of the hRPCs-laden dKECM and gelatin constructs at day 1 and day 30 of culture are shown in Figure
VII-5-1, K and Figure VII-5-J, L, respectively. After quantifying the area occupied by the constructs, we are
able to demonstrate that the percentage of shrinkage was significantly higher for the dKECM constructs
rather than for the gelatin constructs (22.8 % versus 9.8 %). Therefore, we hypothesize that while hRPCs
on specific kidney ECM are able to grow, proliferate and secrete their own matrix, cells on gelatin would
remain more static, resulting in low matrix remodeling. The contraction of the construct can be an indirect

measurement of ECM remodeling.[32]

These results indicate that dKECM bioinks are highly cytocompatible, and that the mechanical
properties were adequate to maintain the structural integrity of the constructs and, at the same time,

provide a stable environment for the encapsulated cells to remain viable and organize inside the construct.
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Figure VII-5 — Cytocompatibility assessment of dKECM and gelatin-encapsulated hRPCs. (A, B, C) Live/dead assay of dKECM
and (D, E, F) gelatin-encapsulated hRPCs at day 1, day 5 and day 12, respectively. Cells were incubated with Calcein AM
(stains green for live cells) and PI (stains red for dead cells). Scale bar: 250 um; (G) Quantification of fluorescence intensity of
live cells performed on ImageJ, corroborating Live/Dead stainings; (H) Metabolic activity assay demonstrated by alamarBlue
fluorescence over 12 days timepoints; (I, J) Representative images of the dKECM and (K, L) gelatin constructs after 1 and 30
days of cell culture, respectively. Scale bar: 1 cm; (M) Percentage of shrinkage observed after 30 days of cell culture. The
percentage was calculated by diving the area of the construct at day 30 by the area at day 1. *p<0.05, **p<0.01, ***p<0.001
vs. dKECM at the same day.
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VII-3.5. Tissue-specific proteins on encapsulated hRPCs

After the initial cytocompatibility assessment, it is important to examine if the dKECM bioinks can
support progenitor cells differentiation into renal specific phenotypes. For that, immunocytochemistry
(ICC) was performed on dKECM and gelatin bioprinted constructs. The presence of the stem cell marker
PAX2, the tubular marker THP and the glomerular marker NPHS1 were assessed at 21 (Figure S VII-5)
and 30 days of culture (Figure VII-6). The first insight reveals a confluent and highly interconnected
network of cells present on dKECM bioink, whereas the majority of the gelatin-encapsulated cells remain
round-shaped with no network formation. Moreover, the presence of renal specific markers is only
microscopically detected on the dKECM constructs, whereas in gelatin constructs the detected
fluorescence is ascribed to phalloidin (red) and DAPI (blue), which mark cytoskeleton and nuclei,
respectively. These observations are also valid for 21-day ICC assays (Figure S VII-5). For a more accurate
evaluation, we performed quantification of fluorescence intensity of PAX2, THP and NPHS1 markers on
dKECM constructs (Figure VII-6-G) and on gelatin constructs (Figure VII-6-H) and evaluated their evolution
overtime. Quantification results reveal higher fluorescence intensity for all markers on dKECM-
encapsulated cells at all timepoints. Additionally, THP demonstrates higher fluorescence intensity over
the stem cell maker PAX2 and the glomerular marker NPHS1. These findings are observed at both
timepoints, which can reveal a preference for cellular differentiation towards tubular lineage in dKECM.
Additionally, THP presence increases overtime, being significantly different from day 21 to day 30.
Nevertheless, NPHS1 expression is also found on the constructs, but the expression decreases from day
21 to day 30, although without significant differences. PAX2 shows a constant expression over culture
time, indicating that some cells are still undifferentiated. Regarding gelatin-encapsulated cells (Figure
VII-6-H), the highest fluorescence is noted for PAX2 marker, regardless of the culture time, indicating that
cells remained undifferentiated over 30 days. No THP presence was noted and NPHS1 presence was

very reduced, corroborating ICC micrographs.

These results reveal that dKECM bioinks can provide an appropriate environment for the growth,
migration, self-assembly and specific differentiation of human renal progenitor cells, with the formation

of a highly intrinsic network of matrix and cells.
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Figure VII-6 - Evaluation of differentiation into renal-specific lineages and overall maturation of the constructs. (A-F) ICC
micrographs of renal-specific markers PAX2, THP and NPHS1 on dKECM and gelatin-encapsulated cells after 30 days of
culture. Green stains for specific cell marker, phalloidin (red) stains for cytoskeleton and DAPI (blue) stains for nuclei. Scale
bar: 250 um; (G-H) Quantification of green fluorescence intensity on dKECM and gelatin constructs after 21 and 30 days
performed on ImageJ software. *p<0.05 vs. 30 days. n.d. = not detected.

VII-3.6. 3D Printing of a pre-glomerular model

As a practical application of the bioprinting system, we have also envisioned using the dKECM bioink
as a substrate for fabricating renal model systems. We demonstrated the versatility and the adequate

viscoelastic properties of this bioink, which enabled optimizing the printing conditions for two cell types
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in the same model. A glomerular model would have to be composed of, at least, three components:
endothelial cells (Figure VII-7-A red cells), the glomerular basement membrane and parietal epithelial
cells, i.e. podocytes (Figure VII-7-A blue cells). Our 3D model was designed to obtain a microarchitecture
similar to the glomerulus, in which there is an inner part composed of an intricate network of endothelial
cells, and an outer part composed of podocytes (Figure VII-7-B). The glomerular basement membrane
would be provided by our decellularized matrix. For the printing process, two printing tools were prepared
for extruding dKECM bioink, one containing podocytes (Tool 1-b/u€), and the other endothelial cells (Tool
2-red). The macroscopic view of the printed model is shown in Figure VII-7-C. A supplementary video
related to the printing of this construct can be found in the supplementary material (Video S1). Overall,
we were able to successfully bioprint a model mimicking the human glomerular microarchitecture in a
macro scale, which allows for scaled-up reproduction and multiple testing at the same time. This model
was maintained for 48 hours, mainly because primary podocytes are terminally differentiated cells unable
of dividing or proliferate. After 48 h, HUVECs and podocytes remain viable and evenly distributed inside
the bioink (Figure VII-7-D and E, respectively). Indeed, podocytes are elongating inside the dKECM
constructs, which is not unusual given our previous findings. Although there is room for improvement,
labeling of the cells with appropriate cell trackers allowed us to demonstrate that interface studies could
be performed in this system, not only for toxicology analyses but also to study the glomerular barrier with

appropriate and patient-specific primary cells (Figure VII-7-F).

RENAL CORPUSCLE 3D MODEL PRINTED MODEL

A B M roor1 M TooL2

INTERFACE
GLOMERULAR BARRIER

Figure VII-7 — Development of a pre-glomerular model. (A) Schematic representation of the renal corpuscle, where mesangial
cells are represented in purple, endothelial cells are represented in red and podocytes are represented in blue. The Bowmans
capsule is surrounding the intricate network and is presented in light brown; (B) Representation of the model used as a printing
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code for the development of the model. Blue indicates where the podocyte-containing bioink will be printed and red indicates
where the HUVEC-containing bioink will be printed; (C) Macroscopic image of the glomerular model after printing. Scale bar:
1 cm; (D-E) Live/dead micrographs of HUVEC and podocyte-encapsulated dKECM 48 h after printing. Cells were incubated
with Calcein, AM (stains green for live cells) and PI (stains red for dead cells).; (F) ICC micrograph representing the interface
between podocytes (blue) and HUVECs (red), using appropriate cell trackers. Scale bars: 250 um.

VII-4.  DISCUSSION

The main goal of tissue decellularization is to have maximal cellular material removal without
compromising the ECM content, including proteins and growth factors.[33] Our group has already
established and improved kidney decellularization process in tissue sections.[5, 14, 15] Although
perfusion decellularization has gained interest in the past years, decellularizing a whole porcine kidney is
still a challenge. Therefore, one of our goals was to demonstrate that the ECM from porcine kidneys can
be obtained by other feasible means. The final outcome of the decellularization process greatly depends
on the employed protocol and on the nature of the tissue.[34] Therefore, it is essential to characterize
the histomorphological properties and the presence of nucleic material after each decellularization
process. We were able to successfully preserve the major morphological characteristics of the kidney
tissue (glomerular and tubular compartments, and capillaries) and the main components of the ECM,
collagen and GAG's, corroborating our previous findings and that of several others.[35-37] Another
concern of exploring decellularized tissues is regarding the immune reaction to xenogeneic material. This
reaction is mainly caused by the a-Gal epitope existent in the cellular membrane, which can cause
immunogenicity in humans.[38] However, the use of porcine-derived ECM has already demonstrated
having no adverse immune response upon implantation over 45 days.[39] Therefore, we expect no
evidence of sensitization upon implantation of our porcine-derived dKECM. Besides the usual detergent
selection for the decellularization procedure, we have also employed enzymatic treatment with DNase to
remove any residual cellular material, which ensures an efficient decellularization process. We have
previously shown that the nucleic acid material remaining on kidney tissue after decellularization is
adequate for tissue engineering applications (20.95 + 13.25 ng/mg of tissue),[15] which corroborates
the obtained results. In addition, we also demonstrated that even after lyophilization and digestion of the
decellularized tissue, the growth factors and proteins are still preserved,[14, 15] ensuring that the dKECM

remains bioactive.

In the present work, our objective was to develop a bioink composed of dKECM uniquely, in order to

benefit from the intrinsic bioactivity of decellularized tissues to reproduce the native tissue
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microenvironment. Therefore, we proceeded to the digestion of dKECM in order to obtain a printable
viscous solution, which required the tunning and characterization of its viscoelastic properties. Pepsin
digestion in acidic environment has been widely used to solubilize ECM-based materials, which upon
readjustment to physiological pH and temperature yields ECM-based hydrogels.[16-18] This enzyme
cleaves the telopeptide bonds of collagen triple helix, unraveling collagen chains which become available
for a self-assembly phenomenon after neutralization.[40] The neutralization is an essential step to ensure
inactivation of the enzyme. Nevertheless, decellularized matrices are known to possess low structural
integrity and stability, requiring chemical modifications and/or mixing with other materials to enhance its
mechanical properties. For example, previous works employed a process of photo-crosslinkable
methacrylation of dECM,[24, 41] co-printing with a poly(caprolactone),[20] mixing with alginate and ionic
crosslinking with calcium chloride,[9] mixing with a photocurable methacrylated gelatin (GelMA),[21]
and/or combined them with other biodegradable materials.[24] Herein, we aimed to minimize the
modifications to the matrix composition, and, although the dKECM was extruded through printing nozzles,
its low viscosity and gelation kinetics did not allow to use the typical layer-by-layer 3D printing. To
overcome this, we used an agarose microparticle support bath, which behaves as a viscoelastic fluid
(Figure S VII-1) and can self-heal after nozzle movement and deposition of the bioink, as previously
shown.[12, 28] Although we were able to print complex 3D constructs with high resolution by using this
method, the low mechanical properties of the constructs after the gelation did not allow to retrieve them
from the support bath (Figure S VII-3). In order to obtain constructs with higher mechanical stability, we
followed the rationale of diffusing a natural crosslinking agent through the support bath.
Transglutaminases are responsible for several biological events such as epidermal keratinization, blood
coagulation, and regulation of erythrocyte membranes. The polymerization of proteins by microbial
transglutaminase (MTG) can be achieved as a result of the formation of intermolecular or intramolecular
e-(y-glutamyl)lysine bonds.[42] Therefore, dKECM bioinks were characterized with and without
incorporation of mTG to evaluate changes in their viscoelastic properties (Figure VII-2). The density of the
collagen fibers was shown to influence the flow behavior of the dKECM bioinks, indicating that higher
concentrations are less sensitive to fluctuations in the shear rate. One of the most important
characteristics of a bioink is to endure stress fluctuations during printing, which will then protect cellular
viability during the printing process. Another prerequisite for cell-printed constructs is the maintenance of
their shape and form. For that, we applied frequency sweep analysis, which revealed that increasing the
density of collagen fibers resulted in increasing storage modulus, a phenomenon which was already

reported in tendon tissue.[43] The inclusion of mTG also increased the modulus, as well as the gelation
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time, probably because collagen fibrils take more time to reorganize into a stiffer gel. Overall, these results
demonstrate that the inclusion of mTG resulted in stiffer gels with a branched ultrastructure,
demonstrating ideal properties not only for bioprinting, but also for long-term stability after crosslinking.
This outcome contradicts previously reported results using decellularized kidney matrix as a bioink, in

which constructs were completely dissolved after 24 h of printing.[24]

Our printability data demonstrates that by our adapted methodology, we are able to print constructs
from thin to thick dimensions without losing structure and integrity. We are also able to tune filament
width and the quantity of material extruded by area, which revealed to be important for the overall size of
the printed constructs. Moreover, constructs of anatomically relevant size can be bioprinted with specific
cells, demonstrating a homogenous distribution. We have additionally demonstrated that the stress
caused by printing pressure and velocity did not cause cell apoptosis, which resulted in high cell viability.
A long-time culture enabled cell growth and the production of matrix by hRPCs, which was corroborated
by construct shrinking after 30 days of culture. Tissue-specific decellularized ECM was already
demonstrated to influence the growth, proliferation and differentiation of cells through the preservation of
specific growth factors, secreted factors and several proteins.[44, 45] There is now strong evidence
supporting the hypothesis that the interactions existent between cells and ECM can trigger signaling
events controlling cellular fate.[46] Therefore, it was important for us to evaluate changes in the
phenotypic expression with tissue-specific renal progenitor cells over the culture period. These cells are
classified as a subset of multipotent progenitors existent in the adult kidney since embryogenesis, and
have already demonstrated to possess regenerative properties /in vivo.[26, 47] They have also
demonstrated their clinical potential by differentiating into the most relevant kidney cellular phenotypes:
parietal epithelial cells, or podocytes,[48] and tubular epithelial cells.[49] Our results indicate
differentiation of hRPCs towards these two tissue-specific phenotypes, whereas gelatin-encapsulated cells
remained undifferentiated, demonstrating the potential of the dKECM to provide relevant signals (Figure
VII-6). Additionally, we noted a preference towards tubular commitment of hRPCs by THP higher
fluorescence intensity. Indeed, its presence is increasing overtime, which was not observed for the
glomerular protein NPHS1. This can be explained by two rationales: the first being the ratio between
tubular and glomerular tissue existent in the kidney, the second being that podocytes are very sensitive
cells with no proliferative capacity, which makes their survival difficult throughout a 30-day culture
time.[27] Overall, our results show a synergistic effect of the decellularized matrix combined with tissue-
specific cells and a construct with tailored porosity, which enables favorable cell growth, organization and

differentiation inside the printed filaments. These tissue-engineered constructs demonstrate being
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renotropic, guiding tissue morphogenesis through the modulation of cell-cell and cell-matrix interactions.
Future studies will be focused on the functionality assessment of these constructs and posterior /7 vivo

implantation in a kidney diseased animal model.

Another potential application of this tissue analogue would be their application on tissue-engineered
modeling systems. The human kidney filters almost 180 L of plasma every day, which makes it one of
the most susceptible organs to injury. Indeed, nephrotoxic drugs and interruptions of blood flow into the
kidneys represent the major causes of small kidney injuries.[50] An accurate modeling system would be
extremely valuable to predict the outcomes of potential toxic exposures to certain drugs, while at the same
time recreating histomorphological changes which would enable the study of kidney pathophysiology.
Other authors have already recreated a tubular analogue using cell printing with kidney decellularized
matrices.[9] Herein, we were able to recreate a pre-glomerular model, consisting on the co-printing of two
types of cells that compose the glomerular filtration barrier: parietal epithelial cells and endothelial cells,
along with the glomerular basement membrane. Both cell types remained viable after 48 h, which is
sufficient time to assess the diffusion of a certain compound on the glomerular barrier, due to the high
porosity of the constructs. Although there is still room for improving cellular placement in order to study
the barrier function, this study demonstrates the potential of dKECM bioinks to produce a macro

interpretation of a glomerular barrier and is an attractive starting point for /n vifro tissue reconstruction.

VII-5. CONCLUSIONS

We have successfully developed an optimized a bioink uniquely composed of kidney decellularized
matrix. The mechanical properties of the bioink have shown being highly favorable for bioprinting and its
structural integrity has shown being dependent on the utilization of a support bath with diffusion of
transglutaminase. Cellular encapsulation was successfully achieved, with high cell viability. More
importantly, we were able to demonstrate that cellular fate is dependent on the substrate in which they
are cultured. Overall, the bioink preserved and provided the kidney specific microenvironment necessary
for the migration, maturation and differentiation of reparative renal progenitor cells. Our printing strategy
opens a new avenue not only for the reconstruction of renal tissue analogues for regenerative medicine,
but also for the development of new /77 vifromodels enabling studying the human physiology and pathology

with great potential to develop a new understanding of the kidney structure and function.
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VII-7.  SUPPLEMENTARY INFORMATION
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Figure S VII-1 — Rheological characterization of the agarose support bath. Flow behavior of the agarose support bath measured
at RT. Viscosity was measured by increasing shear rates on samples with (yellow dots) and without microbial transglutaminase
(mTG, red dots).

Figure S VII-2 - Scanning Electron micrographs of 1 and 2 % dKECM concentrations with and without microbial
transglutaminase (mTG). (A-D) 150x magnification. Scale bar: 100 um; (E-G) 500x magnification. Scale bar: 500 um.
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Figure S VII-3 — Macroscopic printability evaluation using different 3D models. (A-D) Representative images of the constructs
printed without addition of transglutaminase to the support bath. Photos were taken after a 2 h incubation at 37 °C, removal
of the support bath and addition of media. Scale bars: 1 cm.
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Figure S VII-4 - Histological evaluation of cellular performance inside the dKECM constructs. Hematoxylin and Eosin staining
on 5 um paraffin slices, after inclusion on Histogel®. (A-C) Scale bar: 500 um; (D-F) Scale bar: 200 pum.
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Figure S VII-5 - Evaluation of differentiation into renal-specific lineages and overall maturation of the constructs. (A-F) ICC
micrographs of renal-specific markers PAX2, THP and NPHS1 on dKECM and gelatin-encapsulated cells after 21 days of
culture. Green stains for specific cell marker, phalloidin (red) stains for cytoskeleton and DAPI (blue) stains for nuclei. Scale

bar: 250 pum.
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Chapter VIII

General Conclusions and Future

Perspectives

VIIl-1. GENERAL CONCLUSIONS

Kidney-related diseases constitute one of the most important health challenges in modern society.
Although science has developed new and innovating advanced therapies for treatment of other devasting
diseases, no solutions have emerged so far for the initial repetitive stages of renal dysfunction. Diseased
patients are in an irreversible situation dependent on renal replacement therapies, which account with 3
to 5 % of annual government healthcare budgets. Besides, each patient needs to wait in average 3.6
years for a kidney transplant, which claims for new therapeutic solutions. The work performed under the
scope of this thesis aimed to propose new solutions for the treatment of kidney diseases, namely the
development of new tissue-engineered kidney models, and the development of new advanced therapies
to treat initial repetitive episodes of kidney injury. For that, we used decellularized matrices, which are
known for their potential as a virtually infinite source for organ transplantation. As these are very versatile
materials, we used these matrices as a basis for the fabrication of various bioactive substrates. We also
emphasized the use of human renal progenitor cells, a subset of reparative cells existing in the adult
kidney. The proposed approaches aim to overcome the current limitations on the treatment of kidney

diseases, and to avoid reaching end-stage renal disease, by intervening for an early treatment.

We first focused our efforts on the development of new tissue engineered kidney models. Although
these models will not replace the traditional experimental methodologies of cell therapies and animal
models, they can provide relevant information, enabling a proper testing with more predictive value.
Additionally, these models will help researchers to go from experimental assays to clinical trials, which is
a critical step. Therefore, we explored both tubular and glomerular models, as the process of filtration is
entirely different, from the architecture and composition of the filtration barrier, to the filtrated molecules.
Most filtration membranes composing bioartificial kidney devices are composed of synthetic polymers. In
these works, we proposed using decellularized matrix as components of these membranes. Indeed, we
were able to demonstrate the biological benefit of having a higher fraction of matrix in detriment of

polymeric material for allowing tubule functionality. By further exploring these membranes, we were able
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to recapitulate not only morphological and physiological functions but also a system capable of
maintaining the maturity of differentiated cells. Since changes in ECM composition are tightly related with
pathological conditions, we concluded that having a very similar composition to the human kidney helps
on the maintenance of phenotype and therefore on the development of accurate tissue engineered tubular
models. Additionally, we were also able to validate the chemical modulation of nephrotoxicity on this
epithelium-endothelium model, which may significantly contribute for the future investigation of advanced

therapies for kidney diseases.

A different type of tissue engineered model, an organotypic model, was also developed in this thesis.
This model relies on the use of simple building blocks that consist of a single cell type in a 3D environment,
mimicking early developmental stages. Besides establishing adequate cell culture conditions, we
confirmed the potent effect of retinoic acid on the glomerular differentiation of renal progenitor cells’ 3D
cultures, which may have a huge impact in this area of research. These cells, which can be isolated
through tissue or urine samples of patients, demonstrated being a valuable resource to compose these
systems, revealing 3D spatial organization and specific renal differentiation. Indeed, we concluded that
organotypic cultures developed from primary adult cells are scarce but may be the answer for connecting
the current existing gap between tissue models and personalized medicine. We also demonstrated that it
is possible to include endothelial cells on these models. The normal function of the glomerular and
peritubular endothelium is crucial for the preservation of renal structure and function. Therefore, its
inclusion of tissue engineered models may be very valuable for therapeutic strategies aimed at preserving
and/or restoring the integrity of the endothelial glycocalyx as well as for developmental and toxicological

studies.

The versatility of the decellularized extracellular matrix allowed us to propose this biomaterial for
integrated renal advanced therapies. For that, we processed it into a particulate form, which allowed us
to fabricate several biomaterial structures. When developing tissue engineered substitutes for renal
regeneration, it is crucial to understand kidney architecture, organization and disease in order to produce
an adequate biomaterial in terms of structure, mechanical properties and biological activity. Therefore,
we fabricated two moldable versions, appropriate for /7 vivo implantation, both composed uniquely of
decellularized kidney matrix. With these studies, we have concluded that the particulate matrix and the
bioinks are excellent substrates for supporting renal progenitor cell attachment, proliferation and growth
in 3D cultures. We confirmed that the matrix preserved and provided the renal specific microenvironment

necessary for the migration, maturation and differentiation of renal progenitor cells. Moreover, the matrix
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has shown having a similar protein composition to the human kidney, a finding which allowed us to
propose this biomaterial as a strong candidate to be used for regenerative medicine therapies, with
promising patient engraftment. Our tissue engineering strategies based on decellularized kidney matrix
opened a new era of research on natural-origin biomaterials for kidney regeneration and also open new

possibilities for addressing renal pathologies in its early stages, which are currently inexistent.

Altogether, the work developed under this thesis enabled obtaining a significant advance in the field
of kidney decellularized biomaterials. We not only fully characterize the porcine decellularized matrix, as
we demonstrate its intrinsic bioactivity, a comprehensive work that was missing in the literature. Our
search for a strategy envisioning functional recovery of the injured kidney is just in its beginning, but we
paved the way for all researchers working in this area of investigation. As a general conclusion, the work
developed in this thesis represents a step forward towards the development of new tissue engineered

approaches for the treatment of kidney injuries.

VIII-2. FUTURE PERSPECTIVES

The findings of this thesis allowed obtaining a deeper understanding of the potential of using
extracellular matrices as biomaterials, being only the first step of an ambitious process. As these
biomaterials revealed being promising, a full array of validations has to be performed in order demonstrate

their value, including /n vivo implantation and immunogenicity studies.

This thesis emphasizes the use of adult human renal progenitor cells as an easily available source,
capable of differentiating into several renal phenotypes. However, there is still room to further study the
reparative potential of these cells. Their secretome and extracellular vesicles would enable defining the
proteomic profile of these cells and hopefully characterize the mechanisms of kidney remodeling and
regeneration after injury. Regarding their inclusion on organotypic models, the replication of functional
characteristics on a self-organizational model is still a very difficult task. Future studies can rely on
inclusion of other cell types comprising the glomerulus and on the self-assembly of more established

glomerular structures.

Regarding the tissue engineered models, there is also a need for major improvement. Because
kidney microenvironment is so complex, it is one of the organ systems more difficult to reproduce /n vitro.
Although we replicated some functional aspects of the tubular barrier, a more complex system with other

cell types and flow-induced shear stress would be essential to better understand and mimic the
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physiological conditions. An advanced possibility would be integrating both glomerular and tubular models

in a microphysiological system comprising both capillaries and filtration units.

Another important aspect to be studied relies on the standardization of the decellularization process,
so that the employed methodology enables to obtaining raw materials with consistent properties. This
can be performed by developing a perfusion decellularization system. This system would enable
shortening the decellularization time and also increase the efficacy in removing all residual kidney cellular
material. Another important study regarding the use of decellularized matrices could rely on exploring by
which mechanisms they stimulate differentiation of stem or progenitor cells. Although decellularized
matrices already demonstrated tissue and site-specificity in terms of composition, it is crucial to

understand which differences directly influence the cell fate and differentiation.

Although porcine-derived decellularized matrices have already been approved for human use, each
organ is unique by itself, and further /7 wivo validation as a kidney-derived material needs to be
demonstrated. There is also the need to understand the difference in inflammatory responses and
remodeling upon implantation of different structures of decellularized matrices. However, the currently
available animal models do not replicate the extent of chronic kidney injury, composed mainly of fibrotic
tissue. Instead, the most used animal model of chronic kidney injury relies on a 5/6 nephrectomy, which

is not ideal for applying a regenerative strategy nor representative of kidney diseases.

Overall, the use of kidney matrix-derived biomaterials opens a new area of research which is still in
its youth. There is a whole list of research questions and hypothesis yet to be answered and validated,

making this a promising biomaterial for further exploring.
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