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Abstract

Mesenchymal stem cells (MSCs) are a multipotertpmgdulation which have been described to
exert renoprotective and regenerative effects ipeamental models of kidney injury. In
addition, it was recently shown that human MSCsale to contribute to the development of
both renal tubules and glomeruli. These resultgessigthat MSCs might be potential candidates
for stem cell-based de novo renal tissue generafiba current study was aimed at re-evaluating
the renogenic capacity of mouse and human boneomaterived MSCs. In order to elucidate
the renogenic potential of MSCs, a novel metho@rabryonic kidney culture was used that is
based on disaggregation of mouse kidney rudimemdstizeir subsequent re-aggregation in the
presence of cells from different origins to forndkey chimeras. Initially, MSCs did show
expression of some genes involved in renal devetoprhowever, neither mouse nor human
cells expressed important renal development gesus$y, as Wtl and Pax2. Accordingly, MSCs
were demonstrated to have low renogenic potentighé chimeric kidney model as they did not
engraft into ureteric buds, the precursors of ctilg duct system, and were only occasionally
found in the condensing metanephric mesenchymeshagives rise to nephrons. In addition, the
incorporation of MSCs into embryonic kidneys hadnsodetrimental effect on metanephric
development. This effect was mediated through ageare action of the cells, as conditioned
medium derived from mouse MSCs was demonstratedoce ureteric bud branchingimvitro
kidney rudiment culture. On the contrary, mousena¢al kidney cells did engraft into the
condensing mesenchyme of chimeric kidneys and wsabsequently found in some developing
nephron-like structures. Regarding the potentianofise embryonic stem cells to contribute to
renal development in the re-aggregated kidney al@ismehe cells were found to some extent in
both the condensing mesenchyme and the laminirip®gubular compartment of chimeric

Xii



kidneys, possibly the ureteric buds. No negatifeceéfon kidney development was observed
using the neonatal kidney cells as well as the gartic stem cells. Ultimately it has been shown
that the pre-conditioning of mouse MSCs with meddanved from mouse neonatal kidney cells
facilitated the engraftment of MSCs into condensmgsenchyme of chimeric kidneys. It also
prevented the negative action of MSCs on kidneyetigment confirmed in thim vitro kidney
rudiment culture. MSCs were demonstrated to upteegGDNF expression upon the pre-
conditioning which is important factor for outgrdwtand branching of ureteric buds. In
conclusion, although pre-conditioning of the MSGghwnedium derived from kidney cells was
able to improve considerably the renogenic poteofidhe cells in the chimeric kidney, MSCs
demonstrate a relatively low renogenic potential &or this reason are not good candidates for

regenerative approaches aimed at recapitulatioepiirogenesis.
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Chapter 1: Introduction

1.1.Overview of the anatomy and function of the adult kdney

Kidneys remove waste products from blood. They a@smluce hormones, like erythropoietin
and maintain homeostasis by regulating fluid batacid-base balance and blood pressure. The
nephron is the structural and functional unit ¢f #idney. It consists of renal tubules, including
the proximal tubule, limbs of the loop of Henle athé distal tubule, as well as the renal
corpuscle formed by the Bowman’s capsule and tamgtulus. The role of the glomerulus is to
produce an ultrafiltrate, in the process callech@aular filtration, which becomes urine once it is
concentrated by the renal tubules, while the ctiigaduct system of the kidney is connecting the
nephrons to the ureters. The kidneys, together wigkers, bladder and urethra, form the urinary

system (Figure 1.1a) (Vize Peter 2003).

A kidney contains a cortex and a medulla, as detratesl in the Figure 1.1b. In the renal cortex,
glomeruli, proximal and distal tubules, loops ofrite and collecting ducts are found (Figure
1.1b). The medulla is divided into outer medullantaining the proximal and distal tubules, the
loops of Henle and the collecting ducts, while ittheer medulla harbours the loops of Henle and
large collecting ducts that empty into the minolycas (Figure 1.1b). The renal interstitium is
present in both the renal cortex and medulla andamos fibroblasts, lymphocyte-like cells,

pericytes and the extracellular matrix (Vize P&@93; Cullen-McEwen et al. 2005). Fibroblasts
are the most abundant cell population producingetkteacellular matrix (Vize Peter 2003). In

addition, the medulla can be organized into sevesahl pyramids connecting to the minor

calyces and renal columns which are formed betwtden pyramids by cortical tissue.



Accordingly, the urine flows from the medulla irttee minor calyces, which open into the major
calyces and subsequently into the renal pelvis.réhal pelvis is connected to the ureters and the

urine flows into the bladder (Figure 1.1a) (Vizead?e003).

As mentioned earlier, the role of the glomerulugoigerform filtration. The blood enters the
kidney though the renal arteries, which divide sgjoently into arterioles that enter and exit the
Bowman’s capsule at the vascular pole (Figure 1.Pa)he Bowman’s capsule the glomerular
arterioles branch into glomerular capillaries. Megal cells found between glomerular
capillaries maintain the structural integrity ofethglomerulus. Later, the blood from the
glomerular arteriole is transported to the peritabwapillaries which recover water, salts and
other compounds reabsorbed by the tubular epitheliihe glomerular filtration proceeds
through a filtration barrier consisting of glomeaulcapillaries with many fenestrations, the
glomerular basement membrane and the podocytesfiliiia¢ion barrier allows separation of
blood cells and large macromolecules from the fillir@e. Podocytes are specialized cells of the
Bowman’s capsule which wrap around the glomerukgpil@ries using foot processes. The
filtration proceeds through slits in the foot preses and subsequently the ultrafiltrate is coltecte
in the Bowman’s space. Figure 1.2b shows a schemgpiresentation of the filtration barrier.
The glomerular filtration is regulated by vasocoietibn and dilation of afferent and efferent
arterioles, which together with the distal tubuferm the juxtaglomerular apparatus at the

vascular pole of the renal corpuscle (Vize Pet@&320
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From the Bowman'’s space, the ultrafiltrate entbesgroximal tubule at the urinary pole (Figure
1.2a). The proximal tubule consists of a convolad a straight part. In the proximal tubules,
reabsorption of water as well as amino acids, glecareatinine, bicarbonate, phosphate,
potassium, calcium, sodium and chloride occurs. dpithelial cells of proximal tubules have a
brush border of microvilli which enhance the reapton. They also express many proteins
related to transport, such as aquaporin-1, a vedi@nnel protein responsible for water transport
across the tubule. The proximal tubule is alsodite of secretion of uric acid and the site of

ammonia production (Vize Peter 2003).

The ultrafiltrate from the proximal tubule passestthrough the loops of Henle which consist of
the thin descending limb, permeable to water amg,ithe thin ascending limb, permeable to
salts but less permeable to water, and the thickraling limb, impermeable to water but able to
actively transport salts. The thick ascending limbthe largest site of sodium and chloride
reabsorption after the proximal tubule. The loopiehle is also the regulatory site of magnesium
excretion. In addition there are two main populaiof nephrons in the kidney depending on the
length of the loop of Henle. Cortical nephrons hasfeorter loops in comparison to

juxtamedullary nephrons (Vize Peter 2003).

Subsequently, the ultrafiltrate reaches the dittdlule which is impermeable to water but
reabsorbs salts. The distal tubule is divided thestraight and convoluted portion. At the point
where the ascending straight part of the distalleibeaches the glomerulus, tinacula densas
formed, which is a component of the juxtaglomerwdpparatus. The distal tubule is also the
regulatory site for calcium extraction. The intethage zone between the distal convoluted tubule

and the collecting duct is called the connectingnsent and contains cells that have the



characteristics of both distal tubule cells as whedl collecting duct cells (Vize Peter 2003).

The collecting duct is divided into the followinggmnents: cortical, outer medullar and inner
medullary and papillary. These segments increas&zatowards the papilla where the medulla
empties urine into the minor calyx. The principatiantercalated cells are two cell types that are
distinguished in the collecting duct. The principalls, expressing aquaporin-2, are specialized
in water transport, while the intercalated celsyph role in maintaining the acid-base balance by
secreting bicarbonate into the collecting ducthiem medullary segment of the collecting duct, the

reabsorption of sodium, chloride and water oc¢uiae Peter 2003).

1.2.Kidney development

The urinary system is derived during embryogeriesia the intermediate mesoderm (IM) which
is located between the somitic and lateral platesaderm. Figure 1.3a demonstrates the
localization of the IM in a developing mouse embiyefore the nephric duct is formed at
embryonic day (E) 8. Kidney development is charamte by the sequential appearance of three
excretory organs, namely the pronephros, mesongpana finally the metanephros, which is the
permanent kidney in amniotes. A central role inhtegenesis is played by the nephric duct,
which is responsible for the formation of the calieg duct system. The pronephros develops in
the anterior part of the duct whereas the mesowspkriocated more caudally. Ultimately, the
metanephros arises caudal to the mesonephros (S®&#f Vize Peter 2003). Figure 1.3b
demonstrates the sequential development of the encu®nephros, mesonephros and

metanephros.
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Figure 1.3 Schematic representation of kidney developmentriniates. (a) Localization of intermediate
mesoderm within a mouse embryo before E8. (b) Se@leppearance of the pronephros, mesonephros
and the metanephros in a mouse embryo.

1.2.1.Pronephros

The pronephric kidney (pronephros) is the most pirnn kidney and contains a single nephron
which filters blood. However, as there is no Bowmaspace, the filtrate from the glomus
(glomerulus) is collected from an open cavity bijatéd tubules called nephrostomes which are
connected to pronephric tubules. Pronephric tubcbesain a proximal segment which resorbes
solute, and a distal segment which resorbes w&idrsequently the urine passes through the
nephric duct, also called the pronephric duct,h® ¢loaca. Pronephroi are present during the

urinary tract development in mammals but they aBmentary and undergo early degeneration



in comparison with well-developed pronephroi foummdfish and amphibians. In mice, the

pronephros appears around E8. Accordingly, thegpbros functions as an excretory organ in
the larval stages of lower vertebrates. In adsh fihe pronephros becomes a lymphoid organ,
similar as in the amphibians, where it becomessiteeof hematopoiesis (Saxen 1987; Vize Peter

2003).

1.2.2.Mesonephros

The mesonephric kidney (mesonephros) is a tempanaygn that precedes the development of
the permanent kidney in mammals. However, it is dedinitive excretory organ in adult
amphibians and some fish, such as the zebrafish.nfésonephros is characterized by a linear
series of nephrons that are linked to the nephuitt,cdcalled at this stage of development, the
Wolffian duct. The mesonephric nephron consista @lomerulus, proximal and distal tubule.
Some important differences exist between the nephimund in the mesonephric kidneys and the
nephrons of a permanent kidney. Accordingly, megbrie nephrons have poor fenestration of
the capillaries and they lack the juxtaglomerulgparatus. The mesonephros emerges in mice at
E9.5. The mesonephros undergoes degeneration denmgryogenesis in mammals. The
degradation is partial in males and the remainiegonephric tubules form parts of the ducts in
the gonads. The role of the Wolffian duct duringsoreephric kidney development is not only
restricted to its function as a urinary drain. TWelffian duct plays an important part in the
induction of mesonephric devolvement, possiblyizitiy the same molecular mechanisms found

during the development of the permanent kidnex€8d4987; Vize Peter 2003).



1.2.3.Metanephros

The metanephric kidney (metanephros) becomes theapent kidney in mammals. It is the
most complex kidney, and unlike the mesonephros,ahbranched structure. The metanephros
starts to develop in mice at E11 and its develogmentinues postnatally for approximately 1
week. The development of the adult kidney starth Wie invasion of the ureteric bud (UB) into
the surrounding metanephric mesenchyme (MM). UBniepithelial outgrowth of the posterior
end of the Wolffian duct and is a precursor of ¢b#ecting duct system, while MM is involved
in nephron formation. Aspects of metanephric dgualent, which include the formation of the

collecting duct, nephron and stroma in the metareplare discussed in the following sections.

1.2.3.1.Collecting duct system development

The collecting ducts develop from the UB, whichtli® derivative of the nephric duct. The
outgrowth of the UB is induced by the MM and stawith the formation of an epithelial bud
from the Wolffian duct. In mouse, the UB forms &tOE and at E11, invades the MM. Further
interaction between the UB and MM triggers the WBtanch dichotomously. By E11.5, the UB
forms a T-shaped tubule. At the same time, the idiBices the MM to form nephrons and further
branching morphogenesis occurs. Later during deveémt, the UB branches less and several
nephrons start to form at the same level, joiningthe same collecting duct. Figure 1.4
demonstrates the branching morphogenesis of a UBnglumouse metanephric kidney
development. Ultimately, the UB develops into tledlecting ducts, calyces, renal pelvis and the

ureter (Vize Peter 2003; Dressler 2006).
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Figure 1.4The branching morphogenesis of the UB.

1.2.3.2.Nephron development

The interaction between UB and MM stimulates thmduced MM to condense in the proximity
of the UB tips and subsequently form nephronshérhouse, the MM starts to condense in the
proximity of the UB tips around E11. Accordinglhet condensing MM undergoes epithelial
conversion, generating renal vesicles. This tramsis characterised by important changes in the
expression of extracellular matrix proteins. Thendnced MM expresses collagen type | and 1ll,
as well as fibronectin, which are not found in cemsing MM. Conversely, the condensation of
MM is accompanied by expression of laminin, a congt of the epithelial basement membrane
(Horster et al. 1999; Dressler 2006). Furthermbhas been described theit chain of laminin-1

is highly expressed during early epithelial develept and it is also the major chain found in
adult kidneys (Ekblom et al. 2003). Subsequentpat vesicles are converted into comma (C)-
shaped bodies. At this stage the developing neghstart to fuse with the UBs. Next, the C-

shaped bodies develop into the S-shaped bodiesstgtoet al. 1999; Dressler 2006). The
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formation of the early nephron, including the rewagicle, C-shaped and S-shaped body stage, is
depicted in Figure 1.5a. The proximal end of theh&ped body forms the renal corpuscle,
whereas the distal end fused with UB epitheliunmi®the renal tubule. Around the vascular cleft
found in the proximal end of the S-shaped bodyBbe/man’s capsule is formed. Accordingly,
the outer cell layer of the proximal end of theaysed body develops into the Bowman’s
capsule epithelium whereas the internal cell ldy@romes the podocytes (1.5b) (Horster et al.
1999; Vize Peter 2003; Dressler 2006). The glonaeroasement membrane is derived from both
the extracellular matrix of the forming capillarydothelium and the podocytes (Vize Peter
2003). Subsequently, the endothelial precursoradevhe forming nephron at the vascular cleft
to form the glomerular capillary loops (Figure 1.5bhe glomerular endothelial and mesangial
cells are most likely of extrarenal origin. Howevérere is also some evidence that the MM
contains endothelial progenitors (Vize Peter 20Q8jmately, the S-shaped body also forms the
proximal tubule, the loop of Henle, distal tubuledahe connecting segment. However there is

not much data on the pattering of the emergingl tesbales (Vize Peter 2003).
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Figure 1.5Schematic representation of early nephron developni@ Formation of the renal vesicle, C-
shaped and S-shaped body (in orange). The urdétediés shown in blue. (b) A developing the S-shaped
body. As demonstrated, the proximal end of the &etl body will develop into renal corpuscle and the
distal into different renal tubules.

1.2.3.3.Development of the renal stroma

An important compartment in the developing metanephwhich is implicated in regulation of
UB branching and mesenchymal-to-epithelial traositof the MM, is the renal stroma. The
localization of the stromal compartment in a moostanephros is depicted in Figure 1.6. After
the UB has invaded the MM and induced MM to condeasound its tips, formation of two
mesenchymal compartments can be determined in ¢ét@nephros. Accordingly, the condensing

MM closely surrounding the bud tip will form thepteons, and the peripheral cells will become
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the stromal cells (Figure 1.6). Later, the stron®ls are found surrounding the UB branches and
forming nephrons (Figure 1.6). These cells areedathe primary renal interstitium. As renal
tubules develop, a secondary interstitium is forntlee cortical stroma and the medullary stroma
(Cullen-McEwen et al. 2005). Earlier it has beeopmsed that renal stromal cells could be neural
crest derivates, as the stromal cells were foundxfress neurofilaments (Sainio et al. 1994).
However, recent results in chicken, presented bylabme et al., showed that the renal stroma

mainly originates from paraxial mesoderm (Guillaushel. 2009).

_—__——-'
MM stroma

~ '\\

stroma UB uB forming nephrons

E1l El12.5

Figure 1.6 Localisation of stroma in developing mouse metanep at the onset of metanephric
development at E11 and later at E12.5.

1.2.3.4.Genes important during metanephric development

A number of genes are implicated in the developroéthie metanephric kidney (Dressler 2009).
In order to ensure that the metanephros developiseircorrect location at the posterior end of
IM, metanephric development requires a tight retjutaof key transcription factors along the
mediolateral and anteroposterior axis (DressleQ20Bor exampleEyal (Sajithlal et al. 2005)
andHox11paralogs (Mugford et al. 2008) play a crucial rioleletermining the region of IM that
will become MM. Hox11 proteins, together with Eyardd Pax2, form a transcriptional complex
which activates expression of genes suchlias cell line-derived neurotrophic factqGdni) in

the posterior intermediate mesoderm, thus triggethre start of metanephric development
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(Gong et al. 2007). Other genes that positivelylag expression dbdnfinclude Six2andSalll
(Saavedra et al. 2008). Metanephric developmeinitiated with the interaction between the UB
and MM. Gdnf plays a crucial role in this interactias the binding of Gdnf to the tyrosine kinase
receptor, Ret, is responsible for UB outgrowth &manching (Vega et al. 1996; Sainio et al.
1997). Furthermore, some genes have been demeustrattake part in later metanephric
development. For instance, it has been shown tlwcH® signalling plays role in nephron
patterning. Accordingly, kidneys of Notch2-defididadneys do not develop proximal tubules,
although they form distal tubules (Cheng et al. 0@inally, it is important to note that some
genes involved in metanephric development are xdusively found in the metanephros. Genes
such as Pax2 were also demonstrated to be exprégsad development of the pronephros and
mesonephros (Dressler et al. 1990). An overviewederal important signalling pathways and

genes involved in metanephric development is ptesdoelow.

Gdnf signalling

The initial outgrowth and subsequent branchindhefWB is induced by the glial cell line-derived
neurotrophic factor (Gdnf) that is expressed by Mdjacent to the UB. Gdnf is a member of the
transforming growth factos- (TGF{3) superfamily and was identified by its ability ppomote
the survival of dopaminergic neurons (Saavedrd.2098). During metanephric development,
Gdnf binds to the tyrosine kinase receptor, Reticiwhs found at the tips of the UB and
stimulates UB branching (Vega et al. 1996; Sairtiale1997). Ret activates various signalling
pathways, such as p38 mitogen activated proteiasein(MAPK) and c-Jun N-terminal kinase
(JNK) pathways (Takahashi 2001). Another receptiking part in the interaction is the

glycosylphosphatidylinositol (GPI)-anchored Gdnteptoree (GFR-w) which is expressed in
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both UB and MM (Sainio et al. 199 dnfnull mice do not develop a UB. The uninduced MM
undergoes apoptosis, consequently leading to ceenpémal agenesis at birth (Sanchez et al.
1996). Similarly, in theRetdeficient mice, the kidneys were also absent. H@awneoccasionally
some rudimentary dysplastic kidneys with large sref undifferentiated mesenchyme were
observed in the mutant animals (Schuchardt et284)l The phenotype &FR-o null mouse
was consistent witRetknockout, demonstrating lack of kidneys or renagenesis (Enomoto et

al. 1998).

Salll

Similarly to Gdnf, the transcription factoiSalll,a homologue of th®rosophilaregion-specific
homeotic genespalt is important for regulating the initial interamtis between MM and UB
during UB outgrowth (Nishinakamura et al. 2003all1 expression starts at E10.5 in mice. At
E11.5 Salll is expressed in mesonephric tubules, Wolffian glueind in the metanephric
mesenchyme but not in the UBs. Lat8gll1l expression is observed in the condensing MM
around the UBs and in comma-shaped bodedil-null mice display kidney agenesis, or severe
dysgenesis, characterized by a disorganized remmattere, shrunken glomeruli, necrotic
proximal tubules and multiple cysts. The uretenc bn theSalll-null animals either does not
invade the MM or does not induce MM condensatiompdired branching is observed in mutant
mice (Nishinakamura et al. 2001). Mutations ALL1 in humans cause the Townes-Brocks
syndrome, an autosomal dominant disease charaddniz dysplastic ears, preaxial polydactyly,

imperforate anus, and kidney and heart anomalieslfi@se et al. 1998).
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Liml

Another essential gene in renal development isLiiv-class homeobox gend.im 1 Liml
displays a broad expression profile during nephmeges. Its expression starts in the IM and is
subsequently restricted to the nephric duct and lUB1 expression is also present at different
stages of nephron formation, including pretubulggragates, comma-shaped and S-shaped
bodies. Subsequently, postndtahl expression is found in collecting ducts and catttabules
but remains downregulated in mature glomeruli (Karev et al. 1998; Kobayashi et al. 2005).
Lim-/- mice lack head structures and die at E10. Hawnesome stillborrLim1-/- pups were
shown to not have developed kidneys (Shawlot arfttiBger 1995). In addition, in E9lGm1-
null mice, the expression of Pax2, an importamdcaiption factor during nephrogenesis, is only
found in the posterior region of the IM in companswith wild type mice where Pax2 expression

was demonstrated along the entire length of théTid&ng et al. 2000).

Wnt signalling

During metanephric development, Wnt signalling isserved at different stages of MM

development and in ureteric buds (Maretto et ab320@glesias et al. 2007). Experiments in mice
demonstrated that Wnt signalling can be observethennephric duct. However, by E16.5, it
becomes restricted to the UB tips of branching @Bd the distal part of the S-shaped body. It
has been demonstrated that in UB cells, the inaitin of B-catenin, which mediates Wnt

signalling, impairs UB branching during nephrogesiesnd consequently, leads to lower
numbers of nephrons and collecting ducts in kidre#ysew born mice (Bridgewater et al. 2008).
Wnt4 is a member of the Wnt gene family. During amefphric development it is expressed in

condensed MM. Its expression persists in vesi€esgnd S-shaped bodidd/nt4deficient mice
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develop small kidneys which are composed of ungiffeated MM and branches of collecting
duct. Initial condensation of MM occurs in thi¢ént4-deficient mice. However, no C-shaped and
S-shaped bodies are detected in the E15 kidneyise Wwhanching morphogenesis is preserved
(Stark et al. 1994). The forced expressionit4in the NIH3T3 mouse embryonic fibroblast
line was sufficient to elicit tubulogenesis in agtared MM. Accordingly, it has been shown that
Wnt4 expression induces MM to condense, form epithelimlctures and finally display
glomeruli, similar as the induction with the spicakd (Kispert et al. 1998). Another member of
the Wnt family isWnt9h inactivation of which leads to renal agenesismite. Wnt9b is
expressed in collecting ducts. Further studie\mm9bmutant mice demonstrated th&ntObis

important for establishing planar cell polaritytiee renal tubules (Karner et al. 2009).

Pax2

Pax2 a pair box gene, is expressed in the UB, condgmaesenchyme and developing nephrons
(Dressler et al. 1990; Dressler and Douglass 18d)eriments in mice showed that Pax2 can be
detected also in adult kidney in the collecting tdeells. In addition, some cells in the inner
medulla and thin descending limb of loop of Henlkerevalso demonstrated to express Pax2 (Cai
et al. 2005)Pax2null mice lack kidneys. Accordingly, no Wolffiarudt elongation is found at
E10.5 and the parts of the Wolffian duct that famtially, subsequently degenerate Rax2
deficient mice at E12.5. In addition, no mesonaplwbules are detected in mutant embryos.
Pax-Z" mice develop hypoplastic kidneys with smaller cak/ and a decreased number of
developing nephrons (Torres et al. 1999x2deficient mutants do not expreSsinf(Brophy et

al. 2001).
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witl

The Wilms' tumorgene,Wtl, encodes a transcription factor that plays a nuroberucial roles
throughout nephrogenesis, and ablation\df leads to renal agenesis (Kreidberg et al. 1993).
Expression ofWtl has been associated with both condensing meserclayrd developing
nephrons (Armstrong et al. 1993; Mundlos et al.3)9%omeWt1 expression can be observed
prior to the onset of nephrogenesis, both in Mehd uninduced MM (Armstrong et al. 1993).
During kidney developmentyVtl expression becomes restricted to the precursgreddcytes in
the S-shaped bodies in both the metanephros andnemsros Wtl expression persists in the
podocytes throughout adulthood (Mundlos et al. }99B Wotl-deficient mice, fewer
mesonephric tubules are detected. Further, at Eftie3JB is absent in the mutant mice and the
MM is undergoing apoptosis. Ultimately, at E12, MM is completely degenerated (Kreidberg
et al. 1993).Pax2 Six2 and Gdnf are however expressed in the MM of mutant embryos,
suggesting thawtl-deficient MM acquired already features of the rregknic lineage and
possibly for this initial process, Wtl is not reepa. Nevertheles3Vtl-deficient MM could not

be induced by UB to undergo tubulogenasigitro (Donovan et al. 1999).

Six2

Six2expression is found in the MM before UB invasiaweell as the induced MM surrounding
the UB. However, its expression is downregulatedelts undergoing subsequent mesenchymal-
to-epithelial transition. Inactivation ddix2 expression in mice leads at E11.5 to formation of
premature renal vesicles surrounding the UB. ABig?2” kidneys do not demonstrate branching
of the UB (Self et al. 2006). Six2 regulates th@ression oiGdnfin the MM (Brodbeck et al.

2004). Ultimately, the Six2 expressing cells wdrewen to gives rise to all nephron-specific cell
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types within the metanephros (Kobayashi et al. 2008

Osrl

Osrl is odd-skipped related f§iene encoding a transcriptional regulator. O l-expressing
precursor population in the IM was shown to givies to most cells found within the developing
metanephros, including the collecting duct epitirali nephrons and interstitial mesenchyme,
mesangial and smooth muscle cells. Still, it washalestrated tha©srl-expressing precursors
for nephron and interstitial mesenchyme separaterde¢he start of metanephric development
(Mugford et al. 2008). In E9.5 mic@srl expression is present in intermediate and lajdedaé
mesoderm. Its expression is also found in undiffeaéed mesonephric mesenchyme and tubules.
At the onset of metanephric developmédsylis expressed in the MM but is absent in the UB.
Later it is expressed in the condensing mesenchyratesurrounds the branching UB, but is
down-regulated in pre-tubular aggregates, C-shamed S-shaped bodies (James et al. 2006).
Osrl-null mice lack kidneys as no MM and UB developmecturs in the embryos (Wang et al.
2005). No expression &ix2 Eyal Gdnf Pax2andSalllwas found in the metanephric region in

the mutant mice (James et al. 2006).

Eyal

Eyalis a homologue of thBrosophila eyes absemgene.Eyal expression is first observed at
around E8.5 in the intermediate mesoderm and subsdy becomes restricted to a region where
the UB forms. During the early stage of metanepbdeeelopmentEyalis expressed in both
uninduced and induced MM but not in UB (Sajithlal &. 2005). Eyal+/- mice were
demonstrated to have renal defects, such as reqmplasia and unilateral agenesis, while

Eyal-/- mice completely lacked kidneys and uref@ns et al. 1999). In thdeyal-deficient
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mouse embryosRet expression is observed in the Wolffian duct butUt® outgrowth occurs
(Sajithlal et al. 2005). Subsequently, in the abseof the UB, the MM undergoes apoptosis.

Complete degeneration of the MM is observed by EL2u et al. 1999).

Hox11 paralogs

Hox genes encode transcription factors that play aarg®l role in patterning of the body axes
during embryonic development. Adox11 paralogous genes are redundant, the knockouts of
Hox11result in incompletely penetrant phenotypes. Acewly, Hoxall/Hoxd14deficient mice
display hypoplastic kidneys, wherebt®oxall¥Hoxcl¥Hoxd1Xdeficient mice completely lack
kidneys. Accordingly, no UB formation is observedriiple mutants. This is accompanied by the
lack of Six2 and Gdnf expression in the MM (Wellik et al. 2002). Hox11lrg@lagous proteins
were demonstrated to form a complex with Pax2 ayalEwhich activates the expression of

Six2 and Gdnf in the MM (Gong et al. 2007).

Notch2 signalling

Notchgenes encode single-transmembrane receptorss lhden demonstrated that disruption of
Notch2 receptor expression in the metanephric nobs@me disrupts nephrogenesis.
Accordingly, Notch2deficient mice at birth displayed smaller kidneygh no glomeruli or

proximal tubules. The mutant mice demonstrated abrcondensation of MM and subsequent
transition to epithelium, however no segmentatibthe nephron into proximal and distal tubules

occurred in the kidneys (Cheng et al. 2007).

Bmp4

Like Gdnf, bone morphogenetic protein 4 (Bmp4) ismamber of the TGB-superfamily. At
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E12.5Bmp4s expressed in the stromal mesenchymal cellsdthtian, at E14.5, expression is
seen in the S-shaped bodies. The Bmp receptor @¢k&, is ubiquitously expressed during
kidney development, whil&lké is expressed in the Wolffian duct and in UBsnp4” mice
display renal abnormalities similar to human coritgé@nomalies of the kidney and urinary tract
(CAKUT), categorized as dysplastic kidneys, hydmhresis or duplex kidney with bifid ureters
(Miyazaki et al. 2000)In vitro it was demonstrated that Bmp4 promotes growthedodgation

of UBs, but also inhibits condensation of MM andmptes expansion of the peripheral stromal

compartment (Miyazaki et al. 2000; Raatikainen-Admkt al. 2000; Miyazaki et al. 2003).

Bf2

Brain factor 2, Bf2,(Foxdl) encodes a transcription factor expressed in stramalls that in
mouse kidneys at E11.5 form a ring of stromal melsgme around the Pax2 positive
nephrogenic mesenchyme. LatBf2 expression is found in cells surrounding the cosdey
MM and at the periphery of the kidney rudiment. icarrying aBf2-null mutation show
abnormalities in development of both the collectthgt system and nephrons. The number of
nephrons is reduced, as large amounts of condensiisgnchyme are still present in the kidneys
at birth. Further, the number of UB branches isidished. The expression &etin mutant
kidneys is not restricted to UB tips in the cortasg,it is in wild type E14.5 kidneys, but is found

along the branches in both cortical and medullagyans (Hatini et al. 1996).

Rarp2

Retinoid acid receptof 2 (Rarp2) expression is found in mouse metanephroi as earlig11.
Rars2 is associated with stromal cells surrounding th& &hd MM, where its expression co-

localizes with the other stromal mark8if;2. During the later stages of nephrogendRe)2 is
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expressed in stromal cells found in the developmgex and medulla. It is also expressed in the
subcapsular region, again co-localizing vii2 (Mendelsohn et al. 1999). In mice lackiRgrs2
along with other retinoid acid receptorBarel and Rare2, the kidneys at birth display
diminished numbers of nephrons and UB branches delenhn et al. 1994). It has been
demonstrated that in these mutant kidneys, staftorg E12,Ret expression in the UB tips is
downregulated, leading to reduced UB branchingthéumore, the stromal cells are abnormally
distributed, forming a thick peripheral stromaldayn the E14 mutant kidneys (Mendelsohn et

al. 1999).

1.2.3.5.Metanephric kidney as a model forin vitro nephrogenesis

Metanephric kidney is good model for studyiimgvitro nephrogenesis. Fan vitro culture,
metanephric kidneys can be obtained from mouse yabat E10.5 when the UB has just
invaded the MM, or at E11.5 when the UB has bradatrece. Following isolation, the kidney
rudiments are cultured at the gas/medium interf&oe.this reason, the embryonic kidneys are
placed on a filter supported by a metal grid whislrsubmerged in growth medium (Davies
2010). After 4 to 5 days, the vitro cultured E11.5 rudiment reaches a similar devekgnatage

as the E14 metanephros (Vize Peter 2003). The rmtgrcan be also cultured on a glass surface
in the presence of a low volume of medium. Onehefddvantages of this culture method is the
fact that the metanephroi develop a clear anatdromdico-medullary zonation with extended
loops of Henle (Sebinger et al. 2010). In additibigs possible to triggen vitro the development

of MM into nephrons in the absence of the UB. ¥ baen shown that spinal cord induces MM

development similar to UB (Davies 2010).
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1.3.Mesenchymal stem cells and their role in kidney regir and regeneration

1.3.1.Characteristics of mesenchymal stem cells

Mesenchymal stem cells (MSCs) are described asl@hstem cell population that possesses the
capability to highly proliferaten vitro and differentiate into multiple lineages. They ®&er
initially isolated by Friedenstein (Friedensteinadt 1974) who has shown that bone marrow
contains an adherent heterogeneous fraction o egth the ability to rapidly multiply and
differentiate (Prockop 1997). Although MSCs haverbedemonstrated to primarily give rise to
fat, bone and cartilage (Pittenger et al. 1999steeiet al. 2004), there exist reports describing a
much broader differentiation potential of the cellsich as myogenic (Dezawa et al. 2005),
neuronal (Woodbury et al. 2000) and pancreaticaljes (Xie et al. 2009). Furthermore, the
plasticity of MSCs is accompanied by immunosuppvesproperties of the cells (Le Blanc and
Ringden 2007). The following characteristics haeerb proposed as the minimal criteria for
identification of human MSCs: plastic adherencearegsion of surface markers such as CD105,
CD73 and CD90, as well as adipogenic, osteogerdccliondrogenic differentiation potential
(Dominici et al. 2006). In addition, since bone mar-derived MSCs are commonly isolated by
their ability to adhere to plastic culture dishib® presence of contaminating hematopoietic cells
in such cultures has been documented (Phinney. 98D). For this reason, negative selection
using immunodepletion of cells expressing hemattpomarkers, such as CD45, is employed in
order to enrich the cultures for MSCs (Baddoo e2@03). Although bone marrow is commonly
described as a niche for MSCs, it is possible talbdish MSC cultures from various other tissues
and organs, like lung or kidney. These cells shayenmon MSC features although their

differentiation capabilities may differ depending the source of isolation (da Silva Meirelles et
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al. 2006; Kern et al. 2006). Recently, it was shdtat MSCs could be obtained from different
foetal tissues. Accordingly, it was possible taabBsh human MSCs from foetal bone marrow,

lung or liver (Campagnoli et al. 2001; in 't Anladral. 2003).

It is important to note that for both mouse and hombone marrow-derived MSCs,
subpopulations with higher plasticity have beeraisal (Kucia et al. 2006; Anjos-Afonso and
Bonnet 2007). Mouse bone marrow-derived MSCs capabdifferentiation into all three germ-
layer lineages are named very small embryonic{K8EL) stem cells. These cells resemble
embryonic stem cells in their morphology and exprembryonic stem cell markers, such as
Oct4, SSEA-1 and Nanog (Kucia et al. 2006). A samisubpopulation of cells has been
described by Anjos-Afonso and Bonnet, who callesséhcells the most primitive mesenchymal
progenitors in the adult murine bone marrow compart (Anjos-Afonso and Bonnet 2007). In
humans, bone marrow-derived MSCs that maintain dbaity to proliferate rapidly and
differentiate into a wide range of lineages, amtmgn neurons and pancreatic islet cells, have

been named marrow-isolated adult multilineage iftdecells (MIAMI) (D'Ippolito et al. 2004).

1.3.2.Mesenchymal stem cells in kidney disease

In the literature, there are a number of reportsaéing the existence of extra-renal cells within
the kidney (Ito et al. 2001; Poulsom et al. 200Lipta et al. 2002). The presence of male
extrarenal cells in male patients receiving traasfation of female kidneys was established by
some authors (Poulsom et al. 2001; Gupta et al2)20Bubsequent results demonstrated that
these cells could originate from the bone marroacdkdingly, experiments in mice showed that
the kidneys of female recipients of male bone mvaroontained male cells within the renal

tubules and glomeruli (Poulsom et al. 2001). A Emiexperiment was performed in rats:
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labelled rat bone marrow was transplanted intodiated recipient rats, and following, the
induction of glomerulonephritis, the labelled bomearrow-derived cells were found in the
glomeruli of injured rats and were described tovmle structural support for glomerular
capillaries (Ito et al. 2001). Others showed thadviype bone marrow cells injected into
collagen type IVa3 knockout mice with progressive glomerulonephr{sas model of Alport
syndrome), resulted in improved renal histology antttion (Prodromidi et al. 2006). From this
study, as well as from other studies, it was ndireg clear which bone marrow-derived
population, i.e., the MSCs or the hematopoietianstells (HSCs), was responsible for the
positive outcome. Subsequently, many authors cdrated on evaluating the contribution of
bone marrow-derived MSCs to renal regenerationitawds demonstrated that MSCs can indeed
protect mice from tubular damage and renal functi@terioration in various experimental
models of acute renal injury (Herrera et al. 20@4yigi et al. 2004; Togel et al. 2005; Bi et al.
2007; Semedo et al. 2007; Togel et al. 2007; Qitaal.2008; Li et al. 2010). Some of the data
suggested also that MSCs are able, at least to s@taat, to engraft into damaged kidneys and
differentiate towards tubular cells (Herrera et28l04; Morigi et al. 2004; Qian et al. 2008; Li et

al. 2010).

As demonstrated by Moriget al, mouse bone morrow-derived MSCs injected into n#ida

after induction of acute renal injury following stutaneous injection of cisplatin, improved renal
function, as well as prevented tubular damageep#ak of cisplatin injury at day 4. In addition,
MSC administration was demonstrated to induce feratiion of tubular cells in cisplatin-treated
mice. Furthermore, injected MSC were found in tmexpnal and distal tubules kidneys of

cisplatin-treated animals. The MSCs engrafted antobglar cells and accordingly, stained with
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Lens culinarislectin, which binds to the brush border of theulab epithelium. Even 29 days
after the injury, the cells were still detectedhant the tubular epithelium. In the same study it
was also demonstrated that administration of HS#es dot protect mice from renal function and
tissue damage in the cisplatin-induced injury modédvertheless, occasional engraftment of
HSCs into injured tubules was observed (Morigile@04). More recently, Morigi and the co-
workers demonstrated the effectiveness of humad btwod-derived MSCs in ameliorating
cisplatin-induced kidney injury. MSCs were injectiedio severe combined immunodeficiency
(SCID) mice following cisplatin treatment. At theak of injury the tubular damage was reduced
in the kidneys of animals receiving MSCs. Imporgnthe injection of the cells was able to
improve the survival of cisplatin-treated mice. Gequently, MSCs were demonstrated to inhibit
cisplatin-induced damage by reducing oxidative dzmand apoptosis in the kidneys of
cisplatin-treated animals. The injured kidneys nang MSCs also demonstrated an increase in
tubular cell proliferation, as well as having a thigumber of tubules positive for the
serine/threonine protein kinase Akt, which mediat@si-apoptotic effects. Additionally, the
injured kidneys treated with MSCs showed up-regutain expression ohepatocyte growth
factor, a factor responsible for anti-apoptotic effectsrimly kidney injury. Nevertheless,
regarding the engraftment and differentiation ptgéérof human MSCs in the injured renal
tissue, the cells were mainly found in the peritabiareas and only rarely engrafted in the

tubules or glomeruli (Morigi et al. 2010).

The data obtained in cisplatin-induced injury weoafirmed in the model of glycerol-induced
acute renal failure, where enhanced functional stnaictural recovery was accompanied with

engraftment of MSCs into the injured tubules (Hexreet al. 2004; Qian et al. 2008).
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Accordingly, Herreraet al. investigated the effect of administration of mous®me morrow-
derived MSCs in acute injury induced by intramuacuhjection of glycerol in the mice.
Similarly as in the cisplatin model, MSCs were destmated to increase tubular cell
proliferation. Furthermore, MSCs were detectedha tubular epithelium of glycerol injured
kidneys expressing cytokeratin, suggesting thatesofrthe MSCs were possibly differentiating
into tubular epithelial cells (Herrera et al. 200@thers demonstrated that human foetal bone
marrow-derived MSCs administrated into rats witycglol-induced acute renal failure enhanced
tubular cell proliferation, which was accompanigdemgraftment of MSCs into injured tubules.
Consequently, the integrated cells acquired exfmess aquaporin-landparathyroid hormone
receptor las well as stained positively for cytokeratin, gegfing epithelial differentiation of

engrafted MSCs (Qian et al. 2008).

Interestingly, it has been observed that followingavenous injection, MSCs homed to the
kidney of mice with induced renal injury; howevéhney failed to localize to the kidneys of
uninjured mice (Herrera et al. 2004). Subsequerdfigrts have been made to elucidate the
mechanism underlying homing of MSCs into injuredridys. Some results suggest that the
homing to injured tissues depends on chemotactiofea MSCs migraten vitro in response to
some growth factors, such as platelet-derived drdattor (PDGF)-AB and insulin-like growth
factor-1. In addition, pre-treatment with inflammgt cytokines, such as the tumor necrosis
factora (TNF-o), enhances MSC migration. Also, an increase inratign of the cells towards
chemokines, like stromal-derived factor-1, upommstation with TNFe. has been described
(Ponte et al. 2007). In the model of glycerol-ineldiacute renal failure it was shown that the

interaction between CD44, expressed on MSCs, ardy&nd, hyaluronic acid, is responsible for
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localization of the cells to the injury site. Acdargly, CD44-positive MSCs were detected in the
peritubular capillaries and interstitium in kidnegfsglycerol-treated mice, whereas only rarely,
CD44-negative MSCs were found in the renal tisdumjared animals (Herrera et al. 2007). In
the same study it was demonstrated that CD44-pesviSCs were also present to some extent in

glomeruli and within the tubular epithelium (Heaeat al. 2007).

Other reports have shown renoprotective effectsM&C administration in the ischemia-
reperfusion model of acute kidney injury (Togelagt 2005; Semedo et al. 2007; Togel et al.
2007, Li et al. 2010). For instance, Togel and aokers demonstrated that injection of rat bone
marrow-derived MSCs into the carotid artery in ehemia-reperfusion model in rats improves
renal function. In addition, the injured kidneysawfimals receiving MSCs showed higher tubular
cell proliferation and less apoptosis in comparisoth injured kidneys of animals receiving no
MSCs. After administration of rat MSCs, the injutadneys also showed reduced expression of
the pro-inflammatory cytokine§NF-« andinterleukin-18, and an increase in expression of the
anti-inflammatory moleculanterleukin-10 Furthermore, no MSCs were identified in the iapir
kidneys after 3 days from administration of thelszestrongly suggesting a differentiation-

independent mechanism of MSC action (Togel etG052.

MSCs were demonstrated to also have some renopvetection in the experimental model of
glomerulonephritis. Accordingly, rat bone marrowided MSCs were injected into the renal
artery of rats with mesangioproliferative anti-Thlylomerulonephritis. Following injection, the
cells were detected in glomeruli. Accordingly, MSministration led to a reduction of
mesangiolysis and increased intra-glomerular amingtular cell proliferation. Most of the

MSCs found in the glomeruli, however, did not exgsréhe endothelial marker, JG12, or the
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mesangial marker-smooth muscle actim{SMA). In addition, MSCs were founith vitro to
secrete high amounts of vascular endothelial grdattor and transforming growth factpt-
(Kunter et al. 2006). Similar results were observed a progressive rat model of
glomerulonephritis. In this model, anti-Thyl.1 nagaproliferative glomerulonephritis was
induced after a right-sided uninephrectomy. Follayvihe injury, rat MSCs were injected intra-
arterially into the left kidney. After administrati, MSCs localized to glomeruli and ameliorated
acute renal failure by enhancing the functionalovecy. In addition, more glomeruli were

counted in kidneys of animals receiving MSCs follogvthe injury (Kunter et al. 2007).

Ultimately, MSCs derived from adipose tissue weseduin kidney injury models to test their
contribution to regeneration. Mouse adipose-deriM8Cs were injected in mice following
cisplatin-induced renal injury. Subsequently, teiscwere shown to increase functional and
structural recovery and improve the survival ofured animals in a similar manner as bone
marrow-derived MSCs. Interestingly, despite theopentective effect, no cells were found
engrafted into the renal tissue in this study (Bale 2007). On the other hand, human adipose-
derived MSCs were demonstrated to engraft intorémal tubular epithelium, replacing dead
tubular cells in mice with induced ischemia—repgida injury: in this study, it appeared that the
MSCs, helped maintain the structural integrity ld damaged tubules, facilitating regeneration

(Li et al. 2010).

1.3.3.Mesenchymal stem cells kidney specific kidney diffentiation in vitro

Some reports have suggested that MSCs can alsadffeeentiated directly towards kidney-
specific cell typesn vitro (Qian et al. 2008; Singaravelu and Padanilam 28Gfsushita et al.

2010). Rat bone marrow-derived MSCs were reporteéddquire expression atquaporin-1
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(AQP] following in vitro co-culture with glycerol-injured rat kidney tissuBISCs were
indirectly co-cultured for up to 7 days with injdrekidney tissues obtained from rats that
underwent glycerol-induced kidney injury 48 h befathe co-culture. Accordingly, MSCs
became more rounded, and thus morphologically,rhecaore similar to renal tubular epithelial-
like cells and started to expreBQPL1l The analysis showed also that MSCs were induced t
express high levels otytokeratin when incubated with injured tissue (Qian et al. 800
Similarly, it was shown that co-culture with injdrecortical tubular epithelial cells induced
mouse MSCs to acquire a tubular epithelial-likergitgpe and expregsQPlandkidney-specific
cadherin(Singaravelu and Padanilam 2009). It has beenddsoribed that MSCs can acquire a
phenotype similar to juxtaglomerular cells whicke apecialized renal endocrine cells that
express renin. As the expression of renin is regdldy the nuclear hormone receptor, liver X
receptore.  (LXR-a), the treatment with 22-hydroxycholesterol or @ycladenosine
monophosphate (cCAMP), which are the natural ligdnd$ XR-a, was demonstrated to increase
the expression of renin in both mouse and humare boarrow-derived MSCs. In addition,
stimulation with a synthetic ligand for LXR-resulted in a significant increase in renin
expression in the studied cells. Furthermore, m&lSEs over-expressing the liver X receptQr-
were shown to produce, accumulate and subsequesidgse renin into the culture medium

(Matsushita et al. 2010).

Finally, an MSC-like population obtained from humatomeruli was demonstrated to
differentiate into kidney-specific cell types upstimulation. Accordingly, in the presence of
PDGF-BB and TGH1, the cells acquired a mesangial-like phenotyparacterized by the

expression ofi-smooth muscle actim{SMA) and angiotensin Il receptor 1. Furthermoheyt
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were shown to contract in response to simulatiaih &ngiotensin Il. On the other hand, in the
presence of all-trans retinoic acid, MSCs were destrated to express cytokeratin as well as

podocyte-specific markers such as podocin, negmthsynaptopodin (Bruno et al. 2009).

1.3.4.Mesenchymal stem cells in nephrogenesis

The expression of the following early kidney maskevas recently confirmed in primary mouse
bone marrow-derived MS(Eyal, Six2 Osrl, cadherin 11 Gdnf Wnt4 and Bf2 (Lusis et al.
2010). The first attempt to introduce MSCs into eyobic kidney in order to evaluate the
contribution of MSCs to kidney development was enbgl Yokoo and co-workers (Yokoo et al.
2005). Human bone marrow-derived MSCs were injectedthe IM of rat embryos at the site of
nephrogenesis before the initiation of metanepierelopment. Subsequently, the embryos were
cultured for 48 hex utero followed by the isolation of metanephroi and fertim vitro culture of
kidney rudiments harbouring MSCs for another 6 d&ygure 1.7 illustrates briefly the technique
used by Yokoo and co-workers. Using this systermdruMSCs were shown to contribute to the
development of both the glomerular and tubular heiim, as well as the interstitium of
metanephric kidneys. Two genes expressed durirg eateric bud and nephron development,
Kir6.1 and SUR2 were initially detected in human MSCs prior teithintegration into kidney
rudiments (Yokoo et al. 2005). Integration of humMSCs into renal structures was
accompanied by expression of the podocyte-speg#ites,nephrin podocin and glomerular
epithelial protein 1 and tubular epithelial cell-specific markeraQP1, L hydroxlyase
parathyroid hormone receptor &nd HCO3;™ co-transporter(Yokoo et al. 2005; Yokoo et al.
2006). Moreover, the metanephroi containing integgtdauman MSCs were transplanted into the

omentum of recipient rats and after 2 weeks becaaseularised and were able to produce fluid
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similar to urine (Yokoo et al. 2006). Importantly,order to increase the number of MSC-derived

renal structures, in all experiments, human MSCeewansduced with a virus encoding human

GDNF (Yokoo et al. 2005; Yokoo et al. 2006). At tteme time it has been shown that simple
injection of human MSCs into an isolated kidneyimueht followed byin vitro culture for 6 days

is insufficient to trigger differentiation of theekds, as the MSCs remained aggregated, did not
disperse and consequently did not form any recedphézrenal structures. MSCs also failed to

express kidney specific genes (Yokoo et al. 20B%periments performed by Yokat al led to

the conclusion that MSCs can be reprogrammed tamaegphron-specific cell types when put

into an appropriate embryonic environment (YokoaleR005; Yokoo et al. 2006).

Gdnf transduction injection of MSCs into IM of an  ex vivo culture of injected
of human MSC embryo embryo
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Figure 1.7 Technique used by Yokoo and co-workers to integsateessfully human MSCs into rodent
metanephric kidneys

Efforts have also been made using a similar metloggodescribed by Yokoet al. to induce
human MSCs to take part in the formation of thenkig collecting duct system (Fukui et al.
2009). Consequently, human bone marrow-derived M®&gressing chicken Pax2 were
transplanted into the region of the chicken emlihat was described to contain collecting duct
progenitors. Human MSCs transfected with chickern2Pacquired expression @ALL1and

WNT4 and 24h following transplantation, were showmmigrate along the elongating Wolffian
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duct. Subsequently, on th&%2lay following transplantation, integration of humeells into the

duct epithelia occurred accompanied by the acaumsidf LIM1 expression by the cells. In these
experiments, although MSCs were demonstrated égiate into the Wolffian duct, at the same
time, it was shown that they were unable to incaaf®into the ureteric bud, which gives rise

directly to the collecting ducts of the adult kign&ukui et al. 2009).

In addition, Yokoo and co-workers administered hanSCs, using the methodology earlier
described (Figure 1.7), into Fabry mice which acalate glycosphingolipids in the kidneys due
to lack of a-galactosidase A enzyme. Accordingly, analysed negthroi harbouring engrafted
human MSCs showed increasedjalactosidase A enzyme activity compared with eated
metanephroi. This was accompanied by a marked tiedua the levels of glycosphingolipids in
ureteric buds and S-shaped bodies in the metarmegtrieys containing human MSCs (Yokoo et
al. 2005). Furthermore, human MSCs isolated fromtaboblood were transplanted into the
offspring of pregnant mice carrying a deletionhe tlpha2 chain of the procollagen type | gene
(Guillot et al. 2008). The transplantation was perfed intra-peritoneallin utero at embryonic
day (E) 13.5-15. Mice harbouring this defect wereven previously to display skeletal fragility
as well as developing glomerulopathy due to defosif abnormal homotrimeric collagen type

I in the kidneys. Accordingly, injected human MS@ere found engrafted into the foetal
glomeruli, localizing among mesangial cells, in tféspring of colla2-deficient mice analysed
between 1-12 weeks of age. The injection of hum&CK was shown to reduce the occurrence
of abnormal collagen depositions in renal glomeinultihe offspring ofcolla2-deficient mice. In
addition, the presence of th2 chain of type | collagen was detected in the &idn(Guillot et al.

2008). Nevertheless, it is important to mentiort tinansplantation of human MSCs into wild-
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type animals, without any defects, did not resoltthe engraftment of the cells. This result
highlights again the essential role of renal injimy homing and engraftment of MSCs in the

kidneys (Guillot et al. 2008).

1.3.5.Controversies regarding the renoprotective and rengenic action of mesenchymal

stem cells

Observations made by several groups highlightegtitential role of bone marrow cells in renal
regeneration (Ito et al. 2001; Poulsom et al. 20BLpta et al. 2002; LeBleu et al. 2009).
However, at least two populations found in the boragrow, namely the MSCs and HSCs, may
be involved in the regeneration. According to datasented by Moriget al, MSCs have the
potential to engraft in the proximal and distal ulds and ameliorate kidney injury in the
cisplatin-induced kidney injury, while HSCs demaatt only occasional engraftment into
injured tubules and no renoprotective capacity.ttalictory results were published by Fagtg
al., comparing the engraftment potential of MSCs aedthatopoietic lineage marrow cells in
HgCl>-induced acute tubular injury in mice. Upon injumypuse hematopoietic cells were found
in renal tubules, while mouse MSCs only occasignaligrafted into the interstitium of the
injured kidneys (Fang et al. 2008). The differendssussed above could arise due to dissimilar
approaches used to induce kidney injury, like espland HgCl (Fang et al. 2008). It is also
worth mentioning that different MSC populations w@rjected in both studies. Morigt al. used
short-term cultures of MSCs still harbouring CD4dsitive contaminating hematopoietic cells,
while Fanget al administered cells obtained from a long-term weltof MSC containing no

CD45-positive cells (Morigi et al. 2004; Fang et2008).

In summary, the renoprotective effects of MSCsidn&y injury have been confirmed; however,
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not all authors could demonstrate the engraftméM®Cs into renal structures, as observed by
Morigi et al.and Herrerat al. (Herrera et al. 2004; Morigi et al. 2004). In cast; there is a vast
body of evidence showing a differentiation-indepamdaction of MSCs in experimental models
of acute kidney injury and it appears that the pame activity of MSCs plays the major role in
achieving the enhanced recovery from kidney infirygel et al. 2005; Bi et al. 2007; Imberti et
al. 2007; Semedo et al. 2007; Togel et al. 200geT@t al. 2009). Accordingly, it has been
demonstrated that injection of rat bone marrowxagli MSCs in the model of ischemia-
reperfusion acute renal failure was able to improseal function, despite that only a small
number of MSCs was detected in the injured resalg (Togel et al. 2005). Furthermore, it has
been shown that injection of conditioned mediumweel from mouse MSCs is able, in a similar
manner as the injection of the cells, to reducendydinjury in cisplatin-induced acute renal
failure. These results were also repeated imasitro model where conditioned medium derived
from mouse MSCs was shown to increase the surafvahmortalized mouse proximal tubule
cells treated with cisplatin (Bi et al. 2007). Sedpsently, some factors secreted by MSCs were
identified that mediate the enhanced recovery, tileeinsulin-like growth factor-1 (IGF-1) and
vascular endothelial growth factor (VEGF) (Imbestial. 2007; Togel et al. 2009). Both were
confirmed to be present in conditioned medium of@d3Kunter et al. 2006; Togel et al. 2007).
Accordingly, the inhibition of VEGF expression iatrbone marrow-derived MSCs resulted in
reduced functional renal recovery following ischameperfusion injury (Togel et al. 2009). In
addition, the inhibition of IGF-1 expression in nseubone marrow-derived MSCs led to lower

renoprotective potential of the cells followingmetin-induced injury (Imberti et al. 2007).

Furthermore, a recent study demonstrated pooralref MSCs during acute kidney injury. Rat
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bone marrow-derived MSC were injected intravenoudly rats following ischemia-reperfusion
injury. The analysis revealed that 1 h after infggtmost of the cells were trapped in the lung or
liver, and only very few cell could be detectedtie injured kidney, where they were detected
only in the tubulointerstitial areas. No benefiagdiect of MSC administration on renal function
was observed. Direct injection of MSCs into theatggarenchyma did result in higher numbers
of cells detected in the injured kidneys and imgbvenal function in the injured animals. Still,
MSCs were unable to repopulate the kidney in thegéo term. In addition, many cells were
found in the lungs or liver. The authors of thigdst conclude that the type of renal injury model
might have an impact on the engraftment potentfathe cells (Burst et al. 2010). Similar
observations were made by Ninichaekal who found that while the administration of mouse
bone-marrow MSCs reduced fibrosis, it did not pebtaice lacking collagen type 1¥-3 from

renal failure (Ninichuk et al. 2006).

Finally, as demonstrated by Kuntgral, administration of MSCs in the rat model of pragige
glomerulonephritis results in short-term renoprotec effects, but in the long-term, has a
detrimental effect on the kidneys (Kunter et al020 Accordingly, injured kidneys receiving
MSCs expressed significantly more collagen typdfl,land IV anda-SMA, 60 days after the
onset of injury, suggesting a fibrotic responséMi8C-treated kidneys. Furthermore, at day 60,
adipocyte-like cells were detected in about 20%hef glomeruli of MSC-treated kidneys. The
vacuoles present in these cells stained with Od Rewhich detects intracellular lipid droplets
normally observed in adipocytes. Importantly, theskts contained the fluorescent marker used
for tracking MSCs, strongly suggesting that thdscelere MSCs that had differentiated towards

the adipogenic lineage. The areas containing aglipdike cells were surrounded by a matrix
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containing collagen types I, lll, IV and cells egpsing a-SMA as well as by some

monocytes/macrophages (Kunter et al. 2007).

1.4. Other stem cells/progenitors in kidney repair and egeneration

In the section 1.3 the characteristics of MSCs amdvell as their kidney regenerative potential
have been discussed. MSCs are an adult stem qalilgimn, similarly as hematopoietic stem
cells, and therefore they have only a limited défeiation potential. On the contrary, other stem
cell type the embryonic stem cells (ESCs) are phignt. They possess the capacity to
differentiate into all three embryonic germ layeiddthough ESCs seem to be an ideal tool for
regenerative approaches, there are several edsssties associated with the use of the cells for
the purpose of regenerative medicine, such astthieaéconsiderations, as a therapy involving
human ESCs would implicate destruction of humanrgog Except ethical issues, ESCs were
found to form tumours when transplaniadvivo. Therefore only already committed populations
of differentiated ESCs might be used for clinicpplcations. Further, differently as in case of
MSCs that have low immunogenicity, transplantat@dnESCs into patients would need to be
accompanied by immunosuppression (Brignier and @&ew2010). As demonstrated by
Nussbaumet al transplantation of mouse allogeneic ESCs in thartheot only resulted in
formation of teratomas but also triggered an immuesponse against the cells. The authors
suggested that the immunogenicity of the ESCs ddricells increases in presence of
inflammatory cytokines (Nussbaum et al. 2007). BxdeSCs there exists another source of
pluripotent cells that might be used in the futimetherapy, namely the induced pluripotent stem
cells (iPSCs). These cells display similar charties to ESCs but are created from somatic

cells by transfer of particular genes. In this dase possible to obtain patient specific cellghwi
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high differentiation potential (Brignier and Gewirt2010). Nevertheless, it has been
demonstrated that also iPSCs might have immunogeoientialin vivo (Zhao et al. 2011).
Recently, a new population of stem cells has bdentified, namely the amniotic fluid stem cells
(AFSCs). AFSCs are a stem cell population that ¢oeshthe features of embryonic and adult
stem cells. The undifferentiated cells expand esitey and can be induced to differentiate
towards several lineages, including the neuroregatic and osteogenic lineages (De Coppi et al.
2007).Accordingly other stem cell/progenitor popidlas were demonstrated to be involved the
enhanced recovery in models of acute renal injsirgjlarly as it has been described for MSCs
(Bussolati et al. 2005; Dekel et al. 2006; Guptale2006; Sagrinati et al. 2006; Hauser et al.
2010; Lee et al. 2010). Similarly, other stem petigenitor types were shown to have potential
to contribute to metanephric development followingection into kidney rudiments (Kim and
Dressler 2005; Steenhard et al. 2005; Challen &08)6; Maeshima et al. 2006; Perin et al. 2007,
Vigneau et al. 2007). In the following sectionsbréef summary is given of the outcomes of
administration of other stem cells and progenitorhe models of acute renal injury, and thair
vitro differentiation potential towards renal cell typef¥able 1.1 summarizes different
methodologies used to assess the renogenic padteht@ogenitors, including MSCs, in the

metanephric environment.

1.4.1.Kidney progenitors

Multipotent renal progenitor cells (MRPC) were &eld from adult rat kidneys. When MRPC
were injected into the kidneys of rats with ischameperfusion injury, they became incorporated
into renal tubules in the cortex and outer medaha expressed the proximal tubule marker,

Phaseolus vulgarigrythroagglutinin, and the distal tubule markeamé agglutinin, as well as

38



the epithelial cell marker, zona occludens-1 (ZOHhi)addition, when injected under the capsule
of rat kidneys, undifferentiated MRPC were showridion nodules and cyst-like structures, and
integrated into the renal tubules and formed midtippibular-like structures. It has also been
attempted to differentiate MRPC toward a renal tiebage using a combination of fibroblast
growth factor 2, TGH and leukaemia inhibitory factor. Under these cbads, the cells started
to grow in aggregates and express cytokeratin a@el AGupta et al. 2006). Another renal
progenitor population that was demonstrated to ahgnto damaged kidneys was derived from
the adult mouse. These cells were shown to exphesstem cell antigen-1 (Sca-1) and lacked
CD45 expression. Also, the Sc8=D45 population was demonstrated to incorporate int@lre
tubules in mice in the ischemia-reperfusion injorgdel (Dekel et al. 2006). Direct injection of
other murine progenitors, such as mouse kidneygmitgy cells (MKPC), was demonstrated to
protect mice with ischemia-reperfusion renal injinym the renal function deterioration and to
improve renal structure following the injury. In nsequence, the mice with renal injury that
received MKPC survived longer then untreated midlemately MKPC after injection into the
medulla of normal mice were found incorporated wgssels and capillaries as well as into distal

tubules and Henle’s loop expressing Tamm-Horstgttaprotein (THP) (Lee et al. 2010).

Several groups have demonstrated the significah@renal progenitor population expressing
the CD133 antigen in the amelioration of acute &dnnjury andin vitro differentiation

(Bussolati et al. 2005; Sagrinati et al. 2006; leazzet al. 2007; Ronconi et al. 2009).
Accordingly, human CD133-positive renal progenitdesived from the cortex of normal human
kidney were injected into mice with glycerol-inddcacute kidney injury. The cells were found

in the proximal and distal tubules of injured kigaavhere they expressed the epithelial marker,
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cytokeratin. In addition, the CD133-positive cell®re shown to undergm vitro epithelial
differentiation upon stimulation with hepatocyteogth factor (HGF) and fibroblast growth
factor-4, as the cells started to express cytokergtcadherin and ZO-1, as well as renal markers
such as alkaline phosphatase, amino peptidase rnatly found in proximal tubular epithelial
cells, and the thiazide-sensitive NaCl co-transggopresent in distal tubular epithelial cells.
When injected into severe combined immunodeficied®CID) mice, they also showed
spontaneou#n vivo differentiation towards tubular epithelia, charaizied by the formation of
tubular-like structures with a lumen harbouringlsehat display short microvilli and tight
junctions, and accompanied by the expression obkeyatin, thiazide-sensitive NaCl co-
transporter and alkaline phosphatase (Bussoladl.e2005). Sagrinatet al demonstrated that
CD24'133 human adult stem cells derived from the Bowmaajssale can ameliorate glycerol-
induced kidney injury and subsequently engraft imbth proximal and distal tubules following
injury. Differentiation towards tubular cells wascampanied by the acquisition of the expression
of alkaline phosphatase and THP as well as theegplation of other renal markers like
aminopeptidase A, AQP1, AQP3, and the thiazideiseasNa/Cl transporter. Finally, the
tubular-like cells also acquired the ability topend to angiotensin Il with intracellular calcium
influx (Sagrinati et al. 2006). Correspondinglye thehaviour of adult human CDIED24 cells
derived from the Bowman’s capsule was assessednadel of adriamycin-induced renal injury
in mouse. The administration of the cells led thated functional and structural recovery of
the injured kidneys. Accordingly, the cells weregent in glomerular structures, expressing the
podocyte-specific markers synaptopodin, WT1, nepland podocin, as well tubules expressing
binding sites forLotus tetragonolobusagglutinin (LTA), a marker for proximal tubules.

Furthermore, CD13ED24 cells were differentiatech vitro towards the tubular lineage using
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HGF, and towards the podocyte lineage using vitad@rand retinoic-acid. Accordingly, tubular
differentiation resulted in the acquisition of bimgl of LTA as well as up-regulation of the
expression proximal tubule-specific genes, inclgdaminopeptidase A, aquaporin-1, aquaporin-
3, and thiazide-sensitive Na/Cl transporter. Atshene time, following podocyte differentiation,
the cells started to express podocyte markers riggghrin, WT1, synaptopodin and podocin
(Ronconi et al. 2009). Finally, a similar populatiof cells was derived from human foetal
kidneys. In the glycerol-induced kidney injury mbde SCID mice, the cells incorporated into
tubules stained with the proximal tubule markerAlL&nd the collecting duct markeddplichos
biflorus agglutinin. The cells improved the function as wedl the structural recovery of the
kidneys following the treatment with glycerol. Hilyafollowing in vitro stimulation, the cells
were shown to up-regulate expression of some impbkidney genes, such as aminopepetidase

A, aquaporin 1 and 3, thiazide-sensitive Na/Cl, afiegor THP (Lazzeri et al. 2007).

Ultimately, kidney-derived progenitors have beermdastrated to harbour the potential to
contribute to the development of different companis during nephrogenesis when injected into
metanephroi (Challen et al. 2006; Maeshima et @062 Ward et al. 2011) (Table 1.1). Among
several types of renal progenitor populations,l#ifeel-retaining tubular cells (LRTC), or kidney
side population (SP), showed renogenic potentialttf@ ' day following injection into E15 rat
kidney rudiment, the LRTC were found in and arotine ureteric buds, as well as in tubules
positive for LTA (Maeshima et al. 2006). Similarlhe SP cells (isolated from adult mouse
kidneys using their ability to efflux the Hoechsge)d, were shown to have the potential to
contribute to kidney development. After 3 days frima injection of the cells into mouse E12.5

metanephroi, SP cells were found in UBs stainedh wélbindin and Pax2, as well as in MM
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stained with Wtl and Pax2. Importantly, it was shdhat the kidney main population cells (i.e.,
the cells that were unable to efflux the Hoech&)dyere also able to engraft into UB and MM,
albeit at a much lower percentage than the SP ¢€Eltwllen et al. 2006). Finally, human
CD133/T kidney progenitors isolated from both the papdlad the cortex were injected into
E12.5 mouse kidney rudiments. Accordingly, thescdémonstrated an ability to engraft into the

tubular compartment of the metanephric kidney &tdays of culture (Ward et al. 2011).

1.4.2. Amniotic fluid stem cells

Similar to MSCs and kidney progenitors, human AR&Ee described to enhance functional and
structural recovery of mouse kidneys following gya-induced acute renal failure.
Furthermore, it has been demonstrated that follgwtheir administration, the AFSCs
differentiated into renal tubules as they staineditprely with peanut agglutinin andolichos
biflorus agglutinin in the damaged kidneys (Perin et al. @0l1nterestingly, the intravenous
injection of human AFSCs was demonstrated to leadrmore rapid recovery of renal function in
glycerol-induced acute kidney injury in comparigonMSCs. In addition, in these experiments,
MSCs were demonstrated to induce more effectiviely iroliferation of tubular cells, while
AFSC had a more pronounced anti-apoptotic effecinjured kidneys (Hauser et al. 2010).
Ultimately, AFSCs were demonstrated to contribidedeveloping renal structures following
injection into mouse metanephric kidneys. Accorflingfter 5 days from injection, human
AFSCs were found integrated into stroma and thalregsicle, C- and S-shaped bodies. This was
accompanied by expression of some human kidneyciassagenes, such &O-1, claudin and
GDNF (Perin et al. 2007) (Table 1.1). Recently, anotgesup confirmed these results by

demonstrating that human AFSCs could contributegphron formation as well as to ureteric
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bud structures during metanephric development Eietgal. 2010) (Table 1.1).

1.4.3.Embryonic stem cells

Regarding embryonic stem cells (ESCs) or ESC-devies, the cells were injected into
developing metanephroi, similarly as for kidney geoitors and AFSCs, but were found
primarily in tubular compartments (Kim and Dres2805; Steenhard et al. 2005; Vigneau et al.
2007) (Table 1.1). The injection of undifferentitESCs into E13 mouse kidney rudiments
resulted after 5 days of culture, in the formatidriarge tubule-like structures consisting of cells
displaying apical microvilli, junctional complexesd basal bodies, surrounded by a basement
membrane. Furthermore, such ESC-derived structtetsed with LTA, a marker for proximal
tubules. It has been also observed that ESCs didnno with native kidney cells to create
chimeric tubules in the metanephroi. In additionjected ESCs were rarely observed in
developing glomeruli (Steenhard et al. 2005). Otreups injected pre-differentiated ESCs into
kidney rudiments (Kim and Dressler 2005; VigneaaleR007). For instance, Kim and Dressler
used undifferentiated ESCs to form embryoid bodie3s), which after 5 days of culture, were
further induced with retinoic acid, activin-A an@rie morphogenic protein-7. Following the
induction, the cells started to express genes uabin early kidney development, suchRax2
Wt1, Wnt4 Lim1, Six2 EyalandGdnf. These differentiated ESCs engrafted into tubuldsl@.5
mouse kidney rudiments after 5 daysimfvitro culture. Furthermore, tubules generated by the
differentiated cells stained with laminin and LTK. addition, EB-derived cells that were not
induced with the nephrogenic cocktail had a lowsility to incorporate into tubules and were
found mainly in non-tubular structures (Kim and sier 2005). Another group demonstrated

that if ESCs were differentiated towards an eaglyat phenotype prior to their injection into the
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E11.5 kidney rudiment, the cells were found in phbetar aggregates after 4 days of culture.
Accordingly, when injected into the kidneys of n@sb mice, the cells incorporated into
proximal tubules. The cells used in these experimesmre derived from EBs, similarly as in the
previous study, but with the difference that thesgrevcultured in the presence of activin-A for 4
days before injection. This resulted in high expi@s levels of the nascent mesodermal marker,
brachyury which was subsequently used to divide the EB pelbulation in two separate
fractions. Interestingly, in comparison to theachyurypositive fraction, which integrated into
proximal tubules, thbrachyurynegative cells integrated into ureteric buds (Vegnet al. 2007).
Recently, it has been shown that conditioned meditom a UB culture can trigger ESCs
previously induced by retinoic acid and activin,differentiate towards a renal phenotype, as
assessed by expression of WT1, Pax2 and bindidgot€hos biflorusagglutinin (Ren et al.

2010).
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Table 1.1 Different techniques used to introduce stem alffpnitor populations into the embryonic
kidney environment with the aim of differentiatittgem towards a kidney-specific phenotype.

Stem No. of Outcome Methodology Reference
cell/progenitor cells
Human MSCs 1000 Glomerular and| Injection into intermediate | Yokoo et al.
tubular epithelium | mesoderm of a rat embrya 2005; Yokoo
and interstitium or E13 rat kidney et al. 2006
Human MSCs 50-100 Wolffian duct Injection into imteediate Fukui et al.
mesoderm of a chicken 2009
embryo
Human AFSCs 1000 Stroma, renal Injection into E12.5-E18 Perin et al.
vesicle, C- and S- mouse kidney rudiment 2007

shaped bodies

Human AFSCs 10 000 Developing Recombination of AFSCs | Siegel et al.
nephron, UB with E11.5 mouse kidney 2010
cells (1:10)
Human kidney 4500 Integration into Injection into E12.5 mouse| Ward et al.
progenitors tubules kidney rudiment 2011
Mouse ESCs 1500 Proximal tubules Injection intoE13 Steenhard et
mouse kidney rudiment al. 2005
Mouse ESC- 1000- Proximal tubules Injection into E12.5 mouse Kim and
derived progenitor§ 2000 kidney rudiment Dressler 2005
Mouse ESC- 300 Pretubular Injection into E11.5 mouse| Vigneau et al.
derived progenitorg aggregates kidney rudiment 2007
Mouse kidney 100 Ureteric buds and| Injection into E12.5 mouse| Challen et al.

progenitors condensing kidney rudiment 2006

metanephric
mesenchyme

Rat kidney 200 Interstitium,
ureteric buds,

Injection into E15 rat kidney Maeshima et

progenitors rudiment al. 2006

proximal tubules
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Aim of the study

The aim of the study is to investigate the poténtiamesenchymal stem cells (MSCs), a
multipotent cell population (Prockop 1997), to adnite to in vitro nephrogenesis by
differentiating into kidney-specific cell types e metanephric environment of mouse kidney
rudiment. MSCs might be potential candidates femstell-based renal tissue generation as they
not only exert renoprotective effects in differacute kidney injury models, but also engraft into
the tubules of injured kidneys, and to some extdifferentiate into tubular epithelial cells
(Herrera et al. 2004; Morigi et al. 2004; Qian le2808; Li et al. 2010). Moreover, human MSCs
were shown to give rise to nephron-specific celpety after they underwent specific
reprogramming in the embryonic environment of thetanephric kidney (Yokoo et al. 2005;
Yokoo et al. 2006). Additionally, human MSCs wehewn to ameliorate renal pathologies when
incorporated into embryonic kidneys containing fetefects (Yokoo et al. 2005; Guillot et al.
2008). Nevertheless to achieve a significant cbation of MSCs to metanephric development, a
sophisticated methodology is required, as demaestray Yokooet al. (Yokoo et al. 2005).
Since the direct injection of human MSCs into tleweloping kidneyin vitro, is insufficient to
enable MSC differentiation, the cells need to beegieally modified to over-express glial cell-
derived neurotrophic factor before they are injgcteto the intermediate mesoderm of an
embryo, followed byex uteroculture of the embryos (Yokoo et al. 2005; Yokdoak 2006;
Fukui et al. 2009). The current study is therefmiraed at re-evaluating the renogenic capacity of
mouse and human bone marrow-derived MSCs using & reimpler protocol described by
Unbekandt and Davies, which is based on disaggoegand subsequent re-aggregation of

mouse metanephroi (Unbekandt and Davies 2010). Adus methodology allows incorporation
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of cells from different origins into kidney rudimsnto form kidney chimeras and to determine
the contribution of the cells to nephrogenesis mim@ vitro environment, which mimics
metanephric development. Furthermore, in this stadyattempt will be made to enhance the
potential of MSCs to engraft into structures of @leping kidney chimeras by incubating the
cells with conditioned medium from a kidney celltave. The use of conditioned medium to
induce differentiation of MSCs has been describefre. It has been demonstrated that MSCs
can adopt the characteristics of the cells froncWithe conditioned medium was derived (Rivera
et al. 2006; Pan et al. 2008; Baer et al. 2009it#atet al. 2010). The conditioned medium from
neonatal kidney cells will be used in this studypte-condition both mouse and human MSCs
and accordingly the renogenic potential of pre-comeed MSC will be evaluated. Finally, the
paracrine activity of MSCs was shown to play a mapde in promoting recovery from kidney
injury (Togel et al. 2005; Bi et al. 2007; Imbeeti al. 2007; Semedo et al. 2007; Togel et al.
2007; Togel et al. 2009). However, it is not cledrat effect factors secreted by MSCs might
have on embryonic kidneys. Therefore the paraaat®n of MSCs on metanephric kidneys will

be additionally assessed in this study.

The following is a summary of the most importassuiss addressed in this study:

* the ability of the MSC to contribute to developirenal structures in a chimeric kidney

culture assay based on the protocol of UnbekardiDavies

» the potential of other cells, such as embryonienstells and neonatal kidney cells, to

contribute to developing renal structures usingatetocol of Unbekandt and Davies

» the renogenic potential of MSCs pre-treated witimdiitoned medium derived from
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neonatal kidney cells using the protocol of Unbeltaand Davies

the effects exerted by MSCs on embryonic kidneyetigpment
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Chapter 2: Material and methods

2.1.Primary cells and stem cell lines

2.1.1.Mesenchymal stem cells

Mouse mesenchymal stem cells

Mouse mesenchymal stem cells (MSCs) used in thdysivere the D1 MSC line, derived from
bone marrow of BALB/c mice (Diduch et al. 1993).eTD1 line was purchased from ATCC

(CRL-12424).

Human mesenchymal stem cells

Primary human MSCs were obtained from bone marrdwhealthy donors following
immunodepletion of CD45 cells. Human MSCs were pased from Lonza (Lonza Walkersville,

Inc., USA)

2.1.2.Mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEFs) were isolateahfrmouse embryos at embryonic day (E)

11.5-12.5. The isolation protocol is describedant®n 2.2.8.

2.1.3.Mouse embryonic stem cells

Mouse embryonic steam cells (ESCs) used here \werE14 line, established from mouse strain
129/0Ola by Martin Hooper (Hooper et al. 1987). EESICs were obtained from Mark Boyd at the

University of Liverpool.
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2.1.4.Mouse neonatal kidney cells
Mouse neonatal kidney cells (NKCs) were derivednfiadney of CD-1 mice by Cristina Fuente

Mora at the University of Liverpool (Mora 2009). lsolation protocol is briefly described in

section 2.2.5.

2.2.Cell culture

2.2.1.Cell thawing protocol

In order to thaw cells employed in this study, eigts containing frozen cells were removed
from the liquid nitrogen container and promptlyniséerred into a water bath at°87 As soon as
the cells thawed, the cell suspension was traresfanto a 15ml conical tube (Greiner Bio One,
UK) filled with pre-warmed standard culture medi(see section 2.11.1). Subsequently the cells
were centrifuged at 4@0for 2.5 min and the supernatant discarded. Acagigithe cell pellet
was resuspended in appropriate culture medium &weg in a humidified incubator (Thermo

Fisher Scientific Inc., USA) at 3C, 5% CQ (v/v) in air.

2.2.2.Cell freezing protocol

In order to freeze cells used in this study, thelioma was aspirated, the cell cultures were
washed once with Dulbecco’s Phosphate Bufferedn&alPBS) without Cagland MgC}
(Sigma-Aldrich, USA) and subsequently incubatechvdt25% trypsin/EDTA (Sigma-Aldrich)
solution at 37C for 1-5 min. Depending on size of the culturehdian appropriate volume of
trypsin/EDTA solution was added. Accordingly, calldtured in 3.5 cm dishes were incubated
with 0.5ml of 0.25% trypsin/EDTA solution. Next,ehrypsin reaction was stopped by adding

1ml of pre-warmed standard culture medium (seeémse@.11.1) to the dish. The obtained cell
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suspension was transferred into a 15ml conical tabé centrifuged at 4@0for 2.5 min.
Following the centrifugation, the supernatant wesatded and the cell pellet resuspended in
Recovery™ Cell Culture Freezing Medium (Invitrog&l§A). Accordingly, cells obtained form
3.5 cm dish were resuspended with 1ml of the Ragd¥eCell Culture Freezing Medium. The
cell suspension was then divided between two cajs\{lCorning, Holland), which were then left
overnight in a freezing container (Nalgene, DenméHted with isopropanol (Sigma-Aldrich) at
-80°C, to facilitate slow freezing of the cells. Nexydhe cryovials were transferred into a liquid

nitrogen container.

2.2.3.Cell passaging

All cells used in this study were adherent celtsotder to passage the cells, culture medium was
aspirated and the cultures were washed once witB WBhout CaCl and MgC}. Next the
cultures were incubated with 0.25% trypsin/EDTAg{8a-Aldrich) solution at 3T for 1-5 min.
The appropriate volume of trypsin/EDTA solution wadded to sufficiently cover the cells. In
order to stop the action of trypsin 1ml of pre-watrstandard culture medium (see section 2.11)
was added to the dishes. Next the cell suspensamntrmansferred into a 15ml conical tube and
centrifuged at 409 for 2.5 min. The supernatant was discarded anddhellet resuspended in
warmed culture medium. D1 cells and NKCs weregpsnded in standard culture medium (see
section 2.11.1); human MSCs were resuspended tareuhedium provided by the manufacturer
(Lonza); MEFs were resuspended in MEF culture nmmadfsee section 2.11.1); ESCs in ESC
culture medium (see section 2.11.1). Usually tHis egere passaged in 1 to 3 or 1 to 4 ratios. In
order to obtain exact number of cells followingat#tment, the cells were counted beforehand

using a Neubauer haemocytometer (Hausser ScieriiBa).
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2.2.4.Routine mesenchymal stem cell culture

Mouse mesenchymal stem cells

D1 cells were cultured in standard culture medig®e(section 2.11.1) on uncoated plastic
culture dishes (Nunc, Denmark) in a humidified ioator at 37C, 5% CQ. The cells were
passaged 1 to 3 or 1 to 4 every 2-3 days accotditige protocol in section 2.2.3. D1 cells were

used be between T@nd 3¢' passage.

Human mesenchymal stem cells

Human MSCs were cultured according to the manufactiinstructions (Lonza). In brief, the
cells were maintained in Mesenchymal Stem Cell Gnoedium (MSCGM™) on uncoated
plastic culture dishes (Nunc) in a humidified inatdr at 37C, 5% CQ. The medium was
changed every 3-4 days. The cells were passagedxampately once a week when the cultures
reached around 90% confluency. Subsequently thés eeére seeded, according to the
instructions provided by Lonza, at 5,000-6,000cekr cm of surface area. Human cells were

used up to 8 passage.

2.2.5.Preparation of mouse neonatal kidney cells

NKC cultures were first established by Cristina iteeMora at the University of Liverpool
(Mora 2009). In brief, the cells were isolated frardneys of 2—-6 days old CD-1 mice, cut into
<1 mm pieces and incubated for 20 min at 37°C img/tmh collagenase type | (Sigma-Aldrich)
and 0.1mg/ml deoxyribonuclease | (Sigma-Aldrich)Hank's Buffered Salt Solution (HBSS)
containing calcium and magnesium (Invitrogen). Baspension was washed with HBSS and

incubated with 0.5mM EDTA (Sigma-Aldrich) for 20 miat 37°C. Next the suspension was
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passed through 2l1-gauge and 23-gauge hypodermidlesed¢Becton Dickinson, USA),
centrifuged at 20§ and resuspended in HBSS cells were passed tho@@hna pre-separation
filter. The obtained cell suspension was culturadibronectin coated dishes in the presence of

conditioned medium derived from the STO embryonause fibroblast cell line.

2.2.6.Routine mouse neonatal kidney cell culture

NKCs used in this study were cultured under preslipulescribed conditions (Mora 2009).
Accordingly NKCs were maintained in standard c@toredium (see section 2.11.1) on uncoated
plastic culture dishes (Nunc) a humidified incuba&b37C, 5% CQ. The cells were passaged 1
to 3 or 1 to 4 every 2-3 days as described in th&opol in section 2.2.3. The cells were used be

between % and 1%' passage.

2.2.7.Gelatinization of culture dishes

Some culture dishes were coated with 0.1% (w/vatged solution (see section 2.11.2) before
seeding the cells. Accordingly, 3.5 cm culture dsshvere incubated with 2ml of the gelatine
solution in room temperature for 15 min. Subseqyethe dishes were washed 3 times with

warm PBS and used to culture MEFs and ESCs.

2.2.8.Preparation of mouse embryonic fibroblasts

MEF cultures were established as follows: CD-1 BAI2.5 mouse embryos were decapitated,
eviscerated and minced into small pieces. Aftert, thhhey were incubated with 0.25%
trypsin/EDTA (Sigma-Aldrich) at 3T for 20-30 min. The reaction was stopped by addikd-
culture medium (see section 2.11.1). The obtairdidsaspension was allowed to adhere to a 10

cm culture dish (Corning) in 3T, 5% CQ humidified incubator for 3-4 days. Subsequently
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when the primary cultures reached around 90% oflwemcy they were passaged 1 to 3 on
gelatinized dishes. When the cultures reached gasdathey were treated with &§ml
mitomycin C (Sigma-Aldrich) which covalently binds the DNA crosslinking complementary
DNA strands thus preventing further proliferatiohthe treated cells. To obtain appropriate
concentration of mitomycin for a 10 cm culture ¢Sl of MEF medium was mixed with 100

of previously prepared 2mg/ml mitomycin C in PB&xY the treated cells were incubated for 2-
3 h in a humidified incubator at 32, 5% CQ. After the incubation, the cells were washed three
times with PBS and were prepared for freezing arit®ed in section 2.2.2. The cells were
frozen at a final cell density of 2 million cells Lml of freezing recovery medium per cryovial.
In order to be used in subsequent experiment, th@mycin C treated MEFs, also referred as

inactivated MEFs, were thawed according to theqmaltin section 2.2.1.

2.2.9.Routine mouse embryonic fibroblast culture

In this study, inactivated MEFs were used as feddgers for mouse ESCs and to obtain
conditioned medium for mouse MSC stimulation. Theliscwere thawed using the protocol

described in section 2.2.1. The cells were thedes®n 3.5 cm gelatinized dishes (Nunc) (see
section 2.2.7). From each cryovial 3 dishes weepgmed. The cells were allowed to attach
overnight in a humidified incubator at &7, 5% CQ before use. Accordingly, the inactivated

MEFs were maintained in MEF medium in°87 5% CQ humidified incubator for a maximum

of 2 weeks. The medium was changed every other day.

2.2.10.Routine mouse embryonic stem cell culture

Mouse ESCs were cultured on a monolayer of inad/dMEFs in ESC culture medium (see

section 2.11.1) in humidified incubator at°87 5% CQ. The medium was changed every
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other day. The cells were passaged 1 to 4 everg&®d (see section 2.2.3). To ensure absence of
the fibroblasts in the recombination experimentstiie chimeric kidney assay, see section 2.6),
ESCs were cultured in the presence of ESC cultuedium on gelatinized dishes but in the
absence of feeder cells for two subsequent passagescells were used betweerf"land 2"

passage.
2.3. Conditioned medium treatment

2.3.1.Conditioned medium preparation

In this study, different conditioned media weredise stimulate either D1 cells or intact kidney
rudiments. In order to obtain conditioned mediuomfrNKCs (NKC CM), sub-confluent cultures
of NKCs were cultured in standard culture mediumZalays before medium collection. In order
to obtain conditioned medium from MEFs, confluemdtivated MEF were maintained in MEF
culture medium for 2 days before the collectiontirddtely, in order to derive conditioned
medium from D1 cells (MSC CM), sub-confluent cuétsirof D1 cells were cultured in standard
culture medium for 1 day before the collection. Tbellected conditioned media were
centrifuged at maximum speed in a table-top cargéffor 3 min. Subsequently, the supernatant
was collected and filtered with 0.22um syringe efilt(Sartorius Stedim Biotech GmbH,
Germany). Conditioned media were then stored ifC2Mefore use, they were thawed and
mixed with fresh standard culture medium in a ratiol:1. In order to achieve different
concentrations of NKC CM, Vivaspin centrifugal alfiltration devices (Sartorius Stedim

Biotech GmbH, Germany) were used.
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2.3.2.Stimulation with conditioned medium

Stimulation of mesenchymal stem cells

In order to increase renogenic potential of D1scele cells were stimulated with NKC CM for 4
days. Accordingly, 2.5xFD1 cells were seeded in an uncoated 3.5 cm cufiste(Nunc) in the

presence of NKC CM 1:1 mixed with standard cultoredium and incubated for 4 days in
humidified incubator at 3T, 5% CQ. The conditioned medium was replaced with a fresh

on the second day of culture. Subsequently the sameitions were used to stimulate D1 cells
with MEF CM. In order to pre-condition human MSGap-confluent human cultures were used.
The cells were incubated with NKC CM 1:1 mixed wstiandard culture medium for 4 days in a

humidified incubator at 3T, 5% CQ.

Stimulation of intact kidney rudiments

In order to assess if MSCs may exert an indirefegicefon metanephric development vitro,
intact kidney rudiments were cultured for 3 dayshie presence of conditioned medium derived
from D1 cells (MSC CM) or D1 cells previously stitated with NKC CM (sMSC CM). MSC
CM used in these experiments was obtained fromcsulffiluent MSCs cultures after 1 day of
conditioning. In order to collect sSMSC CM, D1 cuks were first stimulated with NKC CM for
4 days. The cultures were subsequently washed RBB and the medium was changed to
standard culture medium. After 1 day the condittbmeedia was collected and prepared for
stimulation. Accordingly E11.5 kidney rudiments abed from littermate embryos were
cultured in the presence of MSC CM or sMSC CM migetwith standard culture medium for 3

days. The condition for embryonic kidney cultureléscribed in detail in section 2.5.2.
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2.4.1n vitro multilineage differentiation protocols

2.4.1.Adipogenesis assay

Mouse mesenchymal stem cells

The adipogenic assay was performed as describetbpsty by Peisteet al (Peister et al. 2004).
Accordingly confluent D1 cultures were stimulatedice a week with adipogenic inductive
media (see section 2.11.1). After 2 weeks the eafie fixed with 4% paraformaldehyde (w/v)
(PFA) (see section 2.11.2) for 10 min and subjedtednalysis. At the same time the non-
induced cells were cultured in standard cultureiomadintracellular lipid vacuoles were detected
using Oil Red O staining. Accordingly the cells weatovered with 0.5% (w/v) Oil Red O
solution (see section 2.11.1) diluted 3:2 in wakefiore use. For a 3.5 cm culture dish 1ml of Oil
Red O solution was used. The dishes were inculfated5 min at room temperature. In this
solution lipid droplets were stained red. Subsetijyehe cells were washed several times with
large volumes of b0 to get rid of excess of the solution. Finally 1lonlH,0 was added to the
dishes and images of stained cultures were acquisgtgy Leica DM2500 microscope and

DFC350FX camera.

Human mesenchymal stem cells

Human MSCs were confirmed to undergo adipogenesigyDifferentiation Media BulletKit®
(PT-3004) supplied by Lonza according to manufastarinstructions. In brief, the adipogenic
assay was started when human MSC reached conflu€hoge cycles of induction/maintenance
were performed using the adipogenic inductive amihtenance medium. Each cycle consisted

of incubating the cells with supplemented adipogenénduction medium (Lonza) for 3 days
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followed by 1-3 days of culture in supplementednvatipogenic maintenance medium (Lonza).
At the same time, non-induced control cells werkuced in maintenance medium only. Finally,
the cells were cultured for the next 7 days in riemance medium, replaced every 2-3 days. The
lipid vacuoles were detected as described abovenfarse MSCs, using the Oil Red O solution

(see section 2.11.1) after the cells were fixedh vito PFA.

2.4.2.0steogenic assay

Mouse mesenchymal stem cells

The osteogenic assay was performed as describeysty by Peisteet al (Peister et al. 2004).
Confluent D1 cultures were stimulated twice a wagkh osteogenic inductive media (see section
2.11.1). At the same time the non-induced cellseveeiitured in standard culture medium. After
2 weeks the cells were fixed with 4% PFA for 10 raid calcium deposits visualised using 2%
(w/v) Alizarin Red S solution (see section 2.11af8)usted to pH 4.2 with ammonium hydroxide
(Sigma-Aldrich). For a 3.5 cm culture dish 1ml dizarin Red S solution was added. The dishes
were incubated for 20 min at room temperature. deftular calcium deposits produced by
osteoblasts were stained red/orange. Subsequhbastlyetls were washed several times with large
volumes of HO to get rid of excess of the solution. Finally lohlH,0 was added to the dishes
and images of stained cultures were acquired usénga DM2500 microscope and DFC350FX

camera.

Human mesenchymal stem cells

Human MSCs were confirmed to undergo osteogenasig) WDifferentiation Media BulletKit®

(PT-3002) supplied by Lonza according to manufastarinstructions. In brief, human MSCs
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were plated at a density of 3.1X¥r cnf of tissue culture surface area in Mesenchymal Stem
Cell Growth Medium (Lonza). The cells were allowedadhere for 24 h. In order to induce
osteogenic differentiation the growth medium wagdaeed with osteogenesis induction medium
(Lonza) and the cells were cultured in the indwetivedium for the next 2 weeks. Medium was
changed every 3-4 days. The non-induced controlamuMSCS were maintained for the same
period of time in growth medium. The calcium deposiere detected as described above for
mouse MSCs, using Alizarin Red S solution (seei@e@.11.2) after the cells were fixed with

4% PFA.

2.4.3.Chondrogenic assay

The chondrogenic assay was performed as descrippeBelsteret al (Peister et al. 2004).
Accordingly, 3x16 D1 cells were spun down to form a pellet at thetdsot of a 15ml
polypropylene tube. The supernatant was carefuigadded, in order not to disturb the pellet
and 0.5ml of chondrogenic inductive media (seei@e@.11.2) was added. The cells were then
stimulated twice a week with this medium. After 2aeks the micromass (pellet) culture was
fixed with 4% PFA for 20 min and 1@ cryosections were prepared. For this purpose the
micromasses were washed with PBS 3x10 min and atedbovernight in 15% (w/v) sucrose
solution (see section 2.11.2) &4 The sucrose solution was aspirated and the masses then
embedded using cryo-embedding medium (Bright Imsémit Ltd., UK) and frozen using liquid
nitrogen-chilled isopentane (Sigma-Aldrich). Frozmitures were cut at -2C using a cryostat
(HM505, Microm International, Germany) with C35 Hear microtome blades (VWR, UK).
Subsequently the sections were transferred ontbeslliglass microscope slides 76x26x0.8mm

(VWR). Frozen sections were stored at°@0The subbed slides were prepared as follows:
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slides were soaked for 10-15 min in absolute eth@ooiversity of Liverpool solvent service)

and washed 5x in distilled water. Then they weeated with a solution of 0.5% (w/v) porcine
gelatine (Sigma-Aldrich) and 0.05% (w/v) CrKSO4dgisia-Aldrich) in distilled water for 25 sec

and allowed to dry before being stored for futuse.uln order to visualize chondrogenic
differentiation, 1% (w/v) Alcian Blue solution (sesection 2.11.2) was used to detect
extracellular proteoglycans. Accordingly the frozeections were incubated with 0.1N HCI
(Invitrogen) for 5 min in room temperature prionising. Next the solution was applied onto
sections and incubated for 30 min at room tempezattinally the sections were washed twice
with 0.1N HCI. The images of stained sections waguired using Leica DM2500 microscope

and DFC350FX camera.

2.5.Cell labelling

2.5.1.Quantum dot labelling

For Quantum dot (QD) labelling, the Qtracker® 65&llQC abelling Kit (Invitrogen) was used
according to manufacturer’s instructions. Firstl, df component A (QD nanocrystals) and bf
component B (carrier) were mixed in a microcengduube and incubated for 5 min at room
temperature. In order to obtain the 10nM final entcation of the QDs for labelling, 2000f
standard culture medium was added to mixed compsrserd subsequently vortexed for 30 sec
at room temperature. The labelling solution waseddtb a suspension of the appropriate cell
type and incubated in humidified incubator at@;7/5% CQ for 45-60 min. In order to obtain the
cell suspension, the adherent cultures of MSCs, NKC ESCs were treated with 0.25%
trypsin/EDTA as described in section 2.2.3 befoi2 i@belling. Following labelling, the cells

were centrifuged at 4@0for 3 min and the supernatant aspirated. Fin#tlg,cells were washed
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four times with standard culture medium to remomg @Ds that had not incorporated into the
cells. In order to test efficiency of QD-labellinigbelled D1 cells were resuspended in 2ml of
standard culture medium, seeded at 2.8xh0uncoated 3.5 cm culture dishes and cultured for
days at 37C, 5% CQ. Ultimately, QD-labelled cells resuspended in dead culture medium

were used in the chimeric kidney assay (see se2t)n

2.5.2.CFDA SE labelling

For CFDA SE (carboxyfluorescein diacetate succidyhiester) labelling, the Vybrant® Cell
Tracer Kit (Invitrogen) was used. Initially 10mM OR SE stock solution was prepared by
dissolving the contents of Component A (CFDA SE)9@u of Component B (dimethyl
sulfoxide). Next, the stock solution was dilutedréach 0.5M working concentration in high
glucose Dulbecco’s Modified Eagle Medium (Sigma+4dt). The labelling was performed on
D1 cells in suspension, similarly as described @D labelling. Accordingly, cells were
incubated with the labelling solution in a humiddi incubator at 3T, 5% CQ for 45 min.
Subsequently the cells were centrifuged atgdf® 5 min and the supernatant aspirated. They
were washed three times with standard culture medNext the cells were seeded at 2.5di0
uncoated 3.5 cm culture dishes and cultured faays ét 37C, 5% CQ, in order to compare the

effectiveness of labelling with CFDA SE and QDs.

2.5.3.Lentiviral transduction

For constitutive expression of green fluorescemten (GFP), mouse MSCs were transduced
with pHR-SFFV-GFP a lentiviral vector encoding emted GFP under the spleen focus-forming
virus (SFFV) promoter. The lentiviral supernatammntaining the GFP vector, was obtained from
Sokratis Theocharatos at the University of Livedp@&efore the transduction, D1 cells were
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seeded at 2.5x2®n uncoated 3.5 cm culture dishes in standardireutnedium and allowed to
adhere for 1 h. Next the medium was discarded hadcells were maintained for 6 h in the
presence of 2Q0 lentivirus supernatant mixed with 18d0standard culture medium in
humidified incubator at 3T, 5% CQ. Following the incubation the medium was replac&ith
standard culture medium and the transduced cells wdtured for 3 days at 32, 5% CQ. On
the third day GFP expression was verified usingcdeDMIL fluorescent microscope (Leica,
Germany). GFP-transduced D1 cells were culturedieasribed for non-modified cells in section

2.2.4.

2.5.4.Immunostaining of human mesenchymal stem cells

In this study a mouse anti-human nuclei antibody waed to detect human MSCs. First the
suitability of the antibody was determined in a mwiayer culture in a 3.5 cm culture dish.
Accordingly, the culture medium was discarded anchéin MSCs were fixed with -20°C 100%
methanol (Sigma-Aldrich) for 10 min at room tempera. Next, the methanol was aspirated and
the fixed cells washed with PBS (see section 2)1102 30 min at room temperature.
Subsequently, the PBS was aspirated and the celte wcubated in the blocking solution
containing 0.1% (v/v) Triton X-100 (Sigma-Aldricand 10% (v/v) goat serum (Sigma-Aldrich)
in PBS for 45 min which was then replaced with @iynantibody solution containing 0.1% (v/v)
Triton X-100 and 1% (v/v) goat serum in PBS andO00:2iluted mouse anti-human nuclei
antibody (MAB1281, Millipore). The cells were incatled with the primary antibody solution
overnight at 4°C in a humidified chamber. Next dhg cells were washed 1 h in PBS and
subsequently incubated with secondary antibodytisolicontaining 0.1% (v/v) Triton X-100 and

1% (v/v) goat serum in PBS and 1:500 diluted gaati-mouse Alexa Fluor488 antibody
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(A21121, Invitrogen) for 2 h at room temperaturaihumidified chamber in dark. Then the cells
were washed for 30 min with PBS and incubated fomiin in dark in the presence of 4',6-
diamidino-2-phenylindole (DAPI) (Invitrogen) dilutel:100 000 in PBS in order to visualize
nuclei of the cells. Finally, the cells were wasltlecte times with PBS and mounted with 80%
(v/v) glycerol (Sigma-Aldrich) in PBS and coverpdi Stained human MSC cultures were
observed using Leica DM2500 microscope and imagese vacquired using the DFC350FX
camera. Blocking solution and subsequent primarg secondary antibody solutions were
centrifuged before use at 13 40fdr 5 min in a table-top centrifuge (Sanyo, Japanontrol
was included where the primary antibody was omithexin the primary antibody solution.
Ultimately the anti-human nuclei antibody was ugeddetect human MSCs in the kidney

chimeras, according to the protocol described atice 2.7.1.

2.6.Metanephric kidney culture

2.6.1.Dissection of mouse kidney rudiments

In order to obtain kidney rudiments in this studypuse embryos were dissected from timed-
mated pregnant CD1 mice (Charles River) at embryday (E) 11.5 and 13.5. The dissection
protocol was performed as described earlier by &ayDavies 2010). Accordingly, mice were
sacrificed by cervical dislocation and the uterirens were removed and placed into a 50ml
conical tube at 4C. Subsequently the uterine horns were transfemeda dish with cold high
glucose Dulbecco’s Modified Eagle Medium (DMEM) @8ia-Aldrich) and the embryos were
removed from the uteri and cleaned from extra-eicy membranes using forceps and small
scissors. Then the embryos were decapitated andatiaal parts were removed and transferred

to a new dish filled with DMEM. The tail was remavand the caudal parts were placed on their
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dorsal side and cut sagittally in half, then thénldy rudiments were dissected using 27 gauge
hypodermic needles (Becton Dickinson) under a ssm@pic microscope Nikon SMZ1000
(Nikon Instruments Inc., USA). Following isolatiothe kidney rudiments were transferred into
dishes filled with DMEM using a glass pipette aa@cpd in a humidified incubator at 37, 5%
CO.. Kidney rudiments dissected using the protocotdlesd above wer@ vitro cultured (see
section 2.5.2), as well as used for the chimemin&y assay (see section 2.6) or RNA extraction

(see section 2.8.1)

2.6.2.Culture of mouse kidney rudimentsin vitro

In order to culturen vitro kidney rudiments dissected mouse embryonic kidmeyre transferred
using a glass pipette onto a (n2 membrane filter (Millipore, USA) and placed onTeowell
screen (a grid made from stainless steel mesh gidrich)) (Figure 2.1). The grid supports
kidney growth as the culture has to be performethatgas/medium interface (Davies 2010).
Embryonic kidneys were cultured in the presencstaridard culture medium (see section 2.11.1)
at the gas/medium interface in°€7 5% CQ humidified incubator. The intact kidney rudiments

were analysed using immunostaining, as describeddtion 2.7.

kidney rudiment

medium

metal grid

filter

Figure 2.1 Culture condition for kidney rudimenits vitro.
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2.7.Chimeric kidney assay

Disaggregation, subsequent re-aggregation and reultd re-aggregated mouse embryonic
kidneys has been reported previously (Unbekandt@andes 2010). In the current study this
protocol was used to incorporate different stenfsdato mouse kidney rudiments. Accordingly
the embryonic kidneys were dissected from embry@sla.5 from pregnant CD-1 mice (Charles
River), as described in section 2.5.1. Kidney ruwehis were transferred into a 1.5ml
microcentrifuge tube (Eppendorf, Germany) and djsagated using 1ml of 0.25%
trypsin/EDTA (Sigma-Aldrich) in high glucose Dullmes Modified Eagle Medium (Sigma-
Aldrich) for 4 min at 37C. After the incubation, the rudiments were mixesing a Gilson
pipette. If no single cell suspension was obtaiagdr the first incubation step, the rudiments
were incubated for an additional 1-2 min at@7Next the embryonic kidney cell suspension was
spun down at 4@pfor 2 min, the trypsin/EDTA discarded and 1ml tdrglard culture medium
(see section 2.11.1) was used to resuspend tlse Thls was followed by incubation for 5 min at
37°C. After that the suspension was spun down ag4002 min and resuspended in 200f
standard culture medium. Finally, kidney cells weoeinted using a haemocytometer. Labelled
stem cell suspension was mixed with the embryordady cell suspension in a ratio of 1:5 to
reach approximately 100 000 cells in total. Theonelsined cells were spun down at ¢0dor 2
min to form a pellet which was then transferrechgsa glass pipette on a L membrane filter
(Millipore) supported by a metal grid. Re-formed@gonic kidneys containing labelled stem
cells were cultured for 5 or 7 days in standardutal medium at the gas/medium interface in
37°C, 5% CQ humidified incubator, as demonstrated in sectidh22 For the first 24h the

standard culture medium was supplemented wiflM 5Y-27632 Rho kinase inhibitor
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(Calbiochem) to promote the survival of the refodmedneys (Unbekandt and Davies 2010).
Medium was changed every second day. After 5 aays dhe chimeras were immediately fixed

with 100% methanol or 4% PFA and analysed usingumwstaining (see section 2.8).

2.8.Immunostaining of intact kidney rudiments and kidney chimeras

In this study both intact kidney rudiments and geragated kidney chimeras were fixed with
ice-cold (stored at -2@) 100% methanol for 10 min at room temperaturahi@ dark. An
exception was made for chimeras harbouring D1 eelfgessing GFP as it was found that the
GFP signal was lost after methanol treatment. Adiogty such chimeras were fixed with 4%
PFA in PBS for 30 min at room temperature in thekdm order to perform the fixation step the
culture medium was aspirated and replaced witheeithethanol or PFA until the filters with
cultured kidney rudiments and chimeras startedldat.f After the fixation specimens were
transferred into 1.5ml microcentrifuge tubes ankseguently washed with PBS for 30 min and
blocked with a blocking solution containing 10%wvjvgoat serum and 0.1% (v/v) Triton X100 in
PBS for 45 min at room temperature in the dark. tNe specimens were transferred into
primary antibody solution containing 0.1% (v/v) ton X-100 and 1% (v/v) goat serum in PBS
and appropriate antibody or antibodies to incubaternight at 4°C in dark. All primary
antibodies used in this study and their workingosortrations are listed in Table 2.1. In addition,
for chimeras harbouring human MSCs, an anti-humatib@dy (MAB1281, Chemicon) was
included in the primary antibody solution, dilutdd?00. Subsequently the specimens were
washed for 1 h in PBS and incubated with secondatipody solution containing 0.1% (v/v)
Triton X-100 and 1% (v/v) goat serum in PBS andrappate secondary antibody or antibodies

overnight at 4°C in the dark. All secondary antilesdused in this study and their working
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concentrations are listed in Table 2.2. In ordevisnalize human MSCs in the kidney chimeras,
goat anti-mouse Alexa Fluor488 antibody (A2112,ithmgen) was added to the secondary
antibody solution diluted 1:500 in the mix. Finalllhe stained kidneys and chimeras were
washed for 30 min with PBS at room temperatureairk édnd mounted using 80% (v/v) glycerol
(Sigma-Aldrich) in PBS and cover slips. Nail polisas applied onto edges of cover slips to seal
the samples. Accordingly the slides were storecatird°C in dark. Blocking solution and
subsequent primary and secondary antibody solutieare spun down before use at 13 g0t

5 min in a table-top centrifuge (Sanyo). Contradmsisted of samples where primary antibody
was omitted. The images were acquired using Lei€@B8 SP2 confocal laser scanning

microscope (Leica).

2.9. Confocal imaging

The confocal analysis was performed on whole maeaaggregated kidneys and kidney
chimeras. The images were acquired either as @gksor single plane in the 1024x1024 format.
In order to simplify the statistical analysis of M$ntegration into kidney structures, only single
plane images were used in the study. In order taimlmages containing merged green, red and
blue channels ImageJ software was used. To obyaistacks (3D Series) the beginning and end
of the 3D series was determined using the Leicawsoé. In order to define the frequency of
sampling required to capture the z resolution,dpemal number of sections suggested by the
software was selected. For imaging of AlexaFluor48&citation/emission of 495/519nm),
enhanced GFP (excitation/emission of 488/507nmyvedsas quantum dots (excitation/emission
of 488/655nm) the argon laser was used. The hefieon laser and the ultraviolet laser were

used for imaging of AlexaFluor594 (excitation/enoss of 590/617nm) and AlexaFluor350
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(excitation/emission of 346/442nm), respectivelyr Feach sample the gain and offset were
adjusted separately. To regulate the intensityhefacquired signal, the Q-LUT option was used
in the Leica software. Consequently, the regionstaaing signal were set up not to have any
green, while the background intensity was set ugraen pixels. Further, only few saturated,
blue pixels were allowed in the areas containignal. Other parameters used to acquire the
images included: beam expander — 6, scan spee@Hz4pinhole — airy, frame average — 4, line

average — 2.
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Table 2.1Primary antibodies used for immunostaining of kigichimeras

Antibody Type Concentration Supplier
anti-wtl mouse I1gG1 1:500 05-753/Upstate
monoclonal
anti-wtl rabbit IgG 1:200 SC-192/Santa Cruz
polyclonal Biotechnology
anti-laminin rabbit IgG 1:1000 L9393/Sigma-Aldrich
polyclonal
anti-calbindin mouse IgG1 1:500 ab9481/Abcam
monoclonal
anti-Six2 rabbit IgG 1:200 11562-1-AP/Proteintech
polyclonal
anti-human mouse 1gG1l 1:200 MAB1281/Millipore
nuclei monoclonal

Table 2.2Secondary antibodies used for immunostaining drfiéy chimeras

Antibody Type Concentration Supplier
anti-rabbit AlexaFluor350 goat IgG 1:500 A11046itrgen
anti-mouse AlexaFluor350 goat IgG1 1:500 A21120thogen
anti-mouse AlexaFluor488 goat IgG1 1:500 A21121lithogen
anti-mouse AlexaFluor594 goat IgG1 1:500 A21125thogen
anti-rabbit AlexaFluor594 chicken 1gG 1:500 A21442itrogen

2.10.Molecular biology

2.10.1.RNA extraction

Total RNA was isolated using TRIzol® reagent (Inmgen) according to manufacturer’'s
instructions. In brief, in order to extract RNA finocells, culture medium was aspirated and the

cells were washed with PBS. After the PBS was dizh 1ml of TRIzol® reagent was directly
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add to the cultures and gently mixed until a hommogs suspension was obtained. The lysed
cells were subsequently transferred to a 1.5ml onemtrifuge tube. In order to extract RNA
from embryonic kidneys, kidney rudiments were cdbel at the bottom of a microcentrifuge
tube and 1ml of TRIzol® reagent was added. Theenuspn was vigorously mixed using Gilson
pipette until a homogenous suspension was obtahext 20Qu of chloroform (Sigma-Aldrich)
was added to the homogenous mixture. The tubes slaken for 15 sec and subsequently
centrifuged at 12,0@pfor 15 min at 4°C. Following the centrifugatioegtthree phases could be
distinguished. For the purpose of RNA extractiofydhe upper aqueous phase was collected.
Nevertheless it is possible to perform sequentiatipitation of RNA, DNA and proteins from a
single sample using the TRIzol® reagent. Accordmghe manufacturer’s instructions, RNA is
obtained from the aqueous layer using isopropamblle the DNA can be precipitated with
ethanol from the two other phases, namely the phese and the organic layer. Subsequently
proteins are precipitated from the phenol-ethanglesnatant layer left over after the DNA
precipitation step. In order to obtain RNA, the epphase was transferred into a new
microcentrifuge tube containinqud/ul of glycogen (Boehringer Mannheim GmbH, Germany)
and an equal volume of isopropanol (Sigma-Aldri@pproximately 0.5ml) was added. Next the
solution was mixed 6 times by inversion. Followiogernight incubation at -20°C, the solution
was centrifuged at 12,09Gor 10 min at 4°C and the supernatant was disdar@iee obtained
pellet was then washed with 1ml of cold 75% (v/thamol (Sigma-Aldrich) in nuclease-free
water (Sigma-Aldrich) and centrifuged at 4,40f@r 5 min at 4°C. Finally, the ethanol was
discarded and the pellet was allowed to air dryféer minutes at room temperature. The pellets,

depending on size, were dissolved in 1pd2tuclease free water (Sigma-Aldrich) and subjected
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to DNase treatment (see section 2.9.2).

2.10.2.DNase treatment

Before cDNA synthesis, DNase treatment was perfdrime order to remove contaminating
genomic DNA from RNA samples. Accordinglypl8RNA, extracted as described above, was
placed in 0.2ml microfuge tubes and incubated Wjthof DNasel (1000U/ml) (Promega, USA)
and 1l DNase buffer (Promega) at 37°C for 30 min. Inesrtb stop DNase treatmeniyl lof
STOP buffer (Promega) was added and the tubes atedibfor 15 min at 60°C. DNase
inactivation is important, as the remaining actiMdase might affect subsequent PCR reactions.
The DNase-treated RNA was immediately used for cdyAthesis (see section 2.9.3) or stored

in -20°C until further use.

2.10.3.cDNA synthesis

In order to synthesize cDNA, a mix was preparedstimg of Hul of DNase-treated RNA, 12 of
100ng{l random hexamers (ABgene, UK) andl iuclease-free water (Sigma-Aldrich). This
mix was incubated at 80°C for 3 min and subsequetiillled on ice for 1 min and the contents
were collected by brief centrifugation. Nexpldof 5x I% strand buffer (Invitrogen), |2
dithiothreitol (DDT) (0.1M) (Invitrogen) and.d of 20mM dNTP mix (Bioline, UK) were mixed
together. In order to facilitate of the random heges annealing to RNA, the solution was
incubated at 42°C for 2 min. Thenullof reverse transcriptase SuperScript Il (20adY/
(Invitrogen) was added to the mixture and the smtutvas incubated at 42°C for 50 min. In this
time reverse transcriptase, which is a DNA polyrseracatalyzed the synthesis of a
complementary DNA (cDNA) from the RNA template. &y, the reverse transcriptase was

inactivated at 65°C for 10 min, followed by shartubation on ice and collection of the contents
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by brief centrifugation. The nucleic acid concetitna was determined using NanoDrop™ 1000
spectrophotometer (Thermo Fisher Scientific Inng diluted using nuclease-free water to a final

concentration of 250ngl before the use.

2.10.4.Primers

Primers used in this study were purchased from &igidrich. Details of primer sequences and
product length are shown below (Table 2.3). Thenprs were designed to span different exons
to minimize the risk of genomic DNA amplificatioAll primers were delivered in lyophilised
form. Accordingly, they were reconstituted usingclease-free water to reach the working
concentration of 6.25pmall. Products of all in house designed primers wegusnced by the

Sequencing Service, University of Dundee, UK.

Table 2.3Mouse primer sequences

Gene Sequence Product Annealing Source
length temperature
(bp) (°C)lcycle
number
witl F: CCAGTGTAAAACTTGTCAGCGA 234 60/33 Yamamoto et
R: TGGGATGCTGGACTGTCT al. 2006
Pax2 F: AAGTTCAGCAGCCTTTCCAC 274 62/33 In house
R: GCCCTCAGACACATCTCTTA
Six2 F: GCCTGCGAGCACCTCCACAAGAAT 522 67/33 Fogelgren et
R: CACCGACTTGCCACTGCCATTGAG al. 2008
Gdnf F: TGCCAGCCCAGAGAATTCCA 216 62/33 In house
R: AGCCTTCTACTCCGAGACAG
Liml F: CAACATGCGTGTTATCCAGG 239 63/33 Yamamoto et
R: CTTGCGGGAAGAAGTCGTAG al. 2006
Salll F: GCACATGGGAGGCCAGATCC 181 62/33 In house
R: GGAAGCGTCCGCTGACTTGG
Osrl F: GCAGCGACCCTCACAGAC 169 62/33 In house
R: GCCATTCACTGCCTGAAGGA
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Bf2 F: GGTGAAGCCGCCCTACTC 162 62/35 In house
R: AGGTTGTGACGGATGCTGTT
Rars2 F: CTCTCAAAGCCTGCCTCAGT 182 62/35 Ulven et al.
R: GTGGTAGCCCGATGACTTGT 2000
Bmp4 F: GCGCCGTCATTCCGGATTAC 402 63/33 Luppen et al.
R: CATTGTGATGGACTAGTCTG 2008
Ret F: GCGTCAGGGAGATGGTAAAG 217 62/33 In house
R: CATCAGGGAAACAGTTGCAG
Gapdh F: TGAAGCAGGCATCTGAGGG 102 56/33 In house
R: CGAAGGTGGAAGAGTGGGAG

Table 2.4Human primer sequences

Gene Sequence Product Annealing Source
length temperature
(bp) (°C)/cycle
number
WT1 F: GGCATCTGAGACCAGTGAGAA 483 62/33 In house
R: GAGAGTCAGACTTGAAAGCAGT
PAX2 F: CATCAAGCCGGGTGTGATC 184 62/33 In house
R: GATTCTGTTGATGGAAGAGACGC
OSR1 F: GTTCCCTCATGTCATTCAACC 542 62/33 In house
R: CCCACAGGTTCTATTAGCA
SALL1 | F: GCTTTCACGACTAAAGGCAATCTT 216 62/33 In house
R: GAGCGCTGCTGCATACTGAT
GAPDH F: GTGGTCTCCTCTGACTTCAA 211 62/33 In house
R: TCTCTTCCTCTTGTGCTCTT

2.10.5.Polymerase chain reaction
Polymerase chain reaction (PCR) was used to assgsession of different kidney-specific
genes in MSCs. The reactions were prepared accptdirthe following protocol. Each Ab

reaction mix contained 1L¥ nuclease-free water (Sigma-Aldrich), @.30x NH; Reaction buffer

73



(Bioline), 0.5 MgCl; (25mM) (Bioline), 0.l dNTP mix (10mM) (Bioline), il forward primer
(6.25pmol{u) (Table 2.3), 1l reverse primer (6.25pmel) (Table 2.3), 2l template (250ngd)

and 0.5 Tag DNA Polymerase (BiolinelGlyceraldehyde 3-phosphatedehydrogen@Sapdh)
was used as a reference gene throughout all expetsn{Table 2.3)Gapdhis a housekeeping
gene, which expression remains constant in the.c€lbnsequently it can be used to compare
expression levels of other genes between diffesantples. In addition, a no-template control (a
reaction mix prepared without cDNA) was included dach experiment, in order to detect
potential contamination. The template prepared fiBf8.5 kidney rudiments was used as
positive control. All mixes were prepared in 0.2tmbes on ice and briefly spun down before
being transferred to a GeneAmp PCR Systems 970th#hieycler (Applied Biosystems, USA).
The conditions used to perform PCR reactions wetras described below. The exact number of
cycles performed with given primers and their atingatemperatures are shown in Table 2.3.
All PCR reactions started with the initial inculmatifor 5 min at 95°C, followed by 33-35 cycles
(depending on primer pair used) with each cyclesstimg of denaturation of cDNA template,
followed by annealing of the primers and subseq@ongation of the complementary DNA
strand. Accordingly, the samples were heated fee®at 95°C for denaturation, then incubated
for 30 sec at 56-67°C (depending on primer usedpafmealing followed by 30 sec at 72°C for
elongation. After the last cycle the samples weantained for another 5 min at 72°C to ensure

final elongation. PCR reactions were stored at défore analysis.

2.10.6.Electrophoresis

In order to analyse PCR results, electrophoresigyusgarose gels was performed. Accordingly,

for each gel 120ml of 2% (w/v) agarose solutiono(Bie) in 1x TAE buffer (see section 2.11.2)
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was prepared. The solution was then heated to ldesssgarose and following coolingul2
ethidium bromide solution (10mg/ml) (Sigma-Aldrichias added to the solution and poured into
a tray with inserted comb. Any bubbles that weesatad during pouring the gel were pushed to
the side using a disposable pipette tip. The agage$ was left to set for at least 30 min and
subsequently transferred to a tank filled with IET 10ul of each PCR sample was mixed with
2ul of 6X loading dye (see section 2.11.2) beforeding onto the gel. Accordingly the
electrophoresis was set for 30 min and 140V. Hwyoklkr 1V (Bioline) was used as a DNA
molecular weight marker. The gels were analyzedgi€ihemi Imager 4400 UV transilluminator

(Alpha Innotech Corporation, USA).

2.10.7.Real-time polymerase chain reaction

Real-time (quantitative) PCR using SYBR green wadgomed in order to quantify differences
in expression levels gddnfandBmp4between unstimulated and NKC CM- stimulated D1scel
In order to prepare 2Ql of reaction mix, 10ul of SYBR Green JumpStart Tag Ready Mix
(Sigma-Aldrich), 1l forward primer (6.25pmald) (Table 2.3), 1l reverse primer (6.25pmal)
and Jul of template and 1 nuclease-free water (Sigma-Aldrich) were combinddwever, in
order to prevent differences in amount of cDNA atjdegeneral master mix was prepared which
was then used to prepare all PCR reactions. Eaeh1iul of mix containing the Jump Start Taq
Read Mix and template was combined with a mix dairig Qul of specific primers mixed with
water. In all experiments expression levels Gdnf or Bmp4 gene were compared to the
expression levels of a reference geBapdh(Table 2.3). In addition, a no-template controbwa
included in each experiment to detect any contatmoinaFor each PCR reaction duplicates of

technical replicates were performed. All mixes wprepared in 0.2ml tubes on ice and briefly
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spun down before transferred to a Rotor-Gene 308@ritugal real-time cycler (Corbett
Research, Australia) with Rotor Gene Software (Mers). The conditions used to perform
guantitative PCR reactions were set as describémlvbd=irst in order to activate the DNA
polymerase an initial incubation for 10 min at°@5was performed, followed by 35 cycles
consisting of 6 sec at 85 for denaturation, then 30 sec af@Zor annealing and finally 30 sec
at 72C for elongation. SYBR Green fluorescence was nredsat the end of the each®@2step.
Initially, the amplicons were analysed using agargel electrophoresis (see section 2.9.6).
However, additionally for each experiment a meltiugve for each PCR reaction following the
final cycle was generated, to assess the presémmmnespecific products and primer dimers. The
melting curve analysis was performed using the RGne software. Accordingly the melting

curve was generated between 72°C and 95°C withid€@er each step.

2.10.8.Efficiency of the real-time polymerase chain reactin

In order to quantify expression, efficiency Gfapdh Gdnf and Bmp4 primers in the PCR
reactions had to be determined. Accordingly, reaétPCR reactions were performed using
serial dilutions of the template from E13.5 kidmegiment and each primer pair. Serial dilutions
of the template in water were prepared as follawstiluted template, 1/5, 1/25, 1/125, 1/625 and
1/3125. Triplicates of technical replicates weréqrened. The conditions for the real-time PCR
were the same as above (see section 2.9.7). SYB&1Gluorescence was measured at the end of
each elongation step. When a primer yields a 2-fotdease in the amount of PCR product in
every cycle its efficiency is 2 thus the efficienoy the primers is 100%. In this study the
determined efficiencies of the primers f@apdh Gdnf and Bmp4 were 1.95, 1.7 and 1.9

respectively. The Rotor-Gene software was usedratysis.
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2.10.9.Quantification of real-time polymerase chain reactn

Suitability of SYBR green for quantitative PCR w@mmonstrated before (Simpson et al. 2000).
During the exponential phase of the real time PE&tion, the increase in fluorescence emitted
from SYBR Green bound to double-stranded DNA i® &sponential. The cycle threshold (Ct)
value indicates the start of the exponential plzambdepends on the number of copies of target
sequence initially present in the PCR mix. If atigatar cDNA is highly abundant then the Ct
value will be low as the exponential phase is redcsooner than for a less abundant template.
The Rotor-Gene software was used to determine Gesan all experiments. Subsequently
Pfaffl method (Pfaffl 2001) was used to quantifiatize expression levels between unstimulated
and NKC CM stimulated-D1 cells. In this method ktige expression ratio is established based
on PCR efficiencyHE) and the crossing point (CP) at which the fluoeese was detected to raise
above the background fluorescence, i.e., the Qiev@Pfaffl 2001). The Pfaffl's equation is

shown below.

E ACt (control-sample’
( targ et) target

ratio =

ACt (control-sample
(Eref) ref( pe.

As demonstrated in the equation, the relative esgpoa ratio of a target gene is normalised with
the expression of an endogenous reference genscti@in The Eirget is the real-time PCR
efficiency of target gene transcript whereasEheis the real-time PCR efficiency of a reference
gene transcript. ThACtargetis the Ct difference of control — sample of theéh gene transcript
and theACt.s is the Ct difference of control — sample of refer@ gene transcript. In the current
study the ratio was calculated based onEhend the Ct difference of the target gefenfor
Bmp4 in unstimulated D1 cells versus NKC CM stimulated cells and thee and the CP
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difference ofGapdhof the unstimulated D1 cells versus NKC CM stintediacells.

2.11. Statistical analysis

Statistical analysis was performed using Studetitisst. Differences between samples were

expressed as mean of standard eRg0.05 was considered as significant.

2.12.Culture media and buffers

2.12.1.Culture media

Standard culture medium

High glucose Dulbecco’s Modified Eagle Medium (DMEfBigma-Aldrich)

10% (v/v) foetal calf serum (FCS) (PAA Laboratory)

2mM L-glutamine (Invitrogen)

1% (v/v) penicillin/streptomycin (Sigma-Aldrich)

MEF culture medium

* High glucose DMEM (Sigma-Aldrich)

* 10% (v/v) FCS (PAA Laboratory)

* 2mM L-glutamine (Invitrogen)

* 1% (v/v) penicillin/streptomycin (Sigma-Aldrich)

78



1% (v/v) non-essential amino acids (Sigma-Aldrich)

0.01% (v/v) 50mM 2-mercaptoethanol (Invitrogen)

ESC culture medium

High glucose DMEM (Sigma-Aldrich)

10% (v/v) FCS (PAA Laboratory)

2mM L-glutamine (Invitrogen)

1% (v/v) penicillin/streptomycin (Sigma-Aldrich)

0.15% (v/v) 100mM monothioglycerol (Sigma-Aldrich)

1000U/ml leukaemia inhibitory factor (LIF) (Chemigo

Adipogenic inductive medium

High glucose DMEM (Sigma-Aldrich)

10% (v/v) FCS (PAA Laboratory)

2mM L-glutamine (Invitrogen)

1% (v/v) penicillin/streptomycin (Sigma-Aldrich)

1nM dexamethasone (Sigma-Aldrich)

5ug/ml insulin (Sigma-Aldrich)
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0.5uM 3-isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrigh

50uM indomethacin (Sigma-Aldrich)

Osteogenic inductive medium

High glucose DMEM (Sigma-Aldrich)

10% (v/v) FCS (PAA Laboratory)

2mM L-glutamine (Invitrogen)

1% (v/v) penicillin/streptomycin (Sigma-Aldrich)

20mM B-glycerol phosphate (Sigma-Aldrich)

0.5uM L-ascorbic acid sodium (Sigma-Aldrich)

1nM dexamethasone (Sigma-Aldrich)

50ng/ml thyroxine (Sigma-Aldrich)

Chondrogenic inductive medium

High glucose DMEM (Sigma-Aldrich)

2mM L-glutamine (Invitrogen)

1% (v/v) penicillin/streptomycin (Sigma-Aldrich)

500 ng/ml bone morphogenetic protein 6 (R and D)
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* 10 ng/ml transforming growth fact@3 (R and D)

* 0.1nM dexamethasone (Sigma-Aldrich)

* 50ug/ml L-ascorbic acid sodium (Sigma-Aldrich)

e 40ug/ml proline (Sigma-Aldrich)

e 1x ITS+3 liquid media supplements comprising: ifsukransferring, selenious acid,

bovine serum albumin, linoleic acid and oleic g@dyma-Aldrich)

e 10Qug/ml sodium pyruvate (Sigma-Aldrich)

2.12.2.Buffers and solutions

0.1% (w/v) gelatine solution

» 1g porcine gelatine type A (Sigma-Aldrich)

« 1L distilled H,0

The solution was autoclaved before use.

4% (w/v) paraformaldehyde

* 49 PFA (Sigma-Aldrich)

« 100ml PBS

The solution was heated to 60-70°C and ultimatedypH was adjusted to 7.4-7.6.
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0.5% (w/v) Oil Red O solution

* 0.5g Oil Red O (Sigma-Aldrich)

* 100ml isopropanol (Sigma-Aldrich)

The solution was filtered using Whatman paper dhdedl 3:2 in HO before use.

2% (w/v) Alizarin Red S solution

* 2g Alizarin Red S (Sigma-Aldrich)

* 100ml distilled HO

The solution was filtered using Whatman paper admel pH adjusted to 4.1-4.3 with 5%

ammonium hydroxide.

15% (w/v) sucrose solution

* 15g sucrose (Sigma-Aldrich)

« 100ml PBS

The solution was autoclaved before use.

Subbing solution

» 2.5¢g porcine gelatine type | (Sigma-Aldrich)

* 500ml distilled HO

* 0.25g CrKSQx12H,0O (Sigma-Aldrich)
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1% (w/v) Alcian Blue solution

* 1g Alcian Blue (Sigma-Aldrich)

e 100ml 0.1N HCI pH 1 (Invitrogen)

The solution was filtered using Whatman paper leetme.

Phosphate buffered saline

*  6mM NgHPQ, (Sigma-Aldrich)

* 2mM KCI (Sigma-Aldrich)

* 0.137M NaCl (Sigma-Aldrich)

The pH was adjusted to 7.4.

TAE buffer (50x)

40mM Tris base (Sigma-Aldrich)

20mM glacial acetic acid (AnalarR)

0.5M EDTA (Sigma-Aldrich)

up to 1L distilled HO

The pH was adjusted to 8.0. Before use the buféer evuted.
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Gel loading buffer (6x)

» 3ml glycerol (Sigma-Aldrich)

» 25mg bromophenol blue (Sigma-Aldrich)

e 10ml distilled B0
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Chapter 3: Differentiation potential of mesenchymal stem celland their

labelling methods

3.1.Introduction

The aim of the study is to investigate the potémtiaMSC to contribute to kidney development
in anin vitro model of nephrogenesis. Accordingly, the capagitMSCs to become integrated
into developing renal structures and their subsegubfferentiation into specific kidney
phenotypes will be tested. The objective of th&t frart of the chapter is therefore to demonstrate
multilineage differentiation potential of MSCs emoypéd in this study by performing adipogenic,
osteogenic and chondrogenic differentiation ass@pe ability of MSCs to undergm vitro
adipogenesis, osteogenesis and chondrogenesis stpoalation with appropriate inductive
medium is widely used for identification and chaesisation of MSC populations (Pittenger et
al. 1999; Peister et al. 2004). Nevertheless, @iffeMSC populations might differ substantially
in their differentiation potential (Peister et 2004; Anjos-Afonso and Bonnet 2007). It has been
described that MSCs isolated from various mousgnstrhave different abilities to differentiate
(Phinney et al. 1999; Peister et al. 2004). It wasonstrated that bone marrow-derived MSCs
isolated from BI/6 mice more readily undergo osezug differentiation than from BALB/c mice
which in turn have higher adipogenic potential. MS€blated from BI/6 and BALB/c have also
lower chondrogenic potential in comparison with MSderived from FVB/N and DBA1 mice
(Peister et al. 2004). In addition, over time thember of broad flattened and slowly growing
cells increases over rapidly expanding spindle-stagells in the MSC culture (Digirolamo et al.
1999). It has been shown that different morphogédate to dissimilar differentiation potential

of the cells. Cultures harbouring thin spindle-s#thp1SCs differentiate more readily towards
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adipocytes, whereas cultures composed of widedipshaped cells have greater chondrogenic
potential (Sekiya et al. 2002). Even cells derivean the same MSC colony can vary in their
differentiation potential (Digirolamo et al. 199®ittenger et al. 1999). Moreover the
differentiation capability and expansion potenbélthe cells decreases with increasing passage
number (Digirolamo et al. 1999). Finally, the pfetation and differentiation abilities of bone
marrow-derived MSCs depend also on the age of ém®rdand tend to decline with increasing
age of donor (Kretlow et al. 2008). InfrequentlySMs have been described to spontaneously
differentiate. For instance, osteogenic differdidimwas observed in high passage human MSC
cultures in the absence of inductive medium (Digimwo et al. 1999). In current study a clonal
multipotent stromal stem cell line called D1 andniam primary MSCs were employed. D1 were
demonstrated previously to undergo adipogenic,ogsti@ic and chondrogenic differentiation
(Diduch et al. 1993; Juffroy et al. 2009). SimijaHuman MSCs were demonstrated to have

adipogenic, osteogenic and chondrogenic differgatigpotential (Prockop 1997).

The second part of this chapter is aimed at estahlj the most appropriate method for labelling
of MSCs. This is important as the renogenic po&raf the MSCs will be investigated by
incorporating the cells into mouse kidney rudimeotgenerate kidney chimeras. It is therefore
necessary to use a labelling method that will en&bECs to be distinguished from the kidney
cells. There exists a range of labelling methodailable for imaging cells. When choosing
appropriate fluorophores for staining, some impar&spects such as brightness or resistance to
photobleaching of the particular fluorophore nemtye¢ taken into consideration, as the properties
among different fluorophores can vary significar(®chroeder 2008). To date, MSCs have been

successfully labelled with a number of transiefiiels, including fluorescent dyes such as the
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green cell tracer carboxyfluorescein diacetate isunalyl ester (CFDA SE) which reacts with
intracellular amines (Togel et al. 2005), and tled fluorescent cell linker PKH26 that is
incorporated into the cell membrane (Morigi et2010), or nanoparticles such as quantum dots
(QDs) (Rosen et al. 2007) and superparamagneticoxale nanoparticles (SPIONs) (Jendelova
et al. 2004). It has been also possible to intrediurescent proteins into MSCs by genetically
modifying the cells to stably express fluorescerdtgins, like the green fluorescent protein
(GFP) (Fukui et al. 2009). Finally, staining usiggecies-specific antibodies can be used for
detecting human MSCs in some experimental set(iAgii et al. 1998; Jeong et al. 2009). For
this study, the following labelling methods for nseuMSCs will be investigated for their
suitability; namely, transient labelling using CFCBE or QDs, and permanent labelling using
genetically encoded GFP. For human MSCs, the sliiyabf post-staining using a species

specific antibody to a human nuclear antigen walldvaluated.

CFDA SE (carboxyfluorescein diacetate succinimidgter) is a non-fluorescent membrane-
permeant dye, which in the intracellular environimebecomes fluorescent 5-(and-6)-
carboxyfluorescein succinimidyl ester, due to realosf acetate groups by esterases. This
molecule is not only less membrane permeant tha& GFDA SE, but also reacts with
intracellular amine groups, forming a range of feszent conjugates. CFDA SE can be used for
tracking non-dividing cells over a long period whé¢; however, its intensity in proliferating cells
is reduced after each cell division (Parish 1998vertheless, several groups have successfully

used CFDA SE for tracking MSCs (Togel et al. 2008¢erova et al. 2007; Fiorina et al. 2009).

QDs are fluorescent nanocrystals that are syn@mk$rem semiconductor materials. They have

proven to be ideal probes for sensitive fluoresasiging. As QDs are highly photostable, they
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are resistant to photobleaching, whereas the Higbrescence intensity of the nanoparticles
enables sensitive detection. Furthermore QDs shovadb absorption but narrow emission
spectra, which facilitates simultaneous detectibmoltiple colours (Pinaud et al. 2006; Solanki
et al. 2008). QDs have been used for imaging aetyaf cell types, including HelLa cells
(Jaiswal et al. 2003), cardiac myocytes (Koshmaal.e2008) and embryonic stem cells (Lin et
al. 2007). Human MSCs labelled with commerciallitable QDs were shown to maintain their
normal rate of proliferation, and their multilineaglifferentiation potential. Importantly, the
stained cells were able to retain the label up vee8ks (Rosen et al. 2007). Further, Moeilial
showed that human MSCs labelled with bioconjug&&sd maintain multilineage differentiation
potential. Additionally, no difference in viabilitand proliferation of the cells following the
staining was noticed (Shah et al. 2007). Anothedystusing commercially available QDs
demonstrated high labelling efficiency with minincgtotoxic effects on rat MSCs (Muller-Borer
et al. 2007). Similarly as for CFDA SE, progressigss of QDs from QD-labelled cells was

demonstrated (Rosen et al. 2007; Pi et al. 2010).

In contrast to fluorescent dyes and nanoparticl8§P labelling requires some genetic
modification in order to achieve stable expressibfluorescent protein. As a consequence, no
loss of signal due to cell division occurs (Schere®008). It has been reported that
hematopoietic stem cells have been successfullyfreddo express GFP without any noticeable
effects on their characteristics, such as long-tenntilineage potential (Tao et al. 2007). MSCs
isolated from GFP transgenic animals have been showdisplay the same features as cells
isolated from non-transgenic animals (Raimondol.e2@06; Ripoll and Bunnell 2009). Ripoll

and Brunnell, who used MSCs isolated from enhanGé&dP transgenic mice, showed that
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expression of GFP in the cells did not alter tlaglipogenic and osteogenic potential. Similarly,
the surface expression marker profile of GFP MS&grained unchanged (Ripoll and Bunnell
2009). Apart from cells that can be directly isethfrom GFP transgenic mice, MSCs can be
transfected with GFP encoding plasmids to triggéP&xpression (Min et al. 2002; Song and
Tuan 2004). Such cells have been subsequently fasad vivo tracking of MSCs in injured
porcine myocardium (Min et al. 2002) or vitro studies on transdifferentiation potential of
MSCs (Song and Tuan 2004). Another method of intcoty GFP into MSCs takes advantage of
viral transduction: here, the cells are infectethvai virus encoding GFP (Lu et al. 2005; Yang et
al. 2009). For example, this method of labelling baen used for imaging MSCs in a spinal cord
injury model (Lu et al. 2005). Finally, although BFexpression was not described to affect
multilineage differentiation potential of MSCs, GlpResence was found to have some adverse
effects on the kidney, as a GFP transgenic mouam stas shown to display renal defects (Guo
et al. 2007). An earlier study showed also thatresgion of enhanced GFP or GFP fusion
proteins lead to suppression of MB-and JNK signalling pathways in the HEK2934-T gel

human embryonic kidney cell line (Baens et al. 2006

Finally, staining for human specific antigens canused for detection of human primary MSCs.
Previously such staining was performed to track &uimone marrow—derived MSCs in rat brain
(Azizi et al. 1998) and in rat degenerated tailbdise (Jeong et al. 2009). In this way cells do
not undergo modifications that could cause loss differentiation potential, as the
immunostaining is performed at the end of the as&&o, no progressive loss of the label can
occur during culture period. However, confirmatiointhe specificity of the antibody is crucial

for effective detection.
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The aim of this chapter is to confirm the multiige potential of the MSC used in this study and
to determine the most appropriate labelling mettoodurther experiments. In order to study the
potential of MSC to differentiate into kidney-spiecicell types in the kidney chimeras, first the
multipotency of MSCs will be confirmed to ensuratttemployed cells have the potential to
differentiate. Accordingly, the adipogenic, ostetigeand chondrogenic capacity of MSCs will
be assessed using standard differentiation pratodol order to examine the contribution of
MSCs to developing kidney structures, MSCs willuieg labelling to discriminate them from
kidney cells. Several labelling methods can be dsedabelling of MSCs, as described above.
To elucidate the most appropriate labelling metfmdMSCs, labelling with CFDA SE, QDs,

GFP and staining with species-specific antibody el performed.

3.2.Results

In this chapter, the adipogenic, osteogenic andthditogenic differentiation potential of MSCs
used throughout this study is investigated, in ptdeensure that the cells display typical MSC
multipotency. Furthermore, different MSC labellingethods are evaluated to identify which
methods are likely to be appropriate for identifydMSCs within the chimeric kidneys. Transient
labelling using CFDA SE or QDs, permanent labellugng genetically encoded GFP and

staining with species-specific antibody are comgare

3.2.1.The multilineage differentiation potential of the nouse D1 MSC line

In order to prevent problems caused by contaminatoth hematopoietic cells and the
heterogeneity of mouse MSC cultures, a clonal poiént stromal stem cell line called D1 has
been employed in this study. This line was derifrech the bone marrow of the BALB/c mice

and displays common MSC features (Diduch et al.319B1 have the typical spindle-shaped
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morphology and demonstrate characteristic adipegerasteogenic and chondrogenic
differentiation potential (Diduch et al. 1993; Joff et al. 2009). D1 cells have been used before
in stem cell-based applications aimed at bone foomgShen et al. 2002; Juffroy et al. 2009).
The cells form uniform, adherent monolayer cultuséh cells displaying characteristic spindle-

shaped morphology, as demonstrated in Figure 3.1.

Figure 3.1 Morphology of D1 cells, a mouse bone marrow-deriMEIC line.

To confirm the differentiation potential of the Ixklls used in this study, subconfluent D1
cultures were stimulated for two weeks with adipogeand osteogenic inductive media, as
described before by Peister et al (Peister et @04p Unstimulated cultures were treated
identically, except that they were plated in cortgleulture medium. After approximately 1 week

of stimulation with adipogenic inductive media,itipracuoles become visible inside some of the
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induced D1 cells, indicating the start of adipogethiferentiation. Subsequent staining with Oil
Red on day 14 confirmed the presence of lipid veesj@s shown in Figure 3.2a. Meanwhile, the

unstimulated D1 cells did not show any vacuole faron (Figure 3.2b).

As depicted in Figure 3.2c, the stimulation withteagenic inductive medium for 14 days
resulted in characteristic extracellular calciunpakgts in the cultures visualized with Alizarin
Red, confirming the osteogenic potential of D1 selo deposits were detected in cultures of

unstimulated cells maintained in normal growth redior 14 days (Figure 3.2d).

To achieve chondrogenic differentiation, MSCs wewlured as a micromass in the presence of
chondrogenic inductive media, as described prelyo(Reister et al. 2004). In brief, D1 cells
were spun down to form a pellet and subsequenilyred at the bottom of a 15ml tube in the
presence or absence of inductive media for 14 dAgsimportant feature of chondrogenic
differentiation is the production of extracellufanoteoglycans which can be detected with Alcian
Blue solution (Karlsson et al. 2007). In order &ttt chondrogenic differentiation Alcian Blue
staining was performed on 10 um frozen sectionpgyezl from fixed micromass cultures.
Proteoglycans, visualised by blue staining, wereaed in the periphery of the pellet formed
with the stimulated D1 cells, as shown in Figuze3No significant staining occurred in sections
of control pellets cultured in the absence of irtecmedia (Figure 3.2f). In addition, it was
found that the micromass culture induced with clmogenic medium was noticeably larger than
control. The difference in size can be observet it representative micromass section (Figure

3.2e and f).
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Figure 3.2 Confirmation of multilineage differentiation potéitof D1 cells following stimulation with
inductive media. (a) Following 14 days culture dipmgenic inductive medium, D1 cells displayeddipi
vacuoles that stained positively with Oil Red. @) Red staining of control D1 culture (D1 celldtcwed

in standard culture medium) showed that no lipidwdes had formed. (c) Following 14 days culture in
osteogenic inductive medium, Alizarin Red stainshgwed the presence of extracellular calcium déposi
in D1 culture. (d) Alizarin Red staining of contlll cells showed that no calcium deposits weregmtes
in the culture. (e) Following 14 days of micromassture in chondrogenic inductive medium, Alcian
Blue staining of frozen sections showed positianghg in the periphery of the pellet (arrows),igading
that cartilage proteoglycans were present. (f) @&idBlue staining of control micromass sections stbw
no evidence of cartilage proteoglycans.
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In summary, D1 cells demonstrated adipogenic, get@c and chondrogenic differentiation

potentialin vitro. The multipotency of D1 cells was therefore canéd.

The multilineage differentiation potential of human MSCs

Bone marrow-derived human primary MSCs depletechehatopoietic cells were purchased
from Lonza. An important concern regarding primawnan MSCs is the loss of multipotency of
the cells following prolongeth vitro culture (Digirolamo et al. 1999). It has been shaWwat

human MSCs can reach senescence after severafjpag&axter et al. 2004). In order to avoid
problems associated with prolonged culture, in #gtigly human MSCs were used only at low
passage numbers. Human cells were cultured an@guéstly differentiated towards adipogenic
and osteogenic lineages according to instructionsiged by the supplier. In standard culture
conditions human MSCs displayed the same charatitespindle shaped morphology despite

being larger than the mouse MSC (Figure 3.3).
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Figure 3.3Morphology of human bone marrow-derived MSCs.

In order to confirm the adipogenic differentiatipotential of these cells, confluent human MSCs
(passage 4) were stimulated with adipogenic inglactmedium for 3 days followed by
stimulation with adipogenic maintenance mediumfe8 days. Three cycles of stimulation with
inductive and subsequently maintenance medium penfermed. Finally, the cells were cultured
one week in adipogenic maintenance medium. Tha ot subjected to adipogenic induction
were cultured in adipogenic maintenance mediumttier same period of time. As shown in
Figure 3.4a, following 20 days of culture, stainingh Oil Red confirmed the presence of lipid
vacuoles in the stimulated human MSCs. No vacuaimdtion occurred in controls that were

cultured in maintenance medium only (Figure 3.4b).

To confirm the osteogenic potential of the humanQyighe cells were cultured for 14 days in

osteogenic inductive medium, following which thegre stained with Alizarin Red to detect the
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presence of calcium deposits. Human MSCs culturethé inductive medium demonstrated
evidence of calcium deposits (Figure 3.4c), whermasleposits were detected in controls that

were cultured in normal growth medium for 14 daygre 3.4d).

Accordingly human MSCs were shown to display adgmg and osteogenic differentiation
capacity in vitro. No chondrogenic assay was performed for human $1S4erewith the

differentiation potential of mouse and human MSG@s wonfirmed.

3.2.2.Identification of suitable labelling method for tracking of MSCs

As mentioned in the introduction, several labellmgthods can be utilized for imaging MSCs.
For the purpose of this study, the suitability bé tfollowing methods has been assessed for
detecting MSC following their incorporation into os® kidney rudiment chimeras: (i) labelling
with the vital cell tracker, CFDA SE; (ii) QD labi@ig; (iii) lentiviral transduction with GFP, (iv)

staining with a species-specific antibody which wasd only in conjunction with human MSCs.

In the first instance, the suitability of two tréarst labelling methods was assessed, in order to
avoid potential problems associated with genetidification. To be effective, the labelling
method would need to show high labelling efficiermayd low cytotoxicity. Furthermore, as the
concentration of non-genetically encoded fluoropkois reduced with each cell division
(Schroeder 2008), it was important to find a lahglimethod that would enable detection after
several days of culture. A comparison was made dmtviwo transient labelling methods, CFDA
SE and QDs, in order to elucidate their suitabildly long term tracking. D1 cells were labelled

with 10 uM CFDA SE or 10 nM QDs according to mamtidfiger’s instructions.
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Figure 3.4 Confirmation of multilineage differentiation pote of human primary MSCs following
stimulation with inductive media. (a) Stimulatediwadipogenic inductive medium human MSCs after 3
cycles of adipogenic induction and subsequent veéekilture in maintenance medium accumulated lipid
vacuoles that stained positively with Oil Red. Qi) Red staining in the absence of stimulation:lipa
vacuoles were present in human MSCs cultured imtexa@ance medium only for the same period of time.
(c) Alizarin Red staining indicated the presencexifacellular calcium deposits in human MSC celsur
stimulated with osteogenic inductive medium aftérdays of culture. (d) Alizarin Red staining in troh
MSCs maintained in standard culture medium shoWwatrio calcium deposits were present after 14 days
of culture.
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No visible difference in labelling efficiency wagtdcted when the cells were analyzed directly
after staining. All cells were stained followindklling with either CFDA SE (Figure 3.5a and b)
or QDs (Figure 3.5e and f). Since CFDA SE interagth intracellular molecules upon labelling,

a diffuse cytoplasmic staining was observed (FiguBa and b), whereas QDs showed a patchy
pattern as nanoparticles tend to be unequallyiloligad in the cells (Figure 3.5e and f). After 5
days of standard culture no obvious cytotoxic effeas observed in any of the conditions.
However, only the cells incubated with QDs remaifaztlled. As shown in Figure 3.5e-h QD
staining remained intense, although in comparisahaly O notably fewer cells were labelled with
QDs. CFDA SE, on the other hand, was not detectabline 5th day following labelling (Figure

3.5c and d).

Stable transduction or transfection with GFP is#itient labelling method that should not lead
to loss of signal over a period of time as thescetinstitutively express the fluorescent protein
that is used to detect them (Schroeder 2008).itnstlady, a lentivirus encoding enhanced GFP
under control of the spleen focus-forming virus ESF promoter has been used to induce
expression of GFP in mouse MSCs. D1 cells werehatmd for 24h with lentiviral particles
carrying GFP (obtained from Sokratis Theocharatérisyersity of Liverpool). On the '3 day
following transduction, the cells were analyzed fBFP expression. No visible signs of
cytotoxicity were observed. As shown in Figure 326w b, although the levels of expression
varied between cells, all D1 cells after 3 passdges initial labelling still expressed GFP, and

maintained GFP expression at least for the nexta28ages.
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CFDA SE labelling

QDs labelling

B s 9T N o= O
Figure 3.5 CFDA SE- and QD-labelling of D1 MSCs. (a-d) Dllsddtained with CFDA SE. (a) Bright field and (b)
fluorescent image of the D1 cells stained with CFBR directly after labelling. (c) Bright field ar{d) fluorescent
image of the D1 cells stained with CFDA SE afteddys. (e-h) D1 cells stained with QDs. (e) Brigktd and (f)
fluorescent image of the D1 cells stained with @Dectly after labelling. (g) Bright field and (Ruorescent image of

the D1 cells stained with QDs after 5 days.

99



Figure 3.6 GFP labelling of D1 cells using lentiviral transtion. (a) Bright field and (b) fluorescent
image of the D1 cells transduced with GFP.

Although it has been demonstrated that GFP MSCaatraffected by the enforced expression of
fluorescent proteins and maintain adipogenic atdoggenic potential as well surface expression
marker profile (Ripoll and Bunnell 2009), there agports describing adverse effects associated
with GFP expression (Baens et al. 2006; Guo eR@07). For this reason, the differentiation
potential of transduced D1 cells was verified. GBR cells were induced to undergo
adipogenesis and osteogenesis in the presence alpgiropriate inductive media, as described
earlier in section 3.2.1. It was found that the GFPcells were able to undergo both adipogenic
(Figure 3.7a-d) and osteogenic (Figure 3.8e-f)edéftiation, as visualized by Oil Red and

Alizarin Red staining, respectively, whereas nangtg was detected in uninduced cultures.

Above, three different labelling methods for trakiof D1 cells have been described. As the
assessment of the renogenic potential of MSCsredqjlire formation of kidney chimeras using
mouse kidney cells, D1 cells, which are of mousgimy could not be detected with a species-
specific antibody. Nevertheless, a species-speaititthbody can enable discrimination between
human MSCs and mouse cells. To test the suitalafitg human anti-nuclear antibody, human

MSCs were immunostained using the human anti-nuaibody and co-stained with DAPI
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(Figure 3.8a-c). No unspecific staining of humalisceas detected when the primary antibody
was omitted (Figure 3.8d-f). Further, the potentiass-reactivity of the antibody was tested on
mouse cells. Using the protocol for formation adrkey chimeras described in the section 4.2.1
mouse embryonic kidneys were disaggregated andnebt&idney cells re-aggregated to form
new kidneys in the absence of human MSCs. The geeggted mouse kidneys containing only
mouse cells were stained subsequently with an @ibdentifying expression of a nuclear
kidney marker Wt1 and the antibody detecting humaciei. Accordingly expression of Wtl was
observed; however, no expression of human nucleigem was found in the re-aggregated
mouse kidney (Figure 3.9a-c). Some unspecific $igrzs detected in cytoplasm of the kidney

cells.

In summary, several labelling methods were tesed for their suitability for imaging of MSCs,
including labelling with CFDA SE, QDs, and GFP asllvas staining with a species-specific
antibody. For the purpose of this study labellinthv@Ds and viral transduction with GFP were
identified as most suitable for tracking mouse MSBsrthermore the specificity of species-
specific antibody for human MSC detection was assgsind subsequently proven to be suitable

for human MSC tracking.
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Figure 3.7 Confirmation of multilineage differentiation poteal of GFP D1 cells (a) Stimulated with
adipogenic inductive medium GFP D1 cells accumuiptd vacuoles inside after 14 days of adipogenic
induction. (b) GFP expression in induced towardpaxytes GFP D1 cells (in green). (c) Stimulatethwi
adipogenic inductive medium GFP D1 cells displgidivacuoles stained with Oil Red. (d) Oil Red
staining of GFP D1 cells cultured in standard geltonedium showed that no lipid vacuoles had formed.
(e) Stimulated with osteogenic inductive medium GBP cells show extracellular calcium deposits
visualized using Alizarin Red staining after 14 sl osteogenic induction. (f) Alizarin Red stamiof
GFP D1 cells cultured in standard culture mediuowsd that no calcium deposits were present.
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Figure 3.8 Staining of human MSCs using an anti-human nugcigbady. (a) Human MSCs labelled with anti-
human antibody. (b) Labelled human MSCs co-stamigid DAPI. (c) Merged image of a and b indicatest thll
cells are labelled. (d) Human MSCs incubated onlth vappropriate secondary antibody; the anti-human
antibody was omitted. (e) Human MSCs co-staineti B&\PI (in blue). (f) Merged image of d and e.

anti-human antibody

Figure 3.9 Assessment of specificity of anti-human nucleitady tested on mouse cells. (a) Staining using the
antibody detecting human nuclei performed on thmesae-aggregated kidney. (b) A re-aggregated mouse
kidney stained with an antibody identifying expieasof a nuclear kidney marker Wtl. (¢) Merge.
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3.3.Discussion

In this chapter the multipotency of the mouse anthén MSCs that will be used in renogenic
assays performed in subsequent chapters has bemmeml and different labelling methods for
MSCs have been assessed. Both mouse and human 8i®@ed considerable multilineage
differentiation potential. Furthermore, QD stainingd GFP transduction were proven to be

suitable methods for mouse MSCs labelling, simjlad antibody staining for human MSCs.

3.3.1.The multilineage differentiation potential of MSCs

The multilineage differentiation potential of mouB& MSCs and primary human MSCs was
confirmed in standard assays for adipogenesisogstesis and chondrogenesis. Following
induction with adipogenic medium, MSCs started awglating lipid vacuoles, a feature of

adipogenic differentiation, whereas stimulation hwibsteogenic medium resulted in the
appearance of calcium deposits, which are charstitefor osteogenic differentiation. No

spontaneous differentiation of unstimulated celisuored, neither towards the adipogenic, nor
osteogenic lineage. Moreover, the adipogenic atebgenic potential of both mouse and human
MSCs has been confirmed. In addition, both stineglagnd unstimulated D1 cells formed stable
pellets in chondrogenic culture condition. Alciadu® staining confirmed the presence of
proteoglycans in stimulated cells, indicating chmogte differentiation of mouse MSCs.

Nevertheless only a small amount of proteoglycaas detected. D1 cells are derived from bone
marrow of BALB/c mouse and MSCs isolated from thisuse strain have been described to
produce little proteoglycans in response to chogeincc culture conditions (Peister et al. 2004).
No chondrogenic differentiation was attempted famlan MSCs in this study; however it has

been shown previously that human MSCs efficienthdergo chondrogenesis in micromass
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culture. Accordingly human MSCs secrete proteogigcand type Il collagen and subsequently
undergo hypertrophic differentiation, which is damnito the behaviour of chondrocytesvivo
(Mackay et al. 1998). Finally, another member o thboratory, Laurence Glennon-Alty,
demonstrated that human MSCs used in the curredy stre able to undergo chondrogenesis in
the micromass culture condition (personal commuimog In conclusion, MSCs employed in

this study demonstrate genuine differentiation ipibdé

3.3.2.The labelling methods of MSCs

A number of labelling methods for MSCs was desdhilvethis chapter. Subsequently, D1 cells
were labelled with CFDA SE, QDs and GFP, whereasdmuMSCs were stained with human
specific antibody in order to elucidate the bebeling method for MSCs. All of the techniques
have been employed previously in imaging of MSGsdascribed in the introduction for this

chapter.

According to results presented here, QDs have prawvée a more persistent labelling agent than
CFDA SE, since CFDA SE could not be detected inrcBlis with fluorescent microscopy after 5
days of culture. CFDA SE loss of intensity, whield to exclusion of this labelling method from
further experiments, has been demonstrated beimkdep MSCs after 8 days of culture (Weir et
al. 2008). The loss of CFDA SE signal in D1 cellpsinlikely occurred due to the high
proliferation rate of the cells, as it was desdfiltieat the intensity of this dye is reduced by half

with every cell division (Lyons and Parish 1994).

In contrast, cells labelled with QDs remained stdimfter 5 days of culture. The localisation of
QDs within D1 cells was perinuclear. QDs were sh@nmgviously to localise around the nucleus

in MSCs (Muller-Borer et al. 2007; Rosen et al. 20 ccording to Muller-Boreet al QDs
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found in the perinuclear region represent aggrelgaamoparticles in endosomal vesicles (Muller-
Borer et al. 2007). Importantly, no loss of intepsof the QD-labelling occurred during the
culture period. Nevertheless, fewer nanoparticlesevdetected inside the D1 cells after 5 days of
in vitro culture than when observed directly after labgllifhis is in agreement with Rosenal,
who showed progressive loss of QDs in human MS@s€R et al. 2007). Loss of QD labelling
was also reported in mouse embryonic stem cellC8E$Lin et al. 2007; Pi et al. 2010) and
mouse embryonic fibroblasts (MEFs) (Pi et al. 2010)particular ESCs were demonstrated to
rapidly lose the labelling within a few days iafvitro culture (Lin et al. 2007). MEFs are more
likely to retain QD-labelling, since the decreasdhe number of labelled cells over a period of
time was smaller in MEFs than in ESCs (Pi et all®0It was suggested that loss in QD-
labelling in ESCs is not due to cell division, asatment with mitomycin C which inhibited the
proliferation of the cells did not prevent losslabelling. Accordingly other mechanisms such as
degradation and excretion of QDs were proposedhédsame time inhibition of proliferation did
help to retain the labelling in MEFs; implying thabliferation rate of the cells may be linked to
loss of QD-labelling and that there exist differemchanisms for QDs loss in different cells (Pi
et al. 2010). In contrast, human MSCs were shownettmn the QDs for up to 44 days in culture
(Rosen et al. 2007). As QD-labelled human MSCs vedrgerved to divide only a few times
during this period of time (Rosen et al. 2007), i&ention of QDs in human MSCs might be also
attributed to lower proliferation rate of the cel®l cells used in this study seemed to lose QDs
more rapidly than described by Rosenhal human MSCs. Although no direct comparison
between QD-labelled D1 cells and human MSCs wasngited, it might be possible that D1 cells
lose QDs more quickly due to a higher proliferati@te. D1 cells used in this study were

robustly proliferating and therefore passaged ratylevery 2-3 days in comparison to primary
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human MSCs used also in this study which displagethuch lower proliferation rate and

accordingly were sub-cultured approximately oneesak.

An important issue regarding QDs is the potentiahgfer of nanoparticles from QD-loaded
MSCs to other cells. It has been demonstrated @@$ can be transferred to other cells.
Supernatants collected from the cultures of ES@sllied with QDs were shown to contain QDs.
Subsequently QDs derived from such supernatante used to label MEFs in the presence of a
labelling buffer (Pi et al. 2010). Nevertheless,s®woet al. demonstrated that human MSCs
labelled with QDs did not transfer QDs to unlabeIMSCs. Furthermore, no uptake of QDs by
cardiac myocytes from mechanically disrupted QDelednl human MSCs occurred (Rosen et al.
2007). Another study on QD-labelled rat MSCs showeat QDs are not transferred when co-
cultured with cardiac myocytes (Muller-Borer et2007). The transfer of QDs between the cells

has not been addressed in this study.

There are a number of reports describing the useér#-labelled MSCs (Min et al. 2002; Lu et
al. 2005; Fukui et al. 2009). Transduction with G¥®e been shown to be an ideal method for
long term tracking of bone marrow-derived stems;alliamely hematopoietic stem cells (HSCs)
(Tao et al. 2007) and MSCs (Lu et al. 2005). In¢heent study the D1 cells were transduced
with lentiviral particles carrying enhanced GFRrtduce constitutive GFP expression in MSCs.
GFP D1 cells maintained labelling over a long periof time following many passages.
However, GFP expression might have some adversetgfbn the cells (Baens et al. 2006; Guo
et al. 2007). It has been shown that expressia@nb&nced GFP or GFP fusion proteins inhibits
NF-«xB and JNK signalling pathways in a human embryddney cell line (Baens et al. 2006).

Furthermore GFP transgenic mouse expressing tloeeBaent protein under the control (if
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actin promoter were shown to display renal defewtkiding increase in glomerular extracellular
matrix, occasional mesangiolysis, and tubulointiabtinjury, which are accompanied by
proteinuria. As it has been confirmed that the ritise of the transgene encoding GFP did not
disrupt nor modify expression of adjacent genes, dhthors suggested that high expression
levels of GFP in the glomeruli might be responsiblethe observed defects (Guo et al. 2007). In
order to examine if stable GFP expression doesnagétively affect D1 cells and hence alter
their differentiation potential, GFP D1 cells weoenfirmed to undergo adipogenic and
osteogenic degeneration in standard differentiattmsays. The obtained results were in
agreement with previous report showing that tharession of GFP in MSCs does not alter their
adipogenic and osteogenic potential (Ripoll and i&lin2009). Nevertheless, it is difficult to
speculate if GFP expression is going to influendecBlls behaviour in the chimeric kidneys thus
if GFP D1 cells will have similar differentiatiorofential towards kidney-specific phenotype as

non-transduced cells.

Another concern regarding GFP labelling of D1 cedisthat the GFP expression might be
downregulated when the labelled cells start toedsfitiae into kidney-like cells making the

detection of D1 cells impossible. None of the GREhdggenic mice was shown to ubiquitously
express GFP in all its tissues. Accordingly tramégenice expressing GFP under the control of a
human ubiquitin C promoter showed absence of GBRaskiin the renal tissue (Swenson et al.
2007). There is also a discrepancy in levels of @kpression between different GFP transgenic
mice in the same tissues. Different percentage evipperal blood cells was detected to be
positive for GFP in different transgenic mice (Sea@m et al. 2007). It is therefore not clear if

GFP D1 cells will not loss the expression when wugdieg differentiation. In this study it was
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demonstrated that GFP expression is maintained apgeogenic differentiation of D1 cells,
which implicates that GFP D1 cell, might continire texpress GFP when differentiating into

renal structures.

Finally, horizontal transfer of labels between sellia microvesicles should be taken in
consideration. Microvesicles mediate intracellulmmmunication by delivering proteins and
MRNA between cells. Recently, it was demonstratedt microvesicles derived from human
MSCs protect mice from tubular damage in glycenaldced acute kidney injury (Bruno et al.
2009). However, at the same time it has been shinah cultured tubular cells can take up
microvesicles labelled with PKH-26 dye and subsatjydecome labelled with PKH-26 (Bruno
et al. 2009). Therefore, there also exists the ipiisg that GFP mRNA can be transferred to

kidney cells resulting in inaccurate GFP labellofgther cells than MSCs.

In particular, for detection of human primary MS@sstaining for human antigen can be
performed. It was demonstrated that human speaiittbodies may be used for detection of
human primary MSCs in fixed samples obtained frats (Azizi et al. 1998; Jeong et al. 2009).
Here the staining with human anti-nuclei antibo@dg been demonstrated as a suitable method

for labelling human cells.

In conclusion, QDs have proven to be better labglagent than CFDA SE, although some loss
of QD-labelling did occur during thie vitro culture period. Nevertheless, D1 cells labellechwit
QDs retained sufficient nanoparticles to be usedmaging, allowing sensitive detection over a
period of 5 days. Therefore QDs can be used tosiigete the renogenic potential of D1 cells in
short-time experiments. Genetic modification udegiviral transduction of D1 cells provided a

long-term labelling method which did not resultlass of signal due to proliferation of the
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cells. However, since it was described that GFResgon in the kidneys of transgenic mice led
to renal defect it is unknown if GFP expressioihis setting might not also influence the course
of MSC differentiation. For this reason two labeglimethods, QDs and GFP, were chosen for
tracking D1 cells in the chimeric kidneys. For humdSCs antibody staining against human

nuclear antigen will be used to track the cells.
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Chapter 4: Potential of MSCs to contribute to metanephric deviepment using

the novel chimeric kidney system

4 .1.Introduction

In the previous chapter, the multilineage potentél MSCs employed in this study was
confirmed. Further, different labelling methods eestablished for tracking the cells. In this
chapter the potential of MSCs to contribute to mepdaric development will be studied using an
ex vivo model of mouse embryonic kidney development. Astinaed previously, direct
injection of human MSCs into am vitro developing kidney, widely used for other stem
cell/progenitor populations, has proven to be ifisienht to trigger MSC integration and
subsequent differentiation towards nephron-likectires (Yokoo et al. 2005; Yokoo et al. 2006;
Fukui et al. 2009). The sophisticated protocol dtwed by Yokocet al. used to introduce MSCs
into embryonic kidneys makes further investigatmitheir renogenic capacity difficult. The
technique involves demanding experimental proceddusach as injection of MSCs into
intermediate mesoderm (IM) of an embrga, uteroculture of the embryos with the transplanted
cells, as well as altering the expression proffiehe MSC by genetically modifying the cells so
that they express GDNF (Yokoo et al. 2005; Yokoale2006; Fukui et al. 2009). Consequently
no other reports have been published utilizing gadicular methodology for differentiation of
MSCs to kidney-specific cell types. Furthermoregréipeutic applications of engineered renal
tissue comprising genetically modified MSCs wouldt be feasible in the near future due to the
potential risks associated with viral insertiongls as the activation of proto-oncogenes (Mavilio
and Ferrari 2008). Recently, Unbekandt and Dadéstribed a new approach, which perraits

vivo generation of chimeric embryonic kidneys. This amplicated method is based on
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disaggregation and subsequent re-aggregation osenmetanephroi. Similar to an intact, whole
embryonic kidney, the re-aggregated kidneys displaynal morphology and marker expression
characteristic of normal developing kidneys. Thehteque has been used to integrate kidney
progenitor cells with down-regulatétftl expression into a normal kidney rudiment in oraer t
study nephron formation (Unbekandt and Davies 20A@rordingly, this new methodology
allows incorporation of cells from different originnto kidney rudiments and can be used to
determine the contribution of MSCs to nephrogeniesis controlled environment which mimics
the metanephric development. As the protocol ineshthe disaggregation of the kidney
rudiments, there are no problems with aggregatidheasite of injection as observed previously
by Yokoo et al (Yokoo et al. 2005). In this chapter, the abildgfy MSCs to integrate into
developing embryonic kidney structures will be eadd using a modified chimeric kidney

culture system based on the protocol of Unbekandtavies (Unbekandt and Davies 2010).

However, before performing the chimeric kidney artdt in order to establish if any kidney
related genes might be already expressed by MS&kinghis study, the expression profile of a
panel of key genes involved in kidney developmeilithve compared to that of kidney rudiment
cells. Expression of the following genes will beeéstigatedWtl, Six2 Pax2, Salll, Lim1Gdnf,
Osrl, Bf2 andRarps2. A brief description of the metanephric kidney keas used in this study is
given below (see also Chapter 1). Bl andSix2are found in the mesenchyme that gives rise
to nephronsWtl expression is associated with both condensingmaptaic mesenchyme (MM)
and developing nephrons but becomes restrictede@tecursors of podocytes in the S-shaped
bodies later on in development (Armstrong et aB3tMundlos et al. 1993). Similarlgix2is

expressed in the nephron progenitor populationiwithe cap mesenchyme (Kobayashi et al.
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2008).Pax2shows a broader expression during metanephric@@went thanVtl andSix2 as

it is expressed in the ureteric buds (UBs), conignsnesenchyme and developing nephrons
(Dressler et al. 1990; Dressler and Douglass 19@2her essential genes in metanephric
development includ&alll andLim 1 Salllis expressed during all stages of nephron formatio
(Nishinakamura et al. 2001) wherdam1 expression is found during nephron development and
in UBs (Karavanov et al. 1998; Kobayashi et al. 0@lial cell line-derived neurotrophic
factor (Gdni) is a crucial gene expressed during early metaiegdbvelopment, as it induces the
initial outgrowth and subsequent branching of th& WBccordingly, Gdnfis expressed by MM
adjacent to UB (Vega et al. 1996; Sainio et al. 7)9®ecentlyOsrl-expression was associated
with a precursor population in IM which gives rise most cells found within the developing
metanephros, including the collecting duct, nepbramd interstitial mesenchyme, mesangial and
smooth muscle cells (Mugford et al. 2008). FinaBy2 (Foxdl) is expressed in stromal cells
during metanephric kidney development (Hatini etL8B6). Similarlyretinoid acid receptop 2

(Rarp2) is expressed in kidney stromal cells (Mendelsethal. 1999).

Ultimately, in order to examine the capacity of MSt© become integrated into different renal
structures in the chimeric kidneys, expression ¢ \Ahd Six2 as well as laminin and calbindin
will be studied in the chimeras. Wtl (Armstrongaét 1993) and Six2 (Kobayashi et al. 2008)
will be used as markers for nephrogenic MM. Subsaty, calbindin staining will be performed

in order to discriminate UBs. Calbindin was demoatsd to be expressed in the developing
collecting duct and in the most distal part of teeal tubules of emerging nephrons (Davies
1994). Finally, laminin staining will be used tesualize both UBs and developing nephron-like

structures in the chimeras. Laminin is detectetdi8s and along the borders of comma-shaped
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and S-shaped bodies (Ekblom 1981).

Other cell types, namely a mouse embryonic steta (ECSs) line and mouse kidney progenitor
cell line will be also tested using the chimericriey assay. Previously, ESCs and ESCs-
derivatives were detected in the tubular compartroémetanephric kidneys following injection
into a kidney rudiment (Kim and Dressler 2005; 8teed et al. 2005; Vigneau et al. 2007).
Subsequently, kidney-derived progenitors have b#smmonstrated to harbour the potential to
contribute to different compartments of the deveiggkidney, and were shown to give rise to
both nephrons and the collecting system after figednto metanephroi (Challen et al. 2006;
Maeshima et al. 2006; Ward et al. 2011). Accordinghe kidney progenitors that will be
employed in this study are a population of mousenagl kidney cells (NKCs) derived by at the
University of Liverpool by Cristina Fuente Mora (k02009). The NKC population used here
expressesWtl and Gdnf, but not Pax2, and displays some heterogeneity in morphology
suggestive of differentiation towards different akspecific cell types. NKCs were also
demonstrated to express a range of renal markess as synaptopodincharacteristic for
podocytesdesminfound in mesangial cellsnegalinandzona occludens-&xpressed in tubular

cells (Mora 2009).

The aim of the chapter is to assess renogenic paitesf MSCs using a model of mouse
embryonic kidney development. Ultimately the rendgepotential between MSCs, ESCs and
NKCs will be compared using the same chimeric kjdagsay and the results obtained here will

be compared with existing evidence.
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4.2.Results

In this chapter the capacity of mouse and human $18Ccontribute to nephrogenesis was
evaluated using the novel chimeric kidney cultygtem (Unbekandt and Davies 2010). Initially,
prior to integration into the kidney rudiments, #wression profile of MSCs in regard to genes
expressed during early kidney development was whited. The ability of the MSC to integrate
into developing renal structures and differentiate kidney-specific cell types was then tested
by performing a chimeric kidney culture assay basedhe protocol of Unbekandt and Davies
(Unbekandt and Davies 2010). Subsequently, usimgdme assay, the renogenic potential of the

MSCs was compared with other stem cell types.

4.2.1.Chimeric kidney culture

The first aim of this chapter was to confirm thag in vitro development of re-aggregated E11.5
mouse kidney rudiments resembled that of intacinmadts. It is important because the purpose
of this study is to assess the contribution of M3€sephrogenesis in an environment that
closely mimics to the metanephric development. Té@ggregated kidneys were previously
shown to display marker expression characteridtinasmal developing kidneys, such as Wtl
(Unbekandt and Davies 2010). Here the expressiofVtdf, Six2, calbindin and laminin is

investigated in intact and re-aggregated embrykidiceys.

Early stage mouse kidney rudiments can be obtahedbryonic day (E) 10.5 when the UB has
just invaded the MM and no branching has occurreat &11.5 when the UB has branched once.
The rudiments are located close to the hind limd bod can be distinguished by an opaque
region of MM and the presence of the UB outgrowiram the Wolffian duct (Davies 2010).

Figure 4.1a shows the localization of the metanegtidney within a caudal part of an E11.5
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embryo, and Figure 4.1b shows the morphology ofrtitéments following dissection from the

embryo.

E11.5 metanephroi were dissected and following ¥s d& in vitro culture stained for several
markers of early nephrogenesis. As demonstrateligare 4.2a and g, Wtl expression was
detected using two different antibodies. Its exgim@s was present in condensing MM and
forming nephrons with the highest levels of Wtl re@gsion in nascent podocytes. Further, Six2
was detected in condensing MM (Figure 4.2b). Asxsshim Figure 4.2d calbindin expression was
found exclusively in UBs. Finally, laminin stainimgas evident in the basement membrane of the
UBs and developing nephrons of the cultured metarme{Figure 4.2e). The undifferentiated
MM or stroma did express neither laminin nor Wtix25 calbindin. As demonstrated in Figure
4.2c, f and h appropriate negative controls, inclwlprimary antibody was omitted, showed only

weak background staining.

500um

Figure 4.1 Morphology of mouse E11.5 kidney rudiment (brigletd images). (a) Localization of mouse
E11.5 metanephric kidney within the embryo (dasliwe). Only the caudal part of an embryo is being
shown. (b) Mouse E11.5 kidney rudiments after dise consisting of T-shaped UB (u) and its
surrounding MM (arrows).
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negative control

negative control

negative control

Figure 4.2 Expression of several markers of early nephrogsrfesnd in intact mouse metanephroi following 4/sl@fin vitro culture. Embryonic
kidneys subsequent stained after for Wtl (a an&ig®, (b), calbindin (d) and laminin (e). Corresgdimmy negative controls where the primary antibody
was omitted are demonstrated: (c) Wtl (in red) Wt} (in green), (c) Six2, (f) calbindin and (fain.
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Unbekandt and Davies developed a method which ead&idiney chimeras to be re-formed from
a suspension of individual kidney rudiment cells.this method, following dissection, E11.5
kidneys are disaggregated and the resultant sicejlesuspension of kidney rudiment cells is
pelletted to promote re-aggregation. The re-agdeegkidney is then cultured under the same
conditions as an intact E11.5 kidney rudiment (Ualpelt and Davies 2010). Figure 4.3a-f shows
such re-aggregated kidney after 4 daysnofitro culture. As demonstrated, the re-aggregated
metanephros displays normal kidney development. &#dihing is detected in condensing MM as
well as in forming nephrons whereas the laminin @snd in the basement membranes
surrounding emerging nephrons and UBs (Figure d)3&ubsequently, Six2 staining is detected
in condensing MM, whereas calbindin staining isnidin UBs (Figure 4.3d-f). No Wt1, laminin,
Six2 or calbindin staining was detected in the maosurrounding condensing MM and UBs

(Figure 4.3a-f).

The presence of condensing MM around UB tips amly e@phron formation demonstrates that
kidney development was not disrupted by the disagggion and re-aggregation protocol. This is
also in accordance with data presented by UnbelkamdiiDavies (Unbekandt and Davies 2010).
The re-aggregated embryonic kidney can act as a&hfodstudying nephrogenesis vitro and
this model may be used to assess the renogeniatiabtef stem cells, similarly as the intact

kidney.
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Figure 4.3 A re-aggregated mouse embryonic kidney cultuneditro for 4 days. The re-aggregated kidney rudiment sholaracteristic features of
embryonic development during tivevitro culture period: branching UBs (u), condensing MM @nd developing nephrons (*) surrounded by stromal
cells (s). (a-c) Wtl and laminin staining of a ggpeegated kidney rudiment, (d-f) Six2 and calbirgt@ining of a re-aggregated kidney rudiment.
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4.2.2.Renogenic potential of D1 cells

Expression profile of D1 cells

In order to establish if any of the kidney relagehes might be already expressed by MSCs
before introducing them into the embryonic kidnayieonment, D1 MSCs were investigated for
the expression of important markers found duringhmegenesis. To investigate the expression
profile of D1 cells in regard to genes involvedniephrogenesis, semi-quantitative polymerase
chain reaction (PCR) was performed. The followieges were selected for initial assessment, as
all have been shown to play a crucial role in kiddevelopment (see Chapter Pax2, Wtl1,
Six2, Salll, Lim1Gdnf Osrl, Bf2 and Rarp2. As demonstrated in Figure 4.4, the D1 cells
displayed expression of several genes known tonigmoitant in the early stages of kidney
development; namelyBalll, Lim1, GdnfandOsrl Nevertheless, expression of other genes found
during nephrogenesis likPax2, Wtland Six2 was not detected (Figure 4.4). Additionally,
expression of the stromal-specific gerBf andRars2, was analyzed in D1 cells. Accordingly,
D1 cells did not show expression Bf2 or Rars2 (Figure 4.4).Glyceraldehyde 3-phosphate

dehydrogenaséGapdl) was used as a reference gene for all samples.
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Figure 4.4 Gene expression profile of D1 cells (D1) compardith \#13.5 kidney assessed using reverse
transcription semi-quantitative PCR. D1 cells shovexpression of several genes involved in kidney
development. The reference gen&apdh No template control was included®).

Paxz

Chimeric kidney assay using D1 cells

As described earlier, the technique developed hyeldandt and Davies will be used to introduce
MSCs into the embryonic kidney environment, in orte assess their renogenic potential. In
brief, labelled MSCs or other stem cells will beambined with kidney rudiment cells derived

from disaggregated E11.5 mouse embryonic kidneyowing the aggregation step the obtained
re-formed kidneys will be subsequently cultured4atays and analysed using a combination of

antibody staining. Figure 4.5 highlights the essésteps of the recombination protocol.
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Figure 4.5 Schematic representation of the technique usedatuae the contribution of stem cells to
embryonic kidney development showing disaggregatadnkidney rudiments and subsequent re-
aggregation in the presence of labelled stem fdltsved byin vitro culture.

D1 cells were recombined with kidney cells in alperiments in ratio of 1:5. Preliminary
experiments performed with both mouse and human M®Eealed that when lower ratios of
MSCs were used for the recombination, such as 120 and 1:100, only a few cells could be
detected within the kidney chimeras (data not shoWwar this reason a 1 to 5 ratio was chosen
for the experiments. Since for each chimera a witdl00,000 cells was used, the approximate
number of D1 cells recombined was 20,000. Upon rdmmbination MSCs were evenly
distributed in the chimeras, mixing with rudimendrey cells, hence no aggregates of MSCs
were detected which could lead to impaired engraftnmto renal structures (data not shown). In
order to track D1 cells within the chimeric kidnie cells were labelled with either QDs or GFP,
as described in section 3.2.3, and cultured foaykth vitro. The chimeras were then fixed and
immunostained as demonstrated in section 4.2.1fd€ahmicroscopy was used to evaluate the
localization of D1 cells within renal structuredték 4 days of chimeric kidney culture numerous
laminin-positive structures were detected. This wasompanied by the expression of Wtl in

condensing MM (Figure 4.6). Some QD labelled celtse observed within the Wtl-positive
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MM, hence the condensing MM, however most of the-l@telled D1 cells were found in the
Wtl- and laminin-negative compartment of developaimgmeras, identified as stroma (Figure
4.6a-d). Further, no QD-labelled D1 cells were diet@ in the large laminin-positive structures,
identified as the UBs (Figure 4.6 a-d). These tesuére confirmed using GFP-labelled D1 cells.
Some GFP D1 cells were found within condensing MMereas the majority of the cells were

detected in the stroma, where they appeared to d¢ethelusters (Figure 4.6 e-h).

In addition, it was observed that the integratibd cells might have a slight detrimental effect
on the development of the chimeric kidneys. Chimdrarbouring D1 cells seemed to contain
less condensing MM and nephrons in comparison retormed kidneys cultured in the absence
of D1 cells. The negative effect on embryonic kidiaevelopment exerted by D1 cells will be

investigated in more detail in Chapter 6.

Taken together, these data show that MSCs exp@se genes involved in early kidney
development, such &dnf, Salll, LimlandOsrlbut do not express important genes, Bax2,
Six2 and WtlL Furthermore, in the kidney chimeras D1 cells gri¢ed into Wtl-positive
condensing mesenchyme but not into laminin-posistreictures, identified here as UBs. In
addition, many recombined cells were found in thElA\Mnd laminin-negative compartment of
the chimeras where some clustering of the cells elzerved. Finally, it is possible that the

integration of D1 cells might have some negatifeatfon the development of the chimeras.
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Figure 4.6 The contribution of D1 cells to nephrogenesis imric kidneys after 4 days @f vitro culture. D1 cells were mainly found in stroma (s)
and condensing MM of developing chimeras (m). Nibscgere found in UBs (u). Representative imageskidhey chimeras are shown (at least 3
independent experiments were performed using eaoéllihg method). (a-d) Engraftment potential of @ cells (in red) into developing renal
structures stained with Wtl and laminin. (e-h) Efignent potential of GFP D1 cells (in green) inveloping renal structures stained with Wtl and
laminin.
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4.2.3.Renogenic potential of human MSCs

Expression profile of human MSCs

The use of mouse MSCs for regeneration of humaal tessue in the future is rather unlikely.
Ultimately human cells would be used for a purpofssuch regenerative therapy. Therefore it is
essential to determine human MSCs renogenic patefitie above results showed that D1 cells
expressed several genes involved in nephrogersesis,agOsrl andSalll, but notPax2or Wtl
(Figure 4.4). Before performing the chimera assagétermine the renogenic potential of the
human MSCs, expression of several metanephric mgamkas investigated in human MSCs.
Similarly to mouse MSCs, no expressiorP#X2or WT1was detected in human MSCs (Figure
4.7). As shown in the Figure 4.7 human MSCs didaskapression oDSR1which was also
found in D1 cells. However, in contrast to D1 cellsman cells did not expreSALL1(Figure
4.7). GAPDH was used as reference gene for all samples andrhygmoximal tubular cells

(PTC) were used as a positive control.
PTC hMSC Hx0
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Figure 4.7 Gene expression profile of human MSCs (hMSC) coetpavith human proximal tubular
cells (PTC) assessed using reverse transcriptioni-geantitative PCR. The reference gen&isPDH
No template control was included (H20).
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Chimeric kidney assay using human MSCs

In order to assess the renogenic potential of huia@s, the same method described previously
to generate chimeras harbouring D1 cells was atli-Human MSCs were recombined with
kidney cells in a ratio of 1 to 5. In order to tkkdsuman MSCs within the chimeric kidney, the
cells were immunostained with an anti-human nualgtibody as described in section 3.2.3.
After 4 days of chimeric kidney culture, some l|dbeicells were detected in the proximity of
Wtl positive structures, but never fully integratedo Wtl-expressing MM or developing
nephrons. Human MSCs were predominantly found enstnomal compartment or outside the
developing kidney, as shown in Figure 4.8a-c. $oahppeared that human MSCs are mainly
found in groups within the chimeras, similar tosters of D1 cells, but less tightly packed
(Figure 4.8a-c). As no staining for UBs was empthythe contribution of human cells to UB

formation could not be assessed.

In addition, the recombination with human MSCs appd to have also some negative effect on
the development of chimeric kidneys, similar to Bdls. Chimeras harbouring human MSCs
seemed to contain less condensing MM and nephrort®mparison with re-formed kidneys

cultured in the absence of human cells. The remgilVtl-expressing regions often seemed to

be disorganised. The negative effect exerted byamuwdSCs is described in Chapter 6.
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anti-human antibody

Figure 4.8 The contribution of human MSCs to nephrogeneschimeric kidneys after 4 days iof vitro culture. The cells were mainly found in stroma
(s) and no integration occurred into Wtl-expressiogdensing MM (m). A representative image of kidiimera is shown (at least 3 independent
experiments were performed). (a-c) Engraftment m@kof human MSCs labelled with anti-human nu@atibody (in green) into developing renal

structures stained with Wt1.
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In summary, human MSCs displayed similar exprespgrofile to D1 cells, however they did not
expressSALL1 In the chimeric kidneys, numerous human cellsewfeund in the Wtl- and
laminin-negative compartment. Although some hum&0d were detected also in the proximity
of Wtl-expressing structures, no definitive intéigra did occur. Finally, the integration of
human MSCs might have some negative effect on ¢éveldpment of the chimeras similarly as

observed for D1 cells.

4.2.4.Renogenic potential of other progenitors

In sections 4.2.2 and 4.2.3, the contributionnteitro nephrogenesis of both mouse and human
MSCs was assessed. Mouse MSCs could be found witdiMM, which gives rise to nephrons,
but the majority of the MSCs appeared to residhéeWtl and laminin-negative compartment,
possibly the stromal compartment. Still, it is imjamt to note that no marker for identifying the
stromal compartment was employed in this study.eH#re involvement of other stem
cells/progenitors in the metanephric developmerg tested using the chimeric kidney culture

system.

Accordingly, mouse ESCs were labelled with QDs aacbmbined in 1:5 ratios with E11.5
kidney rudiment cells to form chimeric kidneys. ABown in Figure 4.9a-h after 4 days of
chimeric kidney culture QD-labelled ESCs were detgovithin Wtl-expressing condensing MM
and laminin positive structures, possibly UBs. ES@se also present in stroma but no cells were

detected in nephron-like structures (Figure 4.9a-h)

Also, a cell population derived from mouse neonétdhey, here referred as neonatal kidney
cells (NKCs), was introduced into metanephric emwinent using the described chimeric culture

system. NKCs have been established from a Pax2&sipg cell population isolated from a
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disaggregated neonatal mouse kidney. These cells aescribed to spontaneously differentiate
in vitro to generate cells with different renal phenotygearacteristic for podocyte-, mesangial-
and tubular-like cells (Mora 2009). Following a 4wydculture period, QD-labelled NKCs

integrated into condensing MM and developing nepiiike structures, as demonstrated in

Figure 4.10a-h. Integration into UBs was rarelyastied.

Finally, the integration of ESCs and NKCs did nppear to have an adverse affect on the
chimeric kidney development. On the contrary, émed that more Wt1- and laminin-expressing
structures were induced in the chimeras harbouldH&s in comparison with the other stem

cells tested.

In conclusion, both ESCs and NKCs were found inwWh#&-expressing compartment of chimeric
kidneys. Presence of NKCs in the developing nephikenstructures was detected. Some ESCs
were also present in laminin-positive structuresthBESCs and NKCs were detected as well in
the Wtl- and laminin-negative stromal compartméfitimately, the integration of ESCs and

NKCs appeared not to have any negative effect enlélvelopment of the chimeras.
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Figure 4.9 The contribution of mouse ESCs to nephrogenesishimeric kidneys after 4 days of vitro culture. ESCs were found in stroma (s),
condensing MM (m) and UBs (u) of developing chinsef@epresentative images of kidney chimeras arersifat least 2 independent experimenters

were performed). (a-d) Engraftment potential of BCs (in red) into condensing MM stained with WE-f) Engraftment potential of QD ESCs (in
red) into UBs stained with laminin.

130



laminin QD NKCs

Figure 4.10The contribution of mouse NKCs to nephrogenesishimeric kidneys after 4 days of vitro culture. NKCs were found in stroma (s),
condensing MM (m) and forming nephrons (*) of dexghg chimeras. Representative images of kidnegnetdas are shown (at least 2 independent
experimenters were performed). (a-d) Engraftmetgmi@l of QD NKCs (in red) into MM stained with Wt(e-f) Engraftment potential of QD NKCs
(in red) into developing nephron-like structuresirsgd with Wt1 and laminin.
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4.3.Discussion

In this chapter the potential of mouse and humarCM® contribute to renal development was
evaluated using a novel method of embryonic kideejture. Although D1 cells showed
expression of some genes associated with earlyrogphesis, they did not express important
genes, likePax2, SixZandWtl In the chimeric kidney culture, D1 cells remaimadinly within
the Wtl- and laminin-negative compartment, althowgime D1 cells integrated into Wtl-
expressing condensing MM. Nevertheless, the presendSCs within developing nephrons
was not detected. When compared with mouse emhrgiem cells and mouse neonatal kidney
cells, mouse MSCs behave comparable to neonatakkidells. Similarly to mouse MSCs,
human MSCs did not show expressionR#X2 and WT1 When recombined with embryonic
kidney, they did not integrate into Wtl-exprssimandensing MM though several human cells
were found in the proximity of Wtl positive structa. Ultimately, the integration of mouse and

human MSCs appeared to have some negative effebheaevelopment of the chimeras.

4.3.1.Expression profile of MSCs

Expression of kidney related genes had previousbnbdescribed in MSCs. Rat bone marrow-
derived MSCs were shown to start expressaggaporin-1when indirectly co-cultured with
glycerol-injured rat kidney tissue (Qian et al. 8D0Similarly, indirect co-culture with injured
cortical tubular epithelial cells induced expreassidaquaporin-landkidney-specific cadherim
mouse MSCs (Singaravelu and Padanilam 2009). Aodsimated by Yokoet al, human bone
marrow-derived MSCs transduced with GDNF and irgtsgl into kidney rudiments, acquire
expression of several kidney-specific markers thate previously not expressed in the cells,

such as the podocyte specific gemephrin podocinandglomerular epithelial protein las well
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as the tubular epithelial cell-specific markexguaporin-1 1a hydroxlyaseparathyroid hormone
receptor landHCOs co-transporter(Yokoo et al. 2005; Yokoo et al. 2006). Moreovenman
bone marrow-derived foetal MSCs were demonstrateeixpressaquaporin-land parathyroid
hormone receptor lafter infusion into rats with glycerol-induced &surenal failure.

Subsequently these cells were found integratedtiftolar structures (Qian et al. 2008).

The expression of early embryonic kidney markerSIBIC has not been thoroughly investigated
until a recent paper from Lusgs al identified a panel of embryonic kidney markerpressed in
mouse MSCs (Lusis et al. 2010). Accordingly primarguse bone-marrow-derived MSCs were
shown to expresByal, Six], Six2 Osrl, Pax8 cadherin 11 Gdnf Wnt4 megalinandFoxdl1 In
addition, no expression ¥t1, Salll, Hoxall Pax2andLim1 was found in the cells. Moreover,
human bone marrow-derived MSCs transfected witkkelm Pax2 have been shown to express
SALLL WNT4 and EMX2 In addition, human MSCs over-expressing Pax2 varewn to
acquire LIM1 expression after integration into Wolffian ductiteplia (Fukui et al. 2009).
Finally, two kidney-related genes were detectechuman MSCs prior the incorporation into
kidney rudiments namely,Kir6.1 and SUR2 (Yokoo et al. 2005). The expression pattern of
abovementioned genes in metanephric kidneys durapiprogenesis was described in detail in
Chapter 1, except fdEmx2, Kir6.1landSUR2 Accordingly, Emx2 was shown to be expressed in
the ureteric buds and early epithelial structuregved from MM during mouse metanephric
development (Pellegrini et al. 1997). Further, ASdmsitive K+ channel subunits Kir6.1 and
SUR2 were demonstrated to be expressed during @watgric bud and nephron development and

later in proximal tubules in rats (Braun et al. 20

In the current study, the expression profile of M3@ regard to embryonic kidney markers has
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been evaluated. The analysis demonstrated thaeDslexpress a number of genes important for
metanephric development; name@srl, Salll, Lim1l andGdnf Mugford et al. showed that the
Osrl-expressing progenitors give rise to the cbifigcduct epithelium, nephron and interstitial
mesenchyme precursors (Mugford et al. 2008). Hemsparable expression levels@$rl were
found in D1 cells and E13.5 kidney. Similarly, hummSCs were demonstrated to express
OSR1 This is in agreement with Luset al. demonstrating Osrl expression in mouse MSCs
(Lusis et al. 2010). Furthermore, D1 cells werenfbto expres&iml, which is detected in UBs
and at different stages of nephron formation dunmgphrogenesis (Karavanov et al. 1998;
Kobayashi et al. 2005), arfslall1, which is present during all stages of nephron bgreent
(Nishinakamura et al. 2001$ALL1was not detected in human MSCs thougm1 and Salll
expression has not been reported previously in ;m®dSCs (Lusis et al. 2010). Further the
Gdnf/Ret signalling plays important role in UB otdgyth and the branching morphogenesis and
Gdnf is normally expressed by mesenchymal cellsngunetanephric development (Sainio et al.
1997). D1 cells demonstrated expressiorsdhf, which is in accordance with previous results

(Lusis et al. 2010).

As demonstrated, D1 cells show expression of aerarfignarkers found in embryonic kidney.
However it is important to note that all mentiongehes are not exclusively expressed during
nephrogenesiOsrl expression is found throughout limb and branchigh development (So
and Danielian 1999). Similar ©srl, Salllis expressed during limb development but alsonduri
heart development (Sweetman and Munsterberg 2@B)t is a neurotrophic factor, which is an
important survival factors for central and peri@iereurons. Gdnf and its receptors are expressed

in developing tooth, limbs and submandibular glai@blden et al. 1999). Finallyiml
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expression was found during neurogenesis (Barned. et994). Therefore an expression of

following genes in D1 cells may not necessary ctflleeir renogenic potential.

According to the data provide here D1 cells do ea&press several genes essential for
metanephric development, such Rax2 Wtl and Six2 Pax2 is found in UB but also in
condensing mesenchyme and developing nephronsglBre=t al. 1990; Dressler and Douglass
1992). SimilarlyWtl expression is present in condensing mesenchymel@reloping nephrons
(Armstrong et al. 1993; Mundlos et al. 1993). Both cells and human MSCs did not express
Pax2or Wt1, which is in agreement with previous results (kust al. 2010). Furthermor8jx2
which is a maker for the nephron progenitor popaoiatKobayashi et al. 2008), was not
expressed by D1 cells, althou§ix2expression in mouse MSCs was described previousisig

et al. 2010). Finally, the stromal compartment aftamephric kidneys is characterised by the
expression ofBf2 (Hatini et al. 1996) anRars2 (Abecassis et al. 2008). D1 cells did not express
any of the markers, even though expressionFoxdl (Bf2) in primary mouse MSCs was

documented (Lusis et al. 2010).

In conclusion, MSCs employed in this study expresme early embryonic kidney genes.
However there is a discrepancy between the expregsiofile of D1 cells and the profile
described previously for mouse MSCs (Lusis et @L®. One explanation for this could be the
fact that D1 cells used in this study are a cak.liFor that reason their expression profile might
slightly differ from primary MSCs used by Lusis aed-workers. Finally, there was also a
difference in expression pattern of mouse and hut8Cs which may influence their
contribution to kidney development. It has been aestrated that D1 cells expreSalll whereas

human MSCs do not. Similarlyim1 expression was detected in D1 cells which wasfouotd
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previously in primary mouse and human MSCs (Fukai.e2009; Lusis et al. 2010).

4.3.2.Renogenic potential of MSCs

To be used for renal tissue engineering aimedeahovonephrogenesis, MSCs should commit
efficient and exclusively into kidney-specific cgfpes. Ideally, a large number of MSCs should
be reprogrammed, as the random contribution of arfgw cells would be insufficient for future
regenerative purpose. Previously, only a sophigtitarotocol was employed to introduce MSCs
into embryonic kidneys (Yokoo et al. 2005), makifugther investigation of their renogenic
capacity difficult. Here, in order to test the rgeaic potential of MSCs, the cells were integrated
into an embryonic kidney environment by performicigmeric kidney culture. Accordingly,
mouse kidney rudiments obtained at E11.5 were dreggted and re-aggregated in the presence
of MSCs to form a chimeric embryonic kidney basedtbe novel chimeric kidney culture
system described by Unbekandt and Davies (UnbelkamditDavies 2010). The chimeras were
cultured similarly to intact metanephric kidneysdawere confirmed to recapitulate normal
kidney development, as described before (UnbekandtDavies 2010). Both mouse and human
MSCs were recombined with kidney cells in ratio, uSing a total of 100,000 cells, with each
chimeric kidney containing approximately 20,000 MSCIn comparison, in Yokoo's
experiments, only 1000 human MSCs were used (Yakoal. 2005). However, human MSCs
were injected into rat intermediate mesoderm betwibe somite and lateral plate at the level of
somite 29 which is a relatively small area (Yokdoak 2005). Following 4 days ah vitro
culture, both QDs and GFP labelled D1 cells werenébpredominantly outside the developing
chimeric kidney and in the laminin- and Wtl-negatoompartment, identified here as stroma.

Furthermore, some labelled cells were detectedimwitondensing MM but they were not
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observed in forming nephron-like structures. Noelwa D1 cells were detected in laminin-
positive and Wtl-negative tubular structures, whiah be described as the UBs. Similar results
were obtained with human MSCs. Human MSCs appdargdr than mouse kidney cells in the
chimeras. Labelled with anti-human antibody, MSGsenvfound mainly outside the developing
chimeric kidney or in the putative stromal compastt Some human cells were found in the
proximity of Wt1l positive structures but did notgeaft into MM, suggesting that human MSCs
display even lower integration potential into MMathmouse MSCs. In addition, some human
cells seemed to divide in the chimeras. Nevertsel#ss has not been further verified. In
conclusion, it has been demonstrated that MSCs hakagher low renogenic potential in the

chimeric kidney assay.

Previously it has been demonstrated by Yokbal that MSCs can contribute to nephrogenesis
integrating into both glomerular and tubular egitira (Yokoo et al. 2005; Yokoo et al. 2006).
These results differ from data obtained here ugiiegchimeric kidney system. Nevertheless the
absence of D1 cells from UBs is in accordance wdhier results showing that human MSCs are
unable to fully contribute to development of thdlexding duct system (Fukui et al. 2009). In
previous experiments performed by Yokoo and co-exwk human MSCs over-expressing
GDNF were injected into rat IM at the site of neggenesis before the initiation of metanephric
development (Yokoo et al. 2005; Yokoo et al. 200@the system described in this study MSCs
were recombined with embryonic kidneys that werelaied at the onset of metanephric
development. Therefore, the embryonic signals M&Cs receive in this environment are
different from signals found in IM. It has been simothat injection of human MSCs into an

intact kidney rudiment is insufficient to triggemtegration of MSCs. It is not clear however if
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these cells were over-expressing GDNF (Yokoo eR@D5). Moreover, human MSCs injected
into intact metanephroi did not form any recognieaienal structures and remained aggregated
(Yokoo et al. 2005). Similar results were foundthins study, as the mouse MSCs appeared to
form aggregates of cells within the chimeric kidneyen after they were recombined with a
single cell suspension of kidney cells. These dat&irm that the method by which MSCs are
introduced into kidney, namely injection into intacetanephros or recombination with kidney
cells is not essential for the integration of cdist rather, the stage of metanephric development
is important. Another reason for the low contribatiof MSCs to nephron formation could be
that the MSCs used here for creating the chimerxe wot genetically modified to express high
levels of GDNF. This modification has been dematstt to be crucial for enhancing the number
of integrated cells (Yokoo et al. 2005). It is alsgportant to note that human MSCs were
analyzed after 6 days of culture in Yokoo's experita (Yokoo et al. 2005) whereas the
chimeric kidneys here were analysed after 4 daysofitro culture. For this reason, cells
observed in the condensing MM at this stage couwolsskiply be found in developing nephrons
later on. Nonetheless, as described in Chapteo @xtensive nephron formation did take place
after 7 days of chimeric kidney culture and subsatly no MSCs were found in nephron-like
structures. Finally Yokooet al. do not present an exact quantification of huma®QV
engraftment and differentiation (Yokoo et al. 2Q08&)erefore, it is difficult to compare the

number of cells integrated into different kidneymgartments between the two protocols.

As demonstrated, mouse MSCs do not express kidinesna markers, likdBf2 and Rars2 in
standardn vitro culture. However, many mouse and human MSCs vee@ised in the stroma

of kidney chimeras upon recombination. The reldyiieigh prevalence of the MSCs in the
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stroma of developing metanephroi, however, might m® too surprising, as both ESCs and
NKCs that were used to form kidney chimeras wese &und in high numbers in the stromal
compartment of the developing chimeras. Furthehadg been shown that even kidney-derived
progenitors are to a great extent found in thensatocompartment (Challen et al. 2006;
Maeshima et al. 2006; Lusis et al. 2010). Ultimgté was not possible to conclude if cells
remaining in the Wtl1- and laminin-negative compamirare becoming stromal cells, due to lack
of appropriate commercially available antibodymiight be also feasible that cells which were
not found integrated into UBs or MM-derived struet remained undifferentiated. As no
reliable marker for undifferentiated MSCs existsyas not possible to investigate this option in

chimeras harbouring MSCs.

Furthermore, it is also difficult to conclude ifethintegrated D1 cells expressed Wtl after
integration into condensing MM. The data obtainethw\@Ds indicate that D1 cells indeed did
express some Wtl. Nevertheless Wtl expression cuiltie confirmed using the GFP-labelled
cells. One possibility explaining the discrepancigim be that GFP expression in the cells
suppresses Wtl. It has been demonstrated that gg¥Ession interferes with activation of NF-
kB and JNK signalling pathways and stabilisatiorpb8 tumor suppressor in human embryonic
kidney cells (Baens et al. 2006). Another posdibiis that after labelling with QDs, some
nanoparticles remain in the MSC cell suspension @émihg the recombination and a small
fraction of kidney cells becomes labelled with #063Ds. QDs might also be lost from D1 cells
and subsequently transferred to kidney cells esprgsWVtl in the chimeras. Accordingly, it was
shown that embryonic stem cells lose QDs and suah €an be further utilized for labelling of

other cells when additional labelling buffer is d$®i et al. 2010).
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In addition, both mouse and human MSCs had sonmarsgttal effect on the development of
chimeric kidneys. Kidneys harbouring MSCs appeai@dcontain less condensing MM and
forming nephron-like structures in comparison wkttineys recombined in absence of MSCs or
recombined with other cells, for example ESCs. ifhéited development of the chimeras might
be responsible in part for poor integration of ttedls. Ultimately the effect on metanephric

development exert by MSCs is examined in Chapter 6.

In summary, although MSCs express some of earlyrgmix kidney genes their integration
potential into renal structures remains low in kiney chimeras. High prevalence of MSCs has
been observed in the stromal compartment of thenetas. Also some negative effects on
metanephric development were associated with tiegration of MSCs. In order to contribute to
renal development MSCs most likely require compteprogramming, similar to the one
described by Yokoet al Perhaps pre-conditioning before performing thienehic assay could

help the cells to increase their renogenic potentia

4.3.3.Renogenic potential of other stem cells

Here ESCs and NKCs have been used to perform emibrychimeras using the same
methodology as for MSCs in order to compare inti@gnapotential of MSCs with other stem
cells. Previously, both ESCs and kidney progenitase been introduced into the embryonic
kidney environment with the aim to investigate thepability to differentiate towards renal like
structures. However none of the aforementionedtgpéls had previously been recombined with
kidney cells using the novel chimeric kidney cuitiechnique (Steenhard et al. 2005; Challen et
al. 2006; Maeshima et al. 2006). Accordingly, Skeedet al introduced undifferentiated mouse

ESCs into E13 mouse kidney rudiments using miceaiipn. After 5 days oin vitro culture,
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ESCs were detected in large tubule-like structise@sounded by basement membranes and
displaying apical microvilli. In the injected megphroi ESCs did not mix however with native
kidney cells to create chimeric tubules. They alswe rarely observed in glomerular structures
(Steenhard et al. 2005). ESC-derived renal strastustained positively withLotus
tetragonolobus(LTA) lectin, a marker for proximal tubules, butere negative for Tamm-
Horsfall protein andolichos bifloruslectin, which are markers of distal tubule andemiing
duct, respectively (Steenhard et al. 2005). Ushegdhimeric kidney system it was possible to
demonstrate the presence of mouse ESCs in Wtllaanicin-negative compartment, laminin
positive tubular structures and condensing MM. Ndiscwere detected among highly Wtl-
expressing cells of emerging glomeruli in the depilg nephron-like structures. These results
are partially in agreement with previous data, sittee presence of ESCs in proximal tubules
could not be confirmed using the chimeras. Finalllychimeric kidneys ESCs were able to
become integrated into emerging renal structurekreot only contribute to structures formed

entirely from ESCs, as described by Steenleaa (Steenhard et al. 2005).

Apart from ESCs, various kidney progenitors haverbdemonstrated to contribute itovitro
kidney organogenesis. Among several types of renadenitors, label-retaining tubular cells
(LRTC) (Maeshima et al. 2006) and kidney site papah (SP) (Challen et al. 2006) were
demonstrated to have the capacity to integrate métanephric kidney, thus contributing to
embryonic kidney development. LRTC have been isdldtom an adult rat kidney by using
bromodeoxyuridine labelling method that enablestifieation of slowly dividing cells. They
were shown to form tubule-like structures in thdé@ensional culture conditions in the presence

growth factors such as hepatocyte growth factorer® days following the injection into E15 rat
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kidney rudiment, the cells were found in the infigesn, ureteric buds, as well around ureteric
buds and in tubules positive for LTA (Maeshima kt2006). Similarly, the SP population
isolated by Challert al. from adult mouse kidneys using the ability of soreds to efflux the
Hoechst dye incorporated into the metanephric kidk®llowing injection of the SP cells into
mouse E12.5 metanephroi, the cells were detect&Birstructures labelled with calbindin and
Pax2 as well as in MM co-stained with Wtl and Pak2r 3 days ofn vitro culture. Further,
kidney cells which did not represent the capaatefflux the dye did also engraft into UB and
MM but at a much lower percentage than the SP pdipual (Challen et al. 2006). Recently,
human CD133/1+ kidney progenitors isolated fromhbpapilla and cortex were shown to
integrate into tubular compartment of metanephidn&y after 3 days of culture following
injection into E.12.5 mouse kidney rudiments (War@l. 2011). Here a renal cell population, the
NKCs, was introduced into metanephric environmesing! the described chimeric culture
system. NKCs have been established from Pax2 esipiesell population isolated from
disaggregated neonatal mouse kidney. The cells@tra clonal population and demonstrate
vitro different renal phenotypes characteristic for pyde-, mesangial- and tubular-like cells
(Mora 2009). Accordingly NKCs were found in Wtl-dataminin-negative compartment and
Wtl- positive condensing MM of chimeric kidneys.n$® NKCs were found in developing
nephron-like structures. The cells were rarely detd in tubular laminin positive structures
which can be associated with UBs. NKCs appear émeshome similarities with cells of kidney
side population which after injection into metaneplkidney were found in higher numbers in

MM-derived structures in comparison with UBs (Chalkt al. 2006).

Recently it has been demonstrated using the sastersydescribed by Unbekandt and Davies
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that human amniotic fluid stem cells (AFSCs) camfkidney chimeras. Accordingly AFSCs
were contributing to nephron formation as well asteric bud structures during metanephric
development. AFSCs represent a novel stem cell lpppn which combine the features of
embryonic and adult stem cells (De Coppi et al.7206luman AFSCs were recombined with
E11.5 kidney cells in a 1 to 10 ratio and subsetipye¢he kidney chimeras were cultured for 4
days. The cells were detected in Pax2 and Wtlipestructures. Further, this was accompanied
by acquisition of expression of some important grabic kidney markers, such as Pax2 (Siegel
et al. 2010). Interestingly, a broader integragmential of human AFSCs encompassing both
UBs and developing nephrons has been described tigrchimeric kidney approach. Previously
the cells were injected into E13 kidneys and fountelgrated into stroma and developing nephron

structures after 5 days (Perin et al. 2007).

In conclusion, it was shown that different progentiypes have different abilities to contribute to
ex vivo kidney development in the chimeric kidneys. In ttemeric kidneys NKCs behave
comparable to D1 cells as both progenitor typesvieund in the condensing MM and did not
integrate into UBs. However, NKCs could be detectedstructures resembling developing
nephrons, which was not the case for MSCs. It agpatso that AFSCs have the broadest
integration potential in the chimeras since theyehbeen described to integrate into both UBs
and nephron-like structures (Siegel et al. 20103. ome D1 cells were detected in the
nephrogenic mesenchyme, it can be suggested thasemdSCs do possess some renogenic
potential. The subsequent chapter describes amg@tti® increase the presence of MSCs in the

condensing MM, thus facilitating the integrationM$Cs into nephron-like structures.

143



Chapter 5: Potential of MSCs to contribute to metanephric deviepment after

stimulation with conditioned medium from neonatal kdney cells

5.1.Introduction

In Chapter 4 the ability of MSCs to integrate imkeveloping embryonic kidney structures was
evaluated using a novel chimeric kidney culturdesys As described previously, direct injection
of human MSCs into a rodent kidney rudiment is ffisient to elicit MSC integration into
nephron-like structures; instead, the MSCs tendeajgregate at the injection site (Yokoo et al.
2005). For that reason, a new methodology develtyyddnbekandt and Davies (Unbekandt and
Davies 2010) was employed to determine the corttabwf both mouse and human MSCs to
nephrogenesis. As the protocol involved the disagggion of the kidney rudiments and
subsequent reformation of the kidney in the preseicstem cells, no aggregation at the site of
injection could occur. Nevertheless, as demongtratethe previous chapter, only infrequent
engraftment of mouse MSCs into condensing metarmepiesenchyme (MM) was observed in
the embryonic kidney chimeras. Furthermore, no hupramary MSCs were found in the MM of
the chimeras. This implies that in order to obtaith MSC incorporation into renal structures,
MSCs require additional reprogramming, as demotestray Yokooet al (Yokoo et al. 2005). It
appears that glial cell line-derived neurotroplaictér (GDNF) plays a crucial role in this process
since it was shown that over-expression of GDNRuman MSCs before their introduction into
the embryonic environment, considerably increakeg integration potential into metanephric
kidneys (Yokoo et al. 2005). GDNF is an importaattor for ureteric bud (UB) outgrowth and
branching (Vega et al. 1996; Sainio et al. 199'He Thechanism of action of GDNF involves

activation of the tyrosine kinase receptor Ret,oeled by theRet proto-oncogene (Trupp et al.
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1996; Vega et al. 1996). In the subsequent chapegpossibility to induce a renal phenotype and
subsequently improve the engraftment potential &Qd into metanephric kidney will be
investigated following pre-treatment of MSCs witbnditioned medium obtained from kidney

progenitor population.

The use of conditioned medium to trigger differatiin of MSCs has been attempted before
(Rivera et al. 2006; Pan et al. 2008; Baer et @092 Schittini et al. 2010). Conditioned medium
from cardiac explants was used as a potential eafréactors to induce differentiation of MSCs
into cardiomyocyte-like cells, as it has been destrated to contain cytokines, growth factors
and myocardial and metabolism-related proteins.ofdiogly, the conditioned medium was
shown to elicit phenotypic changes in the MSCshst their morphology and marker expression
profiles resembled those of cardiomyocyte-like céBchittini et al. 2010). Further, foetal liver-
conditioned medium obtained from different develeptal stages was assessed for induction of
hepatic differentiation in MSCs: this study demoatgd that stimulation with conditioned
medium from E13.5 liver culture was most effectimeinducing morphological and functional
changes in the MSCs, as well as changes in gemessipn that were characteristic of hepatic
differentiation (Pan et al. 2008). In addition, itmluce a neuronal-like phenotype, MSCs were
treated with conditioned medium derived from achifijpocampus, cortex or cerebellum, and
muscle-derived conditioned medium was used as atiwegcontrol. All media tested, except the
muscle-derived conditioned medium, induced a nealronorphology and the expression of
neuronal markers in MSCs (Rivera et al. 2006). Igin@onditioned medium from proximal
tubular cells has been used to initiate differeimiaof MSCs into epithelial-like cells. After

incubation with the conditioned medium, changesiorphology and gene expression of the cells
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occurred, indicating epithelialisation (Baer et2009). In conclusion, these studies highlight that
the fate of MSCs can be influenced by factors @efifrom various types of differentiated cells,
and in most cases, the MSCs start to adopt theacteaistics of the cells from which the factors

are derived.

In this chapter, conditioned medium from neonatdh&y cells (NKC CM) will be tested for its
ability to increase the renogenic potential of MSGHKCs used for obtaining conditioned
medium are a heterogeneous population displayiatufes of podocytes, mesangial and renal
tubular cells (Mora 2009). As demonstrated in thevipus chapter, NKCs contribute
considerably to nephron development in chimerimé&ib by integrating into condensing MM
and developing nephron-like structures. AccordingNKC CM will be used to initiate
differentiation of MSCs towards a renal phenotype order to subsequently increase the

renogenic potential of the cells in the recomboratssay.

5.2.Results

In order to enhance the potential of MSCs to engrdb developing nephron structures, NKC
CM has been employed to pre-condition both mousehaman MSCs. Initially, the multilineage
differentiation potential of D1 cells pre-treatedttwNKC CM was assessed, followed by
expression analysis of kidney-specific genes. Bindhe ability of pre-treated D1 cells and
human MSCs to integrate into developing renal stings and differentiate into nephron-specific

cell types was tested by performing the chimerimkly culture assay.

5.2.1.The multilineage differentiation potential of D1 cdls stimulated with NKC CM

In an attempt to increase their renogenic poterialcells were incubated for 4 days with a 1:1
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mix of conditioned medium obtained from a conflu&\KC culture (NKC CM), and standard
culture medium. In Figure 5.1, bright field imagefsunstimulated and stimulated D1 cultures
show that there is a slight difference in morphglo§D1 cells incubated in NKC CM compared

to those cultured in standard culture medium: f@lowing stimulation with NKC CM, MSCs

appeared more aligned than when cultured in stdndadium.

Figure 5.1 Morphology of D1 cells after stimulation with NKCM. Representative images are shown
(observed for more than 3 independent culture¥Bi(ght field image of the D1 cells cultured foidays
in standard culture medium. (b) Bright field imagfehe D1 cells cultured in NKC CM.

To verify how the stimulation with NKC CM affected multipotency of D1 cells, subconfluent
D1 cultures were induced for two weeks to underdipagenic, osteogenic and chondrogenic
differentiation using appropriate inductive media,described in section 3.2.1. Figure 5.2 shows
the adipogenic, osteogenic and chondrogenic paleofi MSC stimulated with NKC CM

compared to those cultured in standard medium.

Following induction with adipogenic medium, Oil Rsthining on day 14 confirmed the presence
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of lipid vacuoles in D1 cells that had been stitedawith NKC CM, and those cultured in
standard medium, whereas in the absence of adipogedium, there was no evidence of lipid
vacuoles (Figure 5.2a-d). It appeared, howevet, Bacells stimulated with NKC CM (Figure
5.2c¢) had a slightly lower adipogenic potential paned to controls, as fewer cells accumulated

lipid vacuoles in comparison with unstimulated Rl (Figure 5.2a).

Further, 14 days following induction with osteogemedium, Alizarin Red staining showed that
both the control D1 cells and those stimulated WHC CM were able to undergo osteogenesis
(Figure 5.2e and g). Interestingly, under osteagennditions, some NKC CM-stimulated cells
displayed vacuoles that appeared similar to li@duoles found during adipogenesis, and these
cells did not stain for Alizarin Red (Figure 5.2tpert). In the absence of osteogenic medium, no
staining was detected in control cultures or insthstimulated with NKC CM (Figure 5.2f and

h).

Finally, in order to confirm the chondrogenic difatiation potential of MSCs, a chondrogenic
culture condition was employed, as described iti@e8.2.1. Both unstimulated and NKC CM-
stimulated D1 cells formed stable pellets and shibwe presence of proteoglycans in the
periphery of the pellet, as indicated by Alcian 8ktaining (Figure 5.2i and k). No Alcian Blue

staining was detected in pellets cultured in th&eabe of chondrogenic medium (Figure 5.2j and

).
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Figure 5.2 Confirmation of multilineage differentiation potél of D1 cells treated with NKC CM for 4
days and subsequently induced with adipogenic, ogetdc and chondrogenic induction media.
Representative images are shown. (a) After 14 dagtimulation with adipogenic inductive medium D1
cells displayed lipid vacuoles that stained posltivwith Oil Red. (b) Oil Red staining of D1 cells
cultured in standard culture medium showed no liagduole formation. (c) D1 cells pre-treated with
NKC CM for 4 days and subsequently stimulated weittipogenic inductive medium for additional 14
days displayed lipid vacuoles. (d) In the abserd@pogenic medium, Oil Red staining demonstrated
lipid vacuole formation in cells pre-treated wittK CM. (e) After 14 days of culture in osteogenic
inductive medium, Alizarin Red staining showed tivesence of extracellular calcium deposits in D1
cultures. (f) Alizarin Red staining of control D&lls showed that no calcium deposits were pregght.
D1 cells pre-treated with NKC CM for 4 days and ssduently stimulated with osteogenic inductive
medium show Alizarin Red staining detecting presen€ calcium deposits. Occasionally some pre-
treated D1 cells also displayed vacuoles compatablipid vacuoles found during adipogenesis (it)ser
(h) In the absence of osteogenic medium, Alizared Rtaining demonstrated no evidence of calcium
deposits in cells pre-treated with NKC CM. (i) Afté4 days of micromass culture in chondrogenic
inductive medium, Alcian Blue staining showed pesitstaining in the periphery of the pellet, inding
cartilage formation. (j) In the absence of chonérig medium, Alcian Blue staining of D1 micromass
sections showed no evidence of cartilage proteaglyc(k) After 14 days of micromass culture in the
presence of chondrogenic medium, NKC CM pre-treaitd1 cells showed evidence of cartilage
formation at the periphery of the pellet, as intidaby Alcian Blue staining (arrow). (I) In the abse of
chondrogenic medium, no Alcian Blue staining watedied in micromass sections of D1 cells pre-tceate
with NKC CM.

In summary, pre-treatment with NKC CM of D1 celid dot result in substantial morphological
changes of the cells. Further, upon stimulation ¢b#s maintained also their multilineage

potential, as demonstrated in the adipogenic, gst@o and chondrogenic assays.

5.2.2.Renogenic potential of D1 cells stimulated with NKGCM

Expression profile of D1 cells following treatmenivith NKC CM

Before performing chimeric kidney rudiment culturdhe expression profile of D1 cells
stimulated with NKC CM was assessed. D1 cells vatiraulated with a mix of NKC CM and
standard culture medium for 4 days, and subsequeh# expression of important early kidney
markers was evaluated using semi-quantitative PE@Rdemonstrated in Figure 5.3, stimulated
D1 cells continued to express several genes eat@ntimetanephric development, suchGnf,

Salll, Lim1 and Osrl Moreover,Gdnf expression appeared to be up-regulated in NKC CM-
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stimulated cells in comparison with unstimulated@®4SFurthermore, a slight downregulation of
Salll andLim1 expression was noted in NKC CM-stimulated cellse Tncubation of D1 cells
with NKC CM did not inducd?ax2 Wtl or Six2 expression. Expression of those genes was also
not detected in unstimulated D1 cells (Figure 5l8jerestingly, NKC CM-stimulated D1 cells
did show weak expression &f2 which was not detected in unstimulated cells (Fegbr3).

Rars2 was not detected in either NKS CM-stimulated catlsnstimulated control D1 cells.

Kidney Unstim Stim H20 Kidney Unstim Stim H20
Salll witl
Lim1 Six2
Gdnf Bf2
Osrl Rars2
Paxz Gapd

Figure 5.3Comparison of gene expression related to metareghvielopment between D1 cells cultured
in standard culture conditions and D1 cells follogvi4 days culture in NKC CM assessed using reverse
transcription semi-quantitative PCR. E13.5 kidnesvncluded as a positive contr@lapdhwas used as
reference gene. No template control was include®)H

As the data obtained using semi-quantitative PGiRveld up-regulation isdnfexpression after
KSC CM stimulation, quantitative PCR was perfornteddetermine the extent of the up-
regulation. Figure 5.4a shows a significant up-fation of Gdnf expression after stimulation
with NKC CM for 4 days in comparison to unstimuthteells (p<0.01, n=6). FurtheGdnf
remained at significantly higher levels in the selldh after the NKC CM was changed to
standard culture medium (p<0.05, n=3) (Figure 5.4¥¢vertheless, the increase @dnf
expression in stimulated cells 24h after changimggmedium to standard culture medium was
less than that observed in MSCs cultured in thegmree of NKC CM (Figure 5.4a and b). All
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experiments were performed usiBgpdhas a reference gene.
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Figure 5.4 Comparison ofGdnf expression levels in unstimulated and NKC CM-stated cells using
reverse transcription quantitative PCR. The refegegene issapdhand the error bars represents SE of
the mean. (a) There was a significant increaggdnffollowing culture in NKC CM f{-test, p<0.01, n=6).
(b) Up-regulation inGdnfexpression was also present in D1 cells 24 hviafig withdrawal of NKC CM
(t-test, p<0.05, n=3).

As the stimulation with NKC CM resulted in a sigo#nt increase ifGdnf expression, it was
investigated ifGdnf expression in D1 cells could be further enhancga@yplying concentrated
conditioned medium onto the cells. D1 cells weranuslated for 4 days with different
concentrations of NKC CM. In order to obtain 1x, @10x NKC CM concentration in media
used for stimulation, the conditioned medium wascemtrated using a Vivaspin centrifugal
concentrator and diluted with standard culture mmedio reach the appropriate concentration.
The expression levels after stimulation with coriged NKC CM were compared to the
expression levels found in unstimulated D1 ceBsinf expression was also evaluated in cells
stimulated with the corresponding concentratiorstahdard culture medium. The 1x condition,

which was equivalent to a 1:1 mix of NKC CM andnstard culture media, used in previous
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experiments, elicited an increase @unf expression after 4 days of stimulation (Figure).5.5
However, as demonstrated in Figure 5.5a, the usemientrated NKC CM did not lead to any
further increase iiGdnflevels in D1 cells. Furthermor&dnf expression following stimulation

with 2x and 10x concentrated standard culture nmedar the same period of time as with NKC

CM, appeared to slightly up-regula@einfexpression levels in D1 cells (Figure 5.5b).

To investigate if CM derived from other cell typesn induceGdnfexpression in D1 cells, the
cells were cultured in a 1:1 mix of conditioned mued obtained from mouse embryonic
fibroblasts derived from E11.5-E12.5 embryos (MB¥)@nd standard culture media for 4 days.
As shown in Figure 5.6a, the stimulation with MEM @ad a similar effect o&dnfexpression

as NKC CM.
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concentrated NKC CM

fold change in Gdnf:Gapdh mRNA ratio

fold change in  Gdnf:Gapdh mRNA ratio

unstimulated x1 X2 x10
concentrated standard culture medium

Figure 5.5 Comparison ofsdnfexpression levels in unstimulated and KSC CM-statad D1 cells after

4 days using reverse transcription quantitative PTHe following culture media were used: standard
culture medium, 1x NKC CM in standard medium - goiealent to 1:1 mix or 1x standard medium (1x),
2x NKC CM in standard medium or 2x standard medionstandard medium (2x), 10x NKC CM in
standard medium or 10x standard medium in stana@dium (10x) Gapdhwas used as reference gene.
(a) No further increase iBdnf expression was detected when more concentrated GlGvas applied,
although D1 cells stimulated with different coneatibns of NKC CM showed up-regulation @tinfin
comparison to unstimulated cells. (b) D1 cells stated with correspondingly 10x concentrated steshda
culture medium showed also some up-regulatioBdrifin comparison to unstimulated cells.
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Figure 5.6 Comparison ofGdnfexpression levels in unstimulated, MEF CM- and N&M-stimulated
D1 cells using reverse transcription quantitati@RP D1 cells stimulated with MEF CM showed similar
up-regulation inGdnfexpression as with NKC CMGapdhwas used as reference gene.

Finally, it has been described that stimulatiorhv@dnf results in induction of Gdnf expression
in kidney-derived MSCs (Shi et al. 2008). The loinencentration of Gdnf described to induce
Gdnf expression in MSCs was 20ng/ml (Shi et al.808ccordingly, in order to test Gdnf
expression may be induced by the presence of GAWKIC CM or MEF CM, D1 cells were
stimulated with different concentration of Gdnf ¢Iml, 10ng/ml, and 50ng/ml) for 4 days.
Exogenous Gdnf induces UB branching in metanegidicey cultures (Vega et al. 1996; Sainio
et al. 1997). Therefore the activity of Gdnf useddtimulation was confirmed by stimulating
E11.5 kidney with 50ng/ml Gdnf for 4 days. Subsetjlyehe UBs were visualized using
calbindin staining (Davies 1994). Accordingly, keyis stimulated with Gdnf demonstrated
increased branching morphogenesis in comparisdnuwastimulated rudiments confirming that
Gdnf used in this study is active (Figure 5.7a)wdweer, as demonstrated in Figure 5.7b none of

the Gdnf concentrations tested was able to €hidifup-regulation in D1 cells. It appeared
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that D1 cells do not expreBetgene, which encodes the Ret receptor that is tapbin Gdnf
signalling (Vega et al. 1996). Figure 5.7c dematel expression &etin E13.5 kidneys and its

absence in D1 cells.

a +GDNF -GDNF

Kidney D1 KO
. el

3-

2

1

; | B e mm
unstimulated stimulated GDNF GDNF GDNF

2
<
<
P
04
S
<
g
O
—
c
°
O
£
(6]
2]
c
]
<
[&}
k=)
(@]
—

1ng/ml 10ng/ml 50ng/mi

Figure 5.7 Comparison ofsdnfexpression levels in unstimulated, NKC CM-stimutbEzl cells and D1
cells stimulated with different concentrations afir using reverse transcription quantitative PCR an
subsequent analysis Betexpression in D1 cell&apdhwas used as reference gene for all experiments.
(a) Increase in UB branching in E11.5 kidney aftiémulation with Gdnf for 4 days demonstrating that
Gdnf used for stimulation of D1 cells is active.llfdadin staining is visualising the UBs. (b) D1 Isel
stimulated with 1ng/ml, 10ng/ml and 50ng/ml of Gdfowed no up-regulation @dnf expression in
comparison with stimulated cells with NKC CM. (cpNxpression of Gdnf receptBetwas detected in

D1 cells using semi-quantitative PCR. E13.5 kidmeas used as a positive control and no template
control was included (H20).
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Chimeric kidney assay using D1 cells stimulated witNKC CM

Next, D1 cells stimulated with NKC CM were asses&®dtheir renogenic potential using the
chimeric kidney culture system, described previpusiChapter 4. Both unstimulated and NKC
CM-stimulated D1 cells were recombined with E11linky cell suspension in a 1 to 5 ratio.
After 4 days of chimeric kidney culture, confocalicroscopy was used to evaluate the
localization of both unstimulated and stimulated -@belled D1 cells within renal structures.
Although many labelled cells were still found irethVtl- and laminin-negative compartment,
incubation with NKC CM considerably improved thegeaftment of QD-labelled D1 cells into

condensing MM stained for Wt1, as demonstrateddnrié 5.8a-h.

157



pare|nwisun

laminin QD D1 cells

pare|nwis

laminin QD D1 cells

Figure 5.8 The contribution of QD-labelled D1 cells to neplengsis following treatment with NKC CM for 4 daysahimeric kidney rudiment assay.
Considerably more stimulated D1 cells were foundAitL-expressing mesenchyme in comparison with omstited cells after 4 days of culture.
Representative images of kidney chimeras are skijpenformed in at least in 3 independent experime(dsd) Engraftment potential of QD-labelled D1
cells cultured in standard medium into renal streg stained with Wtl and laminin. Arrow indicate®1 cell that has integrated into condensing
mesenchyme. (e-h) Engraftment potential of NKC QGivhslated QD-labelled D1 cells into renal structusgained with Wt1l and laminin. Arrows
indicate NKC CM-stimulated D1 cells that have imtgd into condensing mesenchyme.
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In order to quantify the difference in incorporatitates into renal structures between stimulated
and unstimulated QD D1 cells, a total number ofscaunted in five random fields was assessed
and compared against the number of cells foundffardnt kidney compartments in the same
five fields for both conditions. The following compments have been considered: the Wtl-
positive compartment representing the Wtl-exprgssiondensing MM; the laminin-positive
compartment representing the UBs; the Wt1- andrampositive compartment representing the
nephrons; and, finally, the Wtl- and laminin-negatcompartment representing the stroma.
Three separate experiments were performed for dmmbitions. As depicted in Figure 5.9a, most
of the D1 cells in both conditions were localisadhe Wt1- and laminin-negative compartment.
Both unstimulated and NKC CM-stimulated D1 cellsravalso present to some extent in the
Wtl-expressing compartment; however, more stimdlatells were found in the condensing
MM. On average, 3.75% of all counted cells that evere-treated with NKC CM before
recombination, were found within Wtl-expressing emefiyme, in comparison with only 1.18%
for unstimulated D1 cells (Figure 5.9a). Occasibniabth unstimulated and NKC CM-stimulated
D1 cells were detected in the Wtl- and laminin-pesicompartment (Figure 5.9a). There was
also little engraftment into laminin-positive sttues detected in both conditions (Figure 5.9a).
Taken together, the integration rate of QD D1 ceil® all Wtl-positive compartments, the
condensing mesenchyme and nephron-like structupes) stimulation with NKC CM increased

significantly (i.e., up to 3.6 fold) (p<0.05, n=@Fjigure 5.6 b).
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Figure 5.9 Statistical analysis of integration rate of unstiated versus NKC CM-stimulated QD-labelled
D1 cells into different compartments of chimeridkey after 4 days of culture. (a) Percentage of
unstimulated versus stimulated QD-labelled celisntbin different kidney compartments counted in 3
separate experiments (b) QD D1 cells showed 3.6 fotrease in engraftment into condensing
mesenchyme and nephron-like structures after 4 dhyseconditioning with NKC CM in comparison
with unstimulated QD Dit{test, p<0.05, n=3).
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The recombination experiments were repeated withcBils labelled with GFP in order to
confirm the results obtained with QD-labelled cefsgure 5.10e-h shows that GFP D1 cells
stimulated with NKC CM demonstrated considerablgraftiment potential into the Wt1-positive
MM. Occasionally, the presence of laminin aroundcidensing mesenchyme harbouring pre-
treated GFP-labelled cells was observed, indicatirey possible start of nephron formation
(Figure 5.10h arrowheads). In comparison, cellsstiotulated with NKC CM displayed a lower
integration potential into Wtl-positive MM, as shown Figure 5.10a-d. In order to further
confirm the presence of D1 cells within chimeridey structures, immunostaining was
performed for Six2, which is expressed in nephroogenitor populations (Kobayashi et al.
2008), and calbindin, found mainly in ureteric bu@@avies 1994) (Figure 5.10a-h).
Consequently, NKC CM-stimulated GFP D1 cells wenend in higher numbers in Six2 positive
MM than unstimulated cells, as shown in the FigbiEle-h. In both conditions, there was no
engraftment into ureteric buds, stained for calinndonfirming previous observations (Figure

5.11a-h).
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Figure 5.10The contribution of GFP-labelled D1 cells to neglaoesis following treatment with NKC CM for 4 dayschimeric kidney rudiment

assay. Considerably more stimulated D1 cells wauaed in Wtl-expressing mesenchyme in comparison wistimulated cells after 4 days of culture.
Representative images of kidney chimeras are st{penfiormed in at least in 3 independent experin)easd) Engraftment potential of GFP D1 cells
not stimulated with NKC CM into developing renalustures stained with Wt1 and laminin. (e-h) Engmnaint potential of GPF D1 cells stimulated with

NKC CM into developing renal structures stainechwitl and laminin. Arrowheads indicate presendaminin staining around Wtl-expressing region
harbouring GFP cells.
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Figure 5.11The contribution of GFP-labelled D1 cells to neg@oesis following treatment with NKC CM in chimekitineys assay. It appeared that
more stimulated D1 cells were found in Six2 exgressesenchyme in comparison with unstimulatedscafler 4 days of culture. No integration into
calbindin positive ureteric buds was detected ig aondition. Representative images of kidney chameare shown (performed in at least in 2
independent experiments). (a-d) Engraftment pakafiGFP D1 cells not stimulated with NKC CM irdeveloping renal structures stained with Six2
and calbindin. (e-h) Engraftment potential of GPEFd2lls stimulated with NKC CM into developing réstiuctures stained with Six2 and calbindin.
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Accordingly, incorporation rates between NKC CMsstlated and unstimulated D1 cells were
evaluated. Similarly as for QD-labelled cells, saatcmumber of GFP D1 cells counted in five
random fields was assessed and compared againsuthieer of GFP cells found in different
kidney compartments in both conditions in threeasate experiments (Figure 5.12a and b). Most
GFP-labelled cells remained in the Wtl- and lammegative compartment of chimeric kidneys,
as demonstrated in Figure 5.12a. On average, 13&3KC CM-stimulated GFP D1 cells and
3.37% unstimulated GFP D1 cells was found withirl\&kpressing compartment in the kidney
chimeras (Figure 5.12a). No integration into lamipositive or Wtl- and laminin-positive
structures was counted in any of the conditiongufé 5.12a). As demonstrated in Figure 5.12b,
the integration rate of GFP D1 cells into condegsimesenchyme upon stimulation increased up

3.9 fold. However the increase was not statisfjcsitjnificant (p>0.05, n=3).

In addition, it appeared that chimeric kidneys laring NKC CM-stimulated D1 cells

developed better than kidneys that were reformedguanstimulated D1 cells. There were
considerably more Wtl-positive regions as well avetbping nephron-like structures in
chimeras harbouring stimulated D1 cells. Accordmgfffects exerted by stimulated D1 cells on

metanephric development are described in detd#iléarsubsequent chapter.
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Figure 5.12 Statistical analysis of integration rate of unsiiated versus NKC CM-stimulated GFP-
labelled D1 cells into different compartments oinoéric kidney after 4 days of culture. (a) Percgetaf
unstimulated versus stimulated GFP-labelled cells@ in different kidney compartments counted in 3
separate experiments. (b) Stimulated GFP D1 céltsved considerable increase in engraftment into

condensing mesenchyme after 4 days of culture, Yemthis difference was not statistical significéat
test, p>0.05, n=3).

165



In summary, the stimulation with NKC CM increasedD1 cells the expression @dnf an
important factor for UB development. It was demaoststd that the use of concentrated NKC CM
does not induce any further increase Guinf expression in stimulated cells. Furthermore,
exogenous Gdnf was not able to indugdnf up-regulation in D1 cells. Finally, conditioned
medium derived from MEFs can similarly to NKC CMciease expression &fdnfin D1 cells
after 4 days of stimulation. In addition, it hagbelemonstrated that stimulation of D1 cells for 4
days with NKC CM facilitates their integration intmndensing MM in the chimeric kidney
rudiment culture. However, there is a discrepamcthe number of integrated cells depending on
the labelling method. Accordingly, 13.29% of NKC &Wmulated D1 cells labelled with GFP
were present in the condensing MM in the kidneynehias after 4 days of culture in comparison

with only 4.5% of NKC CM-stimulated D1 cells labesdl with QDs.

5.2.3.Renogenic potential of human MSCs stimulation witiNKC CM

In order to assess if human MSCs respond to NKCtf@stment in the same way as D1 cells,
human MSCs were cultured in the presence of NKC f6M4 days prior to the integration
experiment. Figure 5.13a-h shows that stimulatiath WKC CM had no effect on human MSC
integration potential. Human MSCs did not integrateo condensing MM and developing
nephron-like structures. Similarly as describedtlie previous chapter, recombination with
human MSCs appeared to have a negative effect @mdkielopment of the chimeric kidneys,

irrespective of whether the cells had been preWotidtured in standard, or NKC CM media.
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Figure 5.13 The contribution of human MSCs to nephrogenesiwvohg treatment with NKC CM in chimeric kidney rintent assay. Both
unstimulated and NKC CM- stimulated human MSCs waaéinly found in the Wtl negative compartment ofaleping chimeras after 4 days of
in vitro culture. Representative images of kidney chimerashown. (a-c) Engraftment potential of human M&@slled with anti-human nuclei

antibody into developing renal structures stained\Wtl. (d-f) Engraftment potential of labelled hamMSCs stimulated with NKC CM into
developing renal structures stained for Wt1.
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Taken together, pre-treatment with NKC CM could matrease the integration rate of human
MSCs into chimeric kidney structures. The stimwalatiwith NKC CM could not avert the
negative effects exerted by human MSCs on metaitepgkrelopment, although it seemed to

prevent the detrimental action in mouse MSCs.

5.3.Discussion

Stimulation with conditioned medium from a parteulculture can trigger changes in
morphology and expression profile of MSCs and hendace them to differentiate (Rivera et al.
2006; Pan et al. 2008; Baer et al. 2009; Schigiral. 2010). In this chapter, mouse and human
MSCs were stimulated with NKC CM in order to seedhis treatment could induce a renal
phenotype and subsequently increase their conribtid metanephric development. NKC CM-
treated D1 cells maintained multilineage differatiin potential and similarly to D1 cells
cultured in standard culture condition, expressadraber of MM-specific genes. In addition, the
stimulation with NKC CM resulted in up-regulation Gdnf expression in stimulated D1 cells.
The pre-conditioning with NKC CM considerably inased the engraftment potential of D1 cells
into the condensing MM and developing nephron-éiltectures of chimeric kidneys. In addition,
stimulated D1 cells did not appear to have anyimetrtal effect on metanephric development of
the chimeras. In contrast, stimulation with NKC GMl not facilitate integration of human

MSCs into the developing structures of chimeriakigs.

5.3.1.Characteristics of D1 cells stimulated with NKC CM

In this study, D1 cells were incubated with coratied medium from a kidney cell population, in
order to enhance their renogenic potential. As rilesd by Baeret al, stimulation with

conditioned medium from human renal proximal tubuleells can initiate epithelial
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differentiation in human adipose-derived MSCs. Aft2 days of incubation with conditioned
medium obtained from renal cells, human MSCs chatigeir morphology to become epithelial-
like and started to express an early epithelialkerar cytokeratin 18 (Baer et al. 2009). After 4
days of stimulation with NKC CM, no change to eplial-like morphology was observed in D1
cells. However, stimulated D1 cells appeared mégned than unstimulated D1 cells. Further,
D1 cells maintained multipotency after stimulatiaith NKC CM. Both unstimulated and
stimulated D1 cells showed adipogenic, osteogemd ahondrogenic potential which is
characteristic for MSC populations (Peister et28l04). However, fewer cells after NKC CM
seemed to accumulate lipid vacuoles in comparisith uwnstimulated D1 cells. Following the
osteogenic induction, both unstimulated and stitedlacells displayed calcium deposits.
Unexpectedly, in this condition, some cells stinedawith NKC CM also exhibited lipid
vacuoles, similar to those found duriimgvitro adipogenesis. However it is important to note that
these vacuoles have not been stained to confirmptiesence of lipids. Adipocytes and
osteoblasts originate from a common mesenchymalgemitor and the presence of
dexamethasone in inductive medium is modulatingp@gknesis and osteogenesis in MSCs
(Mikami et al. 2010). A similar but converse siioatwas described for adipose-derived human
MSCs: adipose-derived MSCs at later passages wenensto form both lipid vacuoles and

calcium deposits when induced with adipogenic madiwall et al. 2007).

5.3.2.Expression profile of D1 cells stimulated with NKCCM

In the previous chapter, the expression of embry&idney markers such &srl, Salll, Liml
andGdnfwas described in D1 cells. D1 cells continuedxjoress the aforementioned genes after

stimulation with NKC CM. Further, no expressionfl, Pax2andSix2was induced by the pre-
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conditioning. Similarly, no expression d?app2 has been induced in stimulated D1 cells.
Nevertheless some weak expressioBia has been observed in NKC CM pre-treated cBHZ2.

is expressed in stromal cells found around the ensidg MM and at the periphery of the kidney
rudiment (Hatini et al. 1996). This could suggéstttthe stimulated cells are triggered to become
kidney stromal cells and consequently will moreehkintegrate into the stromal compartment of
metanephric kidney. However, Bf2 expression durémgbryogenesis is not restricted to the
kidney. Bf2 has been found also in the neuroepithelduring development of the central
nervous system (Hatini et al. 1994). NKC CM-stinethD1 cells showed also a significant up-
regulation in Gdnf expression. Gdnf over-expression was shown to rexghdhe integration
potential of human MSCs into metanephric kidneyKd@ et al. 2005). Therefore it is possible
that the stimulation with NKC CM could increase thegraftment potential of MSCs in the

chimeric kidney rudiment assay.

Further, stimulation with concentrated NKC CM didt mesult in additional increase @dnf
expression in D1 cells. Still, the expression reredi higher than in unstimulated D1 cells.
Surprisingly, stimulation with concentrated stamdaulture medium had also some positive
effect onGdnf expression. As a consequen@elnfexpression in D1 cells following stimulation
with 2x and 10x NKC CM was to some extent downratgd wherlGdnfexpression levels were
compared againsGdnf expression levels found in cells stimulated witte tcorresponding
concentration of standard culture medium for theesgeriod of time. This could imply that
standard culture medium already contains factoas #dne responsible fddnf up-regulation.
Furthermore, conditioned medium derived from maarsdryonic fibroblasts had a similar effect

on Gdnfexpression as medium derived from NKCs. This medinowever, has not been used
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for pre-conditioning of MSCs in the chimeric kidnagsay.

It is not clear which factors present in the caodiéd media induc&dnf up-regulation in D1
cells. As it was shown that exogenous Gdnf triggeqeression of Gdnf in kidney-derived MSCs
(Shi et al. 2008), it was investigated if one af tactors inducingsdnfexpression could be Gdnf
present in the conditioned medium. Accordinglyfetént concentrations of Gdnf were used to
stimulate D1 cells for 4 days; however Gdnf was atde to induc&dnfexpression in the cells,
irrespective of the concentration used, suggestiagthe mechanism @dnfinduction remains

different in D1 cells than in kidney-derived MSCs.

5.3.3.Renogenic potential of MSCs stimulated with NKC CM

It has been demonstrated earlier by Yoktal that MSCs can be reprogrammed to differentiate
during metanephric development into the glomeratat tubular epithelium (Yokoo et al. 2005).
Using the chimeric kidney rudiment system introdlizceChapter 4, D1 cells were shown only to
contribute to nephrogenesis to a limited extentarrattempt to increase the integration potential
of MSCs, before performing the recombination asbyCs were stimulated with a mix of NKC
CM and standard culture medium for 4 days. This fedewed by 4 days oin vitro chimeric
kidney culture. Consequently, the preconditioninghwNKC CM improved the engraftment
potential of D1 cells into condensing MM, charaisted by the expression of Wtl or Six2. At the
same time, D1 cells pre-treated with NKC CM wersoainfrequently found in developing

nephron-like structures characterised.

In addition, using the calbindin staining to vissalureteric buds it has been possible to confirm
that neither unstimulated nor stimulated GFP Disaetegrate into the ureteric buds of chimeric

kidneys. This is in accordance with previous dafak(i et al. 2009). It has been
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demonstrated that human bone marrow-derived MS@=eeging chicken Pax2 transplanted into
a chicken embryo, can migrate along the elongatiodffian duct and integrate into the Wolffian

duct epithelia but do not engraft into the uretéud (Fukui et al. 2009).

Furthermore, the presence of numerous D1 cellstir Whd laminin-negative compartment was
detected in both conditions. However, due to a laetlavailability of an appropriate stromal
marker, it was impossible to conclude if D1 cetisirid in this compartment are differentiating
into stroma or rather represent a fraction of ued#ntiated D1 cells. No study was also
attempted to elucidate if cells found in the Wtladalaminin-negative compartment are

proliferating, which might explain the high numbefd1 cells in the compartment.

Some human MSCs that were injected into rat embagmording to Yokoo's protocol were
expressing Wtl when integrated into metanephricydyd (Yokoo et al. 2005). Using QD-
labelled D1 cells, it was possible to detect in ¢hemeric kidneys some D1 cells that expressed
Wtl. However, the expression could not be confirmeoshg GFP labelling. Upon stimulation
with NKC CM, the GFP cells did not acquire Wtl eagsion, although stimulated QD-labelled
cells were still found to be Wtl positive when gri&ted into Wtl expressing regions. There are
several possibilities explaining this result whigkre discussed in the previous chapter (section

4.3.2).

Surprisingly, the stimulation with NKC CM did ncadilitate integration of human MSCs. One

explanation of this fact could be that the humanQd&re not able to respond to factors found in
the conditioned medium obtained from mouse kidngliscFor instance, it has been described
that mouse and human bone marrow cells differeegpond to feeder layers from patients with

acute granulocytic leukaemia. Accordingly, mouserova colony growth was stimulated by

172



the feeder layer while no colony growth occurrechormal human marrow (Lind et al. 1974).
Another possibility is that the human cells requarddifferent set of factors to trigger their

engraftment than mouse MSCs, which possess sotia integration potential.

In conclusion, these data suggest that the pre#tomiag of D1 cells helps to increase the
integration rate of the cells into condensing mebgme in the chimeric kidney model. In
contrast, stimulation with NKC CM is insufficient ttrigger engraftment of human MSCs.
Accordingly, the difference in incorporation ratestween stimulated and unstimulated D1 cells

was evaluated and the outcomes of this analysidiacassed below.

5.3.4.Analysis of integration potential of D1 cells stimiated with NKC CM

In order to analyse the difference in incorporati@ween stimulated and unstimulated D1 cells,
integration of the cells into different kidney coanpnents was assessed in three independent
recombination experiments. Following stimulationthwNKC CM, most D1 cells remained in the
Wtl- and laminin-negative compartment of chimerignleys, similar to unstimulated cells. The
second largest compartment, where stimulated D& ea&re localised upon recombination, was
the Wtl-expressing MM. However, there is a discnegain the number of integrated cells
depending on the labelling method used. On averag&% of stimulated QD D1 cells and
1.18% of unstimulated QD D1 cells were found in WhWl-positive compartment, whereas
13.29% of stimulated GFP D1 cells and 3.37% of iondated GFP D1 cells was localised
within Wtl-positive compartment. This implies a &fld increase in the number of counted
stimulated GFP cells versus stimulated QD cellsl an2.86-fold increase in the number of
counted unstimulated GFP cells versus unstimul@Bdcells. One explanation for this result

could be that some QDs were lost during itheitro 4 day culture period. A quick loss of QD
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labelling has been described in mouse embryonim stells (ESCs) and mouse embryonic
fibroblasts (MEFs) (Pi et al. 2010). Also for humBtSCs, a loss of QD labelling has been
observed over a long period of time (Rosen et 8072 Indeed in section 3.2.1 it was
demonstrated that D1 cells labelled with QDs remdistainedn vitro for 5 days but fewer QDs
were detected inside the cells on day 5 than dyraéter labelling. However, no quantification of
D1 cells maintaining the labelling after 5 daysofture was attempted. Although a difference in
the integration potential of D1 cells labelled wilie two techniques was observed, both QD and
GFP labelled D1 cells stimulated with NKC CM demoated a similar raise in engraftment into
condensing mesenchyme, suggesting that if losalslling occurred it had to be similar in all

cells.

A discrepancy between the integration rate of QB @RP labelled D1 cells into laminin positive
compartments highlights also the problems assatiatth labelling. While neither unstimulated
nor stimulated GFP-labelled cells were detectedaminin positive tubular structures, both
unstimulated and stimulated QD D1 cells were foumdhis compartment. Additionally, an
increase in integration of stimulated QD cells usrsinstimulated was detected in the laminin-
positive compartment. In general, the renogeniemial of D1 cells seems to differ considerably
depending on the labelling method used. While QDcBlls show broad engraftment potential
including stroma, condensing MM, nephron-like stowes and UBs, GFP labelled cells display
only integration potential into condensing MM. Oaxplanation for those observations could be
the fact that QDs can be excreted from D1 cellgemnain in the structures after the cells
underwent apoptosis, giving a false positive sigAalother possibility includes the transfer of

QDs to kidney cells. It was shown that QDs foundhe supernatant of labelled cells can be
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further utilized for labelling of other cells (Pi @l. 2010). An additional labelling method should
be considered to confirm the data using QD and G&#IR. Some other labelling methods for
MSCs could include labelling with the lipophilic mérane dye Dil (Challen et al. 2006), sex
chromosome staining (Morigi et al. 2004), as wall l[abelling with theanalogue 5-bromo-

2’'deoxyuridine (BrdU) which only can be incorporétay proliferating cells (Kunter et al. 2006).

Although the integration of GFP-labelled cells mased upon stimulation, differently as for QD-
labelled cells, the increase was not statisticailynificant. When reforming the embryonic

kidneys some variability among the chimeras is olese that could lead to differences in

integration rate. For example, the chimeras oftevehslightly different sizes as some cells are
lost during the transfer onto the filter. Also nmetal grids supporting the filter have to some
extent different dimensions, differences in voluoheulture medium used for culturing chimeras
occur that can affect the growth of chimeras. Asnamber of samples used for the integration
statistics was small, more experiments using Dis dabelled with both techniques should be

performed in order to confirm the statistical sfgraince.

Finally, a difficulty in interpreting the integrat results is the lack of information on apoptosis
and proliferation of the cells in the chimerashdis been suggested by Yoketal that human
MSCs in the kidney rudiments are undergoing cefisibn (Yokoo et al. 2005). It is possible that
stimulated D1 cells in MM proliferate faster thanstimulated cells and this causes higher
prevalence of stimulated D1 cells in the MM. Therefthe ratios obtained in these experiments
do not reflect exact numbers of integrated cells father describe a trend in integration and

cannot be used to fully describe the behaviouhefcells in chimeric kidneys.
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5.3.5.Renogenic potential of D1 cells stimulated with NKGCM compared with other stem

cells

It is difficult to compare the number of integratstimulated D1 cells using the recombination
method with the integration described by Yokeibal since no exact quantification of MSC
engraftment was provided (Yokoo et al. 2005). Hosvelt is possible to make some comparison
in integration capability into different renal coarpments between stimulated D1 cells and
kidney cells. Challeret al injected mouse kidney-derived cells into mous@.&Inetanephroi
followed by 3 days ofn vitro culture, in order to evaluate their differentiatipotential in the
metanephric development (Challen et al. 2006) tlk@kidney side population, a renal progenitor
population, 29% of cells were found in MM stainedthwWtl, whereas 14% of the cells
incorporated into UBs stained with calbindin. Ferth9% of cells derived from adult kidneys,
which did not display the kidney side populatiomccteristics, were detected in MM and 1% of
these cells was present in the UBs (Challen et2@D6). D1 cells, both unstimulated and
stimulated with NKC CM, therefore have a lower afggment potential into Wtl-expressing
mesenchyme than kidney progenitors. Neverthelesgdls stimulated with NKC CM possess a
higher potential to integrate into Wtl1-expressingsanchyme when compared with adult kidney
cells, according to the data obtained with GFP Bllsc Since no quantitative analysis using
calbindin was performed in the kidney chimeras idlifficult to directly compare the integration
of D1 cells and kidney progenitors into UBs. Howevaccording to the data obtained with
calbindin staining and GFP labelled D1 cells, Dllschave no potential to contribute to UB

formation.

In addition, there exists also limited data on élxéent of ESC integration into developing renal
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structures. Steenhaet al described that after injecting undifferentiateduse ESCs into E13
mouse kidney rudiments, ESCs were forming tubuBys.day 2, over 50% of all structures
containing ESCs were identified as tubules, whethasremaining cells were characterised as
single cells, clusters of cells or dying cells tieard et al. 2005). Further, it has been described
that mouse ESC-derived cells injected into E12dhédy cultured for 4 to 5 days can be found in
the tubules, the interstitium and peripheral meksgme. The percentage of surface area occupied
by ESC-derived cells in the metanephroi was 60% d4@% for non-tubular and tubular
structures, respectively (Kim and Dressler 2008).cbomparison, mouse ESC-derived cells
stimulated with nephrogenic factors exclusivelynfed tubular structures (Kim and Dressler
2005). Finally, no quantification of integrationtpotial of amniotic fluid stem cells (AFSCs) into
different kidney compartments was provided untilvnddowever a recent report showed that
modulation of mTOR activity in AFSCs decreasestrtheility to contribute to renal structures in

the chimeric kidney assay (Siegel et al. 2010).

Finally, in the chimeric kidneys, both unstimulatatt stimulated D1 cells were found frequently
outside the MM, MM-derived structures and UBs. Anportant question remains: is this a
feature of MSCs, or do all other stem cell typesferentially localise outside renal structures?
The statistical data on integration of kidney prug@s and kidney-derived cells into MM and
UBs demonstrated by Challem al implicates that both populations are mainly fowithin the
Wtl- and calbindin-negative compartment of injeateetanephroi (Challen et al. 2006), perhaps
the stromal compartment. Furthermore, results nbthivith label retaining tubular cells (LRTC)
isolated from rat kidneys demonstrated that 60%d_RTC injected into E15 rat embryonic

kidneys were localized in the interstitium afted®ys of culture (Maeshima et al. 2006). Also a
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mouse embryonic renal stem cell population charzete by Lusiset al was described to mostly
reside in the interstitium of mouse embryonic kighafter a similar experiment to formation of
chimeric kidneys was performed using these cellssid et al. 2010). Accordingly these data
suggest that the high prevalence of D1 cells insth@ma and outside the renal structures in the

metanephric kidney is not a unique feature of MSCs.

5.3.6.Mechanism of increased renogenic potential of D1 ke following preconditioning

As discussed above, the culture of D1 cells in NBX2 for 4 days prior to the integration assay
increases the engraftment potential of the celts MM of developing chimeric kidneys.
However, it is not clear how the conditioned mediumediates this effect. Human MSCs
transduced with an adenovirus to transiently owgress human Gdnf that were injected at the
site of nephrogenesis prior to the start of kiddeyelopment were found in metanephroi to a
greater extent than MSCs not transduced with GAatordingly, transduction with Gdnf has
been shown to lead to an approximately 6-fold iasesin the incorporation rate. Ultimately,
almost 30% of cells found in such developing kidhesere human MSCs over-expressing GDNF
(Yokoo et al. 2005). Why GDNF expression incredbesintegration potential of human MSCs
is not evident. Yokoo and co-workers state in theport only that GDNF is expressed in MM
and takes part in epithelial-mesenchymal signal{iigkoo et al. 2005). In the current study the
pre-conditioning with NKC CM lead to a significanp-regulation inGdnf expression in D1
cells. Subsequently, after the NKC CM was changestdndard culture medium, the increase in
Gdnfexpression was still detectable and significanigjhlr in comparison with unstimulated D1
cells. The up-regulation iGdnf expression was accompanied by a higher integratitmin the

chimeric kidney assay. These results suggest tieatgnditioning with NKC CM indeed may
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help MSCs to incorporate into metanephric kidneading similarly as transient transduction
with Gdnf, and further corroborates the role of Gonenhancing the integration potential of

MSCs.

If Gdnf is increasing the renogenic potential of ®&Sit is not clear if the up-regulation @dnf
expression after stimulation with NKC CM is entyreéksponsible for the raise in incorporation
rate. It might be possible that the increase @Gdnf expression only accompanies other
mechanism. Still the factor that induces D1 toeasingly engraft has to be present in the NKC
CM. One possibility to confirm the importance of Gdnbwd be to knock-down its expression
following stimulation and subsequently evaluate ithegration ability of the stimulated cells.
Another option could be to transiently over-expré&sif in D1 cells and compare the effect of
over-expression on engraftment potential of thdscelith the effect exerted by NKC CM
stimulation. Even if the up-regulation @Bdnf expression would be fully responsible for the
improvement in integration potential of D1 cellgaa it is difficult to assess which factors
present in the NKC CM trigger the up-regulation. tims studyin order to concentrate
conditioned medium derived from NKCs Vivaspin céagal ultra-filtration device with 5kDa
molecular weight cut off was used. In this wagcromolecules with higher molecular weights
dissolved in CM, such as growth factor, were regdiin the concentrated CM, while salts and
water passed through. For that reason it is diffimuspeculate which factor present in both CM
and concentrated CM is responsible for the incraas&dnf expression and the enhanced
engraftmentNevertheless, elevatéaidnfexpression has been shown to persist in cells Etei
with NKC CM that was concentrated. However, asititeease in concentration of NKC CM did

not induce further increase @&dnf it can be assumed that a quasi optimal concemiraf the
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inducing factor has been reached already in tleellrix. It is important to note that no analysis
on diluted instead of concentrated NKC CM has hmsfiormed. Surprisingly, both concentrated
culture media used for D1 and MEF CM induced atssdme extent an increase@ant This
suggests that the existence of factors responfibl&dnf induction is not restricted to media
derived from kidney cells. Nevertheless these teshhve not been quantified. Finally the
possibility that Gdnf present in the NKC CM migimduce Gdnf expression in D1 cells was
evaluated, as MSCs were shown to incrgadef expression upon stimulation with Gdnf (Shi et
al. 2008). Accordingly, no up-regulation @dnfexpression in D1 cells has been achieved after
Gdnf stimulation, possibly due to lack of expreasid theRetreceptor. However, it is important
to note that Gdnf can signal independently of Reeptor (Popsueva et al. 2003), which might

explain slight downregulation @dnfexpression following Gdnf treatment.

Finally, in this study it was not possible to penfoany analysis of Gdnf expression on protein
level. All approaches aimed at detection of Gdnpratein level, namely the use of commercial
available anti-Gdnf antibody for immunofluorescerstaining/Western blot analysis as well as
the use of commercial available enzyme-linked imoadsorbent assay (ELISA) detecting Gdnf,
failed (data not shown). However, problems withedgbn of Gdnf have been reported before

(Liu et al. 2001).
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Chapter 6: Effects of MSCs on metanephric kidney development

6.1.Introduction

Bone marrow-derived MSCs were described to impmaveal function in different experimental
models of acute kidney injury (Herrera et al. 2001yrigi et al. 2004; Togel et al. 2005; Kunter
et al. 2006). Notably, the paracrine activity of Gk appears to play an important role in
achieving the enhanced recovery from kidney infirygel et al. 2005; Bi et al. 2007; Imberti et
al. 2007; Semedo et al. 2007; Togel et al. 200geT et al. 2009). Togedt al. demonstrated that
administration of rat bone marrow-derived MSCs ioved renal function in the model of
ischemia-reperfusion acute renal failure, althoogly few MSCs were detected in the injured
kidneys. Accordingly, 24h after administration et MSCs, injured kidneys showed reduced
expression of pro-inflammatory cytokines such tasnor necrosis factoe (TNF-«) and
interleukin-18, and an increase in expression of the anti-inflatongamolecule,interleukin-10
(Togel et al. 2005). These results have been goafirby another group which also demonstrated
a change in cytokine expression following administn of rat MSC in the ischemia-reperfusion
injury model (Semedo et al. 2007). Bone marrowxaeti MSCs were also shown to have a
protective effect in cisplatin-induced acute refiadlre (Morigi et al. 2004, Bi et al. 2007). Later

it was demonstrated that administration of condg® medium derived from mouse MSCs is
able to decrease kidney injury in the cisplatindioed acute renal failure in a similar manner as
the injection of the cells (Bi et al. 2007). Thessults were also repeated iniarvitro model
where conditioned medium derived from mouse MSCs sl@own to increase the survival of
immortalized mouse proximal tubule cells treatethwdisplatin (Bi et al. 2007). Collectively,

these results suggest that the beneficial actiod®€s during renal injury is mediated through
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paracrine factors secreted by the cells.

Togel and co-workers subsequently showed that M&@eess various factors, suchfiasoblast
growth factor 2(Fgf2), transforming growth factoe: (TGF-n), insulin-like growth factor-XIGF-

1) and different members ghscular endothelial growth fact@EGP. In addition, the presence
of VEGF-A, IGF-1 and TGHB1 was confirmed in the conditioned medium from M3Rsnter

et al. 2006; Togel et al. 2007). Ultimately, it hasen described that inhibition of VEGF
expression in bone marrow-derived rat MSCs priorthteir administration in the ischemia-
reperfusion kidney failure model results in redutigtctional renal recovery (Togel et al. 2009).
Similarly, IGF-1 was demonstrated to mediate theefieial effects of MSC administration in the
cisplatin-induced kidney injury (Imberti et al. 200 Accordingly, Imbertiet al demonstrated
that bone marrow-derived mouse MSCs do not prdteach renal function deterioration when
IGF-1 expression has been blocked. In addition, M8&pressing IGF-1 were shown to induce
proliferation of cisplatin-damaged proximal tubulgpithelial cellsin vitro. The inhibition of
IGF-1 expression in MSCs resulted in reduced prdiion of cisplatin-damaged tubular cells
(Imberti et al. 2007). A recent report, howeversa#es no protective action of porcine MSCs in
the ischemia-reperfusion acute renal failure matkdpite the fact that cells were shown to
secrete VEGF-A and IGF-1. From this study, it wasatuded that porcine MSCs might produce
other factors, like the pro-inflammatory interlenid, during kidney injury which do not induce
functional improvement of kidneys (Brunswig-Spickerer et al. 2010). Similar results were
obtained with mice lacking the alpha3-chain of tyygeollagen, a chronic kidney disease model.
In the aforementioned study, although MSCs werenshim vitro to expressVEGF, weekly

administrations of mouse MSCs did not protect themals from renal failure. Nevertheless
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MSCs were described to reduce renal fibrosis i itinodel (Ninichuk et al. 2006).

In previous chapters, the contribution of MSC t@megenesis has been evaluated using the
chimeric kidney model. Accordingly, D1 cells wer@os/n to integrate infrequently into
condensing metanephric mesenchyme (MM). Subsegueh# engraftment potential was
increased after pre-conditioning of the cells wittnditioned medium derived from neonatal
kidney cells (NKC CM). However, throughout the espeents it appeared that MSCs negatively
affected the metanephric development of the chimétralso became evident that the stimulation
with NKC CM may play a role in decreasing the negaaction of D1 cells. Although the cells
appeared to have a negative effect on the develoipaiehe chimeric rudiments, this was not
directly investigated in previous chapters. If MS@deed negatively influence the metanephric
development, their use in regenerative approacimesdaat recapitulating nephrogenesis would
be very limited. The aforementioned results dematestthat the renoprotective effect exerted by
MSCs observed in experimental models of kidneyrinjuoan be mediated indirectly via a
paracrine action of the cells. It is therefore Ijkthat paracrine factors secreted by MSCs can
affect chimeric kidney development. The aim of tthapter is to determine the effect of D1 cells

on metanephric development and to investigate tehamism of their action.

6.2.Results

In this chapter the effects exerted by MSCs on goriic kidney development were examined.
Accordingly, the outcome of recombination of D1lsedn chimeric kidney development was

assessed and the putative mechanism of actiosdestied.

183



6.2.1.Effect of integration of D1 cells and human MSCs ometanephric development

following chimeric kidney culture

In previous experiments, the renogenic potentialM8Cs was investigated following the
recombination of MSCs with E11.5 kidney rudimentllscgo form kidney chimeras. As

mentioned in Chapter 4 and 5, some detrimentatietia metanephric kidney development in
chimeras harbouring either D1 cells or human MS@s wbserved which was not present in
kidneys reformed in the absence of stem cells. rBigul and 6.2 highlight the differences
between reformed embryonic kidneys in the absendepeesence of MSCs. While the reformed
kidneys in the absence of D1 cells contained aggesgof Wtl-expressing condensing
mesenchyme and developing nephron-like structumasiked by high expression of Wtl) (Figure
6.1a-c), some regions of chimeric kidneys harbgudl cells entirely lacked condensing

mesenchyme and nephron-like structures (Figure-§)1d
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Figure 6.1 D1 cells impair the development of chimeric kidredter 4 days of culture. Representative imageshoheras are shown (from at least 3

independent experiments). (a-c) Re-aggregated Kionthe absence of D1 cells stained for Wtl amdinin showed normal development characterised
by condensation of mesenchyme (m) around UBs (@naphron-like structure formation (*). (d-g) Chime&ecombined in the presence of QD-labelled
D1 cells stained for Wtl and laminin lacking consiag mesenchyme and developing nephrons.
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A comparable impairment of development was obsemethimeras harbouring human MSCs.
As shown in Figure 6.2b-d, chimeras harbouring huM&Cs displayed disorganization of Wt1-
expressing MM and lacked nephron-like structuressdmparison, reformed kidneys developing
in the absence of human cells showed aggregatédIoexpressing condensing mesenchyme as

well as highly Wtl1-positive nephron-like structuf@sgure 6.2a).
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anti-human antibody

Figure 6.2Human MSCs impair the development of chimeric kidafter 4 days of culture. Representative imageshoheras are shown (from at least
3 independent experiments). (a) Re-aggregated Kininthe absence of human MSCs showed normal deradat which is characterised by regions of
condensing mesenchyme (m) expressing medium le¥&#41 and nephron-like structures (*) expressiighHevels of Wtl. (b-d) Chimera recombined
in presence of human MSCs labelled with anti-huaratibody and stained for Wtl showing disorganizatbcondensing mesenchyme.
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As described in the previous chapter, the stimuhatvith NKC CM increased the integration
potential of D1 cells into condensing mesenchymeudfment chimeras after 4 days of culture.
At the same time, it also appeared that the stinmmehad some beneficial effect on chimeric
kidney development. In Figure 6.3 the differenceowerall development between reformed
embryonic kidneys in the absence of stem cells,ptiesence of D1 cells and the presence of
NKC CM pre-treated D1 cells is presented. Somebitibh in metanephric development
characterised by reduction of condensing mesenctayrdewer forming nephron-like structures
occurred in chimeras harbouring D1 cells (Figugd&g). However, the development of kidneys
recombined with D1 cells that were pre-treated WWRC CM (Figure 6.3h-k) and kidneys re-
aggregated in the absence of D1 cells (Figure 6)3gas similar. Both kidneys displayed Wt1-
expressing condensing MM and nephron-like strustetearacterised by high expression of Wtl

and the presence of laminin.

In order to assess if stimulated D1 cells can ekamg-term beneficial effects on kidney
development, E11.5 kidney cells were recombineti witstimulated or NKC CM stimulated D1
cells in the same 1 to 5 ratio and cultured foraysd GFP-labelled D1 cells were used for this
experiment as there was the risk that consideraloteber of cells might lose QDs after 7 days. It
was demonstrated in section 3.2.1 that some D% el QD-labelling after 5 days of vitro
culture. Accordingly, the reduction of the D1-inédc negative effect on metanephric
development was detectable in chimeric kidneysainimg NKC CM stimulated D1 cells after 7
days. As shown in Figure 6.4e-h, chimeras harbgusiimulated D1 cells appeared to contain
more Wtl-exepressing mesenchyme in comparison wvighimulated D1 cells (Figure 6.4a-d).

Surprisingly, no further increase in nephron depalent seemed to occur during this period of
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time in any of the conditions. Ultimately, NKC CMraulated D1 cells were found to a greater
extent integrated into the Wtl-expressing condensimesenchyme than unstimulated cells,

confirming the previous experiment performed at digffigure 6.4a-h).

In summary, both D1 cells and human MSCs appeaxéot a negative effect on chimeric kidney
development. The pre-treatment of D1 cells with NE® seems to prevent the detrimental

action of the cells in short- and long-term culture
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Figure 6.3D1 cells impair the development of chimeric kidragier 4 days of culture; however, the pre-treatméth NKC CM for 4 days before the recombination
experiment can avert this effect. Representativagias of chimeras are shown (from at least 3 indbgrarexperiments). (a-c) Re-aggregated kidneyaratisence of
MSCs stained for Wtl and laminin demonstrating gmee of condensing mesenchyme around UBs and mepkeostructure formation. (d-g) Chimera recomiine

in presence of QD labelled D1 cells and stainedVfttt and laminin appears to display less condensiagenchyme and developing nephrons. (h-k) Chimera
recombined in presence of QD labelled D1 cellstprated with NKC CM and stained for Wtl and lamidemonstrates presence of condensing mesenchyme and
developing nephrons.
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Figure 6.4 The pre-treatment of D1 cells with NKC CM can mevloss of condensing mesenchyme in chimeras hangoD1 cells after 7 days of
culture. Representative images of chimeras are stffsam 2 independent experiments). (a-d) Chimecambined in presence of GFP labelled D1 cells
and stained for Wtl and laminin appears to disfgag Wtl-positive mesenchyme. (e-h) Chimera recoetbin presence of GFP labelled D1 cells pre-
treated with NKC CM and stained for Wtl and lamidemonstrates presence of Wtl-expressing condemsrsgnchyme (m) and enhanced integration
of the GFP cells.

191



6.2.2.Effect of conditioned medium derived from D1 cell®on the development of intact

kidney rudiments

To reduce condensation of metanephric mesenchymeghron formation in the chimeras, D1
cell have to either directly or indirectly interaatth kidney cells. It is anticipated that the
protective action and enhanced recovery in kidmgyry models are achieved through the
paracrine activity of MSCs (Togel et al. 2005; Tiogeal. 2007; Bruno et al. 2009). In order to
examine if MSCs may exert an indirect effect onnarias by secreting paracrine factors that
inhibit kidney developmengx vivodevelopment of whole E11.5 rudiments in the presesf
conditioned medium derived from D1 cells was asses@MSC CM). Subsequently, the
development of rudiments cultured with MSC CM wasnpared against kidneys cultured in
standard culture medium and in conditioned meditomfNKC CM stimulated D1 cells (sSMSC
CM), as it has been observed that pre-conditioni®1 cells with NKC CM may reduce the
negative effect on the development of reformed &jydn Accordingly, E11.5 kidney rudiments
were cultured for 3 days in the presence of stahdalture medium mixed 1:1 with MSC CM or
SMSC CM. In order to ensure that no NKC CM was @nésn the sMSC CM, the conditioned
medium collection took place 24h after the mediuad tbeen changed to standard culture
medium. Also, MSC CM was collected 24h after a medichange to maintain similar
experimental conditions. To determine the influen€EeMSCs on the development of kidneys,
branching morphogenesis was evaluated by stainitig ealbindin which is expressed in UBs
(Davies 1994). A schematic representation of thpesment is presented in Figure 6.5. As
demonstrated in Figure 6.6a-c, kidneys incubated MiSC CM, have impaired branching when
compared with kidneys cultured in standard mediunsMSC CM. Moreover, the number of

counted UB tips was similar in kidneys incubatedsiandard culture medium and in medium
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from sMSC CM but was significantly reduced by MS® (p<0.05, n=3) (Figure 6.6d).

a
l 4d SCM l 1d SCM l 3d MSC CM l
start of change conditioned analysis

experiment to SCM medium collection
(MSC CM)
b
l 4d NKC CM l 1d SCM l 3d SMSC CM l
start of change conditioned analysis
experiment to SCM medium collection

(sMSC CM)

Figure 6.5 Schematic representation of an experiment eltioiglahe indirect effect of D1 cells oex
vivo development of intact E11.5 rudiments. D1 cellseneultured in standard culture medium (SCM) (a)
or NKC CM (b) for 4 days. Subsequently the mediuaswhanged to SCM for 24h in both conditions.
Finally E11.5 kidney rudiments were cultured fod&ys in the presence of conditioned medium derived
from D1 cells, either unstimulated (MSC CM) or pomsly stimulated with NKC CM (sMSC CM).
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Figure 6.6 D1 cells exert an indirect negative effect on megdric development and the pre-treatment of
D1 cells with NKC CM can prevent this effect. Reggstative images showing whole E11.5 kidneys
cultured in the presence of normal medium (a), omadirom D1 cells (MSC CM) (b) and medium from
stimulated D1 cells with NKC CM (sMSC CM) stainemt talbindin after 3 days af vitro culture. (d)
UB tips count performed after 3 days on three diffié kidney rudiments cultured in normal medium,
MSC CM and sMSC CM showing that the number of Ui is significantly reduced in kidneys treated
with MSC CM (-test, p<0.05, n=3).

It has been shown that stimulation of E11.5 mouskmdy rudiments with exogenous bone
morphogenetic protein 4 (Bmp4) inhibits branchifd®& and condensation of MM (Miyazaki et
al. 2003). As Bmp4 might be one of the factors iogied in inhibition of development in
chimeras harbouring D1 cells, expressioBofp4in D1 cells was evaluated. In Figure 6.7a, D1
cells were shown to express increased leveBngb4in comparison with E13.5 kidney (p<0.01,

n=4). Furthermore, following stimulation with NKCM; the expression levels &mp4in D1
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cells were to some extent reduced.
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Figure 6.7 Comparison oBmp4expression level in unstimulated and stimulatedhWKC CM D1 cells
using quantitative PCR. The reference gen&apdhand the error bars represent SE of the mean. In
comparison with E13.5 kidney cells D1 cells shovigher expression dBmp4 (t-test, p<0.01, n=4).
Expression oBmp4was not significantly different in D1 cells stimtéd with NKC CM from E13.5
kidney t-test, p>0.05, n=4).

In conclusion, it was found that conditioned medifrom D1 cultures has a negative effect on
development of intact kidney rudiments, suggestiva inhibition of metanephric development
in chimeras observed in previously experimentsndirectly mediated by MSCs. Further, D1
cells affect metanephric development possibly lyyetang factors like Bmp4, which inhibit UB

branching and condensation of MM.

6.3.Discussion

In this chapter the negative effect of recombirmatdd MSCs on chimeric kidney development
has been described. At the same time the stimalatith NKC CM was shown to prevent the
detrimental effect on embryonic kidney developmexgrted by D1 cells. In order to examine if
D1 cells influence kidney development in an indireanner, intact metanephroi were cultured in
the presence of conditioned medium derived fromddltures. It was found that conditioned

medium from D1 cultures negatively affected thg vivo development of intact kidney
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rudiments. Finally, expression Bmp4 a gene encoding a factor that inhibits nephrogisne/as

found to be highly expressed in D1 cells.

6.3.1.Effects exerted by MSCs on kidney development

So far it has been investigated if MSCs can couatelio nephrogenesis vitro. The renogenic
capacity of MSCs was determined by examining thetegration potential into different
compartments of chimeric kidneys. In this chaptéwe effect of MSC recombination on
metanephric development of the kidney chimeras described. Accordingly, the chimeric
kidneys were analysed for the presence of condgmeiesenchyme and nephron formation. It
appeared that chimeras harbouring either D1 cellauman MSCs displayed fewer areas of
condensing mesenchyme or nephron-like structuresnmparison with kidneys reformed in the
absence of MSCs. This could be to some extent qulaby the fact that chimeras reformed
using MSCs contained fewer embryonic kidney cdlisthe absence of MSCs the reformed
kidneys were comprised only of kidney cells, wherdélae chimeras harbouring MSCs were
mixed in 1 to 5 ratios. Nevertheless, no such effeas observed when ESCs or NKCs were
mixed in 1 to 5 ratios (see Chapter 4). Furthermatemeric kidneys harbouring D1 cells
stimulated with NKC CM seemed to display similavdks of condensing mesenchyme and
nephron-like structures when compared with kidneythout stem cells. Its not clear what
factor in the NKC CM is responsible for the inhibit of detrimental effect on chimeric
development in D1 cells upon stimulation. One aptmuld be that NKC CM contains an
inhibitor or an enzyme that inactivates a detrimefactor produced by MSCs. For example, it
has been shown that matrix metalloproteinase-9 (MlyIBecreted by embryonic kidneys are

involved in UB branching (Lelongt et al. 1997). Netheless, MMP-9 can also induce epithelial
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mesenchymal transition in tubular cells contribgtio renal fibrosis (Tan et al. 2010). There
exists a natural inhibitor of MMP-9, namely thestis inhibitor of metalloproteinase 1, which is
able to block the action of MMP-9 (Lelongt et a@9%). NKC CM might contain such inhibitor.

Together these results suggest that MSCs may hawve siegative impact on metanephric

development in kidney chimeras.

In order to determine if the negative effect wae tlu paracrine factors secreted by MSCs, the
action of D1 cells on intact E11.5 kidney rudimemias evaluated. MSCs were previously
described to secrete various factors such as \asewmdothelial growth factor (VEGF) and
insulin growth factor-1 (IGF-1jn vitro (Kunter et al. 2006; Togel et al. 2007). Furtheraat
was shown that the paracrine factors released b§ pI8y a crucial role in enhancing recovery
from kidney injury in animal models (Togel et a0(5; Bi et al. 2007; Imberti et al. 2007; Togel
et al. 2007; Togel et al. 2009). However, despitgrtpositive role in renal injury models, it is
possible that some of the paracrine factors setrbte D1 cells inhibit the emergence of
condensing mesenchyme and formation of nephroriagliérdney development. The inhibitory
role of D1 paracrine factors was confirmed by simgahat conditioned medium derived from
D1 cells reduced UB branching iof vitro cultured intact E11.5 kidney rudiments. Interegimn
the incubation of kidney rudiments in medium dedif®m stimulated D1 cells sustained normal

branching in the intact kidneys.

Together these results demonstrate that D1 celissearete factors that negatively influence
metanephric development. Although it cannot be et that there might be some direct
interaction between MSCs and kidney cells that rdoumtes to observed negative effects on

chimeric development, it is most likely the parmerifactors derived from MSCs that inhibit
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nephrogenesis in the kidney chimeras. Furthernpreefreatment of D1 cells with NKC CM is
able to avert this effect, probably by changingimglae milieu of secreted factorsokoo et al
did not report any detrimental effect on kidney @lepment when integrating human MSCs into
rodent metanephroi (Yokoo et al. 2005). Howeverdhere reports describing toxic effects of
conditioned medium derived from MSCs on hippocantigaliein vitro (Horn et al. 2009; Horn
et al. 2010). Accordingly, conditioned medium froat bone marrow-derived MSCs was shown
to induce reactive oxygen species formation anthimihation in organotypic cultures of rat

hippocampus (Horn et al. 2010).

6.3.2.Putative mechanism of detrimental action of D1 celbn kidney development

Inductive interactions play a crucial role in eakiglney morphogenesis (Horster et al. 1999;
Dressler 2006). It is possible that MSCs interferth these interactions and as a result, inhibit
kidney development. One of the most important itidacinteractions takes place when UB
invades the MM and starts to branch and this isiated through Gdnf signalling. Gdnf secreted
by MM binds to the Ret receptor at the tips of UtBlucing growth and branching of the UB
(Vega et al. 1996; Sainio et al. 1997). D1 cellsavehown to expres&dnf; however, no
extensive UB branching was observed in chimeralsduaing D1 cells. On the contrary, it was
observed that the conditioned medium derived froindells reduced branching in the intact
kidney rudiments. An explanation for this effecultbbe that although D1 cells expre&Sdnf,
they do not secret the protein or that Gdnf sedrbtieD1 is not fully functional. In this study it
has not been possible to measure Gdnf levels iarsafants obtained from D1 cell culture (data
not shown). However, it has been reported that M@€sble to produce and secrete Gdnf (Ye et

al. 2005). Another possibility would be that D1 lsetecrete simultaneously other factors or
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molecules that inhibit Gdnf signalling in kidneyllse For example it has been reported that
heparan sulphates are required to activate Retpt@cenevertheless, exogenous heparan
sulphates inhibit receptor activation and hencepregs Gdnf signalling (Barnett et al. 2002).
Interestingly, D1 cells stimulated with NKC CM whiao express higher levels &dnf than
unstimulated D1 cells, do not induce impairmenbiianching morphogenesis. This can suggest
that high expression @gédnfmay at least help sustain the number of UB tipscBhg of Gdnf
expression in stimulated cells would help to batteierstand the mechanism of protective action
of D1 cells following treatment with NKC CM. Ultinely, the presence of Gdnf in the

conditioned medium from stimulated cells has n@rbeonfirmed.

A range of factors has been described to modulabeely development (Horster et al. 1999).
Different members of transforming growth facfpr(TGF{) superfamily such as TG,
activin, and bone morphogenetic protein 2 or 4 wkrscribed to negatively act on growth and
branching of UBs (Bush et al. 2004). Accordinglgnb morphogenetic protein 4 (Bmp4) might
be one of the factors responsible for the inhibitad development in kidney chimeras harbouring
MSCs or intact rudiments cultured in the presencBb derived conditioned medium. During
metanephric developmerBmp4is expressed in mesenchymal cells surroundingWoéfian
duct when the UB starts invading the MM. LatBmp4 expression is observed in stromal
mesenchymal cells around the stalk of the UB arel g¢mooth muscle layer around the
developing ureter (Miyazaki et al. 2000). Althoughvitro Bmp4 is able to promote survival of
isolated MM in the absence of inducer tissue, timaudation of E11.5 mouse kidney rudiments
with Bmp4 for 48h results in inhibition of UB bramog and MM condensation (Miyazaki et al.

2003). This is accompanied by down-regulation gfregsion of such markers likednf Wtl
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and Pax2 (Raatikainen-Ahokas et al. 2000; Miyazaki et @032). In this chapter it has been
confirmed that D1 cells expre®&np4 This is in accordance with previous data dematist
Bmp4expression in mouse bone marrow-derived MSCs (Katdl. 2005). In addition, D1 cells
were shown to express higi@mp4levels than E13.5 mouse kidney rudiment. It is fmsghat
release of additional Bmp4 by D1 cells results @velopment inhibition similarly to the one
achieved by exogenous Bmpd4iimvitro experiments mentioned earlier. However, it hasbheen
attempted in this study to determine the expressemels of Bmp4 protein in D1 cells.
Nevertheless, the stimulation with NKC CM did resid slight down-regulation oBmp4

expression in D1 cells.

It is also likely that other members of T@Fsuperfamily are implicated in the inhibition okth
development of the chimeras or intact rudiments$.KBey rudiments treated with TGR- for 5
days have demonstrated a reduced number of UB(Bpsh et al. 2004), whereas mouse
embryonic kidneys cultured for 9 days in the preseof TGFB2 were demonstrated to develop
only rudimentary glomeruli (Sims-Lucas et al. 2010pnditioned media from MSCs was shown
to contain TGH31 (Salazar et al. 2009). Accordingly T@E-derived from MSCs was described
to be responsible for mediating immunosuppressifeets characteristic for these cells (Nemeth
et al. 2010). Similarly, expression of TBB-was also confirmed in MSCs (Sun et al. 2011).
Moreover, inactivation of Wnt signalling in ureterbud cells also impairs branching of UB
during nephrogenesis and consequently leads tor lowmbers of nephrons and collecting ducts
in kidneys of new born mice (Bridgewater et al. 00t has been demonstrated that a secreted
glycoprotein Dickkopf-1 (Dkk-1) is able to suppré&st signalling, inducingn vitro impairment

of UB branching in E13.5 mouse kidneys (lglesiaaleR007). Human MSCs have been shown
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to express Dkk-1 and accordingly, inhibit the Wattpvay in tumor cells (Qiao et al. 2008; Zhu
et al. 2009). Consequently it is possible, thatnki development inhibition may also be
mediated by the secretion of other factors than 8nguch as TGB41, TGF$2 or Dkk-1.

However, the expression of factors has been iryagstil neither in D1 cells nor human MSCs in

this study.

It is likely that MSCs may not only act on kidnegvelopment by secreting factors that inhibit
UB or nephron development but also by facilitatstgpma emergence. E11.5 mouse kidney
rudiments treated with a mix of Bmp4 and fibroblgstwth factor 2 (Fgf2) for 2 days showed
expansion of stromal compartment at the periphdrigchvwas accompanied by the inhibition of
MM condensation (Miyazaki et al. 2003). As mentidrieefore, D1 cells expre®mp4 It has
been also demonstrated that Fgf2 is among the pnostinent factors found in the supernatant of
human bone marrow-derived MSCs (Schinkothe etG08p A similar effect to Bmp4 and Fgf2
in metanephric kidney has been observed with boosinogenetic protein 7 (Bmp7) and Fgf2
(Dudley et al. 1999). E11.5 kidney rudiments trddte 2 days with Bmp7 demonstrate impaired
nephron formation. Consequently some UB tips rensamounded by condensed MM but lack
developing nephrons. The combination of Bmp7 an&? Fgsulted in severe impairment in
nephron formation which was accompanied by emeenadditional peripheral mesenchyme
positive for the stromal mark@f2 (Dudley et al. 1999). In addition, Wellet al showed that
epidermal growth factor (EGF) promotes emergenceintérstitial cells in isolated MM.
Treatment of intact E12 mouse embryonic kidney§ \EGF led to formation of fewer epithelial
structures and expansion of mesenchymal tissue l§WWek al. 1991). Unfortunately the

expression of Bmp7 and EGF has not been investigat®!SCs.
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Finally it is also possible that MSCs by secretiagtors like TGF82 can induce renal cells to
differentiate towards other cell types not foundig normal nephrogenesis in the kidney. It has
been shown that stimulation with T@E-for 6 days induces two types of mesenchymal aells
mouse metanephroi which neither expressed the MddiBp markerswtl and Pax2, nor the
stromal markerFoxdl Furthermore, in the presence of TEE-some kidney cells started to
resemble chondrocytes as they were expressinggealimund in the cartilage and after 9 days of
culture, stained with Alcian blue. Another mesemuhly population induced by TGER2 was
located at the periphery of the kidneys. Thesesagéire positive fon-smooth muscle actin and

did not stain for Alcian blue (Sims-Lucas et al12D

In conclusion, D1 cells affect kidney developmewntsiecreting various factors. Possibly some of
the factors may support development and at the dames different sets of factors may act
antagonistically on nephrogenesis. D1 cells explegth Gdnf, which induces UB branching

(Vega et al. 1996), an8mp4, described to suppress UB branching and MM condiemsa

(Miyazaki et al. 2003). In addition, D1 cells magceete simultaneously several factors that
negatively act on kidney morphogenesis, such asBama Fgf2. The combination of Bmp4 and
Fgf2 may induce not only inhibition of MM condensat but as well expansion of the stromal
compartment in the chimeras harbouring D1 celldascribed for mouse kidney rudiments
(Miyazaki et al. 2003). Finally, NKC CM stimulatiasf D1 cells helps to prevent the observed

negative effects, possibly by modulating the exgisprofile of the cells.
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Chapter 7: Final discussion

There exist several approaches to renal regeneratipatients with kidney injury, which may
involve stem cells or progenitor cells. One poditybiwould be to stimulate endogenous
progenitors to induce more rapid renal regenerdtdowing the injury. Another option would
be to transplant exogenous stem cells/progenitorenhance the functional and structural
recovery of the injured kidneys. In patients widverely damaged kidneys that require a renal
transplant, the above mentioned treatment optioowever, would not be feasible. In this case,
stem cells might be used to generdt novorenal tissue for transplantation (Little 2006).
Previous research suggests that MSCs can be coetids potential candidates for therapies
aimed at renal tissue regeneration. Along with peotective effects in different acute kidney
injury models, occasional integration of MSCs intbules of injured kidneys was observed
(Herrera et al. 2004; Morigi et al. 2004; Qian et2808; Li et al. 2010). Some reports have also
describedin vitro acquisition of kidney specific phenotypes by MS(&ingaravelu and
Padanilam 2009; Matsushita et al. 2010). Finalh§@8 were demonstrated to contribute to
kidney development by integrating into glomeruldaobules of metanephric kidneys (Yokoo et
al. 2005). The purpose of the current study wasxamine the renogenic potential of mouse and
human MSCs using a novel approach that involvesdtion of mouse embryonic kidney
chimeras. The study was also intended to compareetiogenic capacity of MSCs and other cell
types as well as to evaluate the possibility ofeasing the ability of MSCs to contribute to renal
development. In addition, an attempt was made uoiddhte the action of MSCs on metanephric
development. Accordingly, using the kidney chimeslSCs were demonstrated to have low
renogenic potential. In addition, their incorpooatiinto metanephric kidneys led to inhibited
kidney development. Subsequently, incubation of ryoric kidneys with conditioned
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medium obtained from mouse MSCs culture was dematest to decrease branching
morphogenesis of the kidney rudiments, suggestiag MSCs have indeed a detrimental effect
on metanephric development. Pre-conditioning of $8oMSCs with medium derived from

mouse neonatal kidney cells facilitated their efigrant into developing renal structures and
prevented the negative action of the cells on kiddevelopment. In addition, the renogenic
potential of MSCs was compared to the renogeniergia of embryonic stem cells and neonatal
kidney cells using the same approach. Consequetitlpbjectives of the study have been
addressed. In this chapter the outcomes of they sitel summarised and discussed in view of

existing evidence.

Chimeric kidney assay

Previously, human MSCs were demonstrated to carn&ito kidney development by integrating
into renal structures and expressing kidney-speamiarkers (Yokoo et al. 2005Fonsequently
metanephroi with integrated MSCs were shown to yeedfluid similar to urine following
transplantation into the omentum of recipient aténggokoo et al. 2006). Nevertheless, in order
to achieve integration of human MSCs into metanegfidneys, a sophisticated protocol had to
be developed, as direct injection of MSCs into kiney rudiment was demonstrated to be
insufficient to trigger their integration. The poobl involved demanding experimental
procedures, like injection of MSCs into the intediage mesoderm of rat embryos and
subsequenéx uteroculture of the embryos (Yokoo et al. 2005; Yokaak 2006). In order to
accurately evaluate the suitability of MSCs foraketissue generation a much simpler and more
reproducible protocol is required. In the curretidy, a modified procedure developed by

Unbekandt and Davies which involves disaggregatbmouse metanephroi followed by re-
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aggregation of kidney cells to forehe novokidney rudiments was used to assess renogenic
potential of MSCs (Unbekandt and Davies 2010). disvehown previously that the re-formed
kidney rudiments display features of developinganephroi, with the same morphology and
marker expression observed in intact rudiments,s thmimicking normal metanephric
development (Unbekandt and Davies 2010). The sliiabf re-aggregated kidney to act as a
model of nephrogenesis was also confirmed hererdier to make kidney chimeras, kidney
rudiments were disaggregated and subsequentlygegated in the presence of labelled MSCs,
creating chimeras containing both kidney rudimegilscand MSCs. Recently, this protocol was
used to incorporate human amniotic fluid stem gq@BSCs) into embryonic kidneys in order to
test their contribution to kidney development. Satheently, the cells were detected in Pax2 and
Wtl positive renal structures (Siegel et al. 2010fimately, an alternative chimeric kidney
assay for testing MSCs contribution to kidney dtrees could be employed. A recent report
describes the use of a similar technique to integeanbryonic renal stem cells, derived from
dissociated E12.5 mouse kidney rudiments and subsdély cultured as nephrospheres, into
metanephric kidneys. Accordingly, the cells werexadi with a suspension of kidney cells
obtained from disaggregated E12.5 mouse kidneymeuntis, subsequently pelletted and cultured
in the presence of NIH3T3 cells expressing Wntaamwllagen IV coated filter. After 4 days of
culture, embryonic renal stem cells were found tgreat extent in the interstitium of the

developing chimeras; however, some cells were thgten tubular structures (Lusis et al. 2010).

Renogenic potential of MSCs

In the first part of this study, the multilineagetgntial of the employed MSCs was confirmed

and the most appropriate labelling methods forhiemtexperiments were determined. The
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adipogenic, osteogenic and chondrogenic capacityM8iCs was assessed using standard
differentiation protocols (Peister et al. 2004) @wth mouse and human cells were shown to
undergo adipo- and osteogenesis. In addition, m&ISEs were also confirmed to undergo
chondrogenesis. Previously, it has been demondtthi transient labelling with QDs, GFP
transduction and staining with species-specifichadies are suitable for MSCs labelling (Azizi
et al. 1998; Lu et al. 2005; Muller-Borer et al0Z). Subsequently, all abovementioned methods
were confirmed to be appropriate for tracking MSBasnce investigating their integration into

chimeric kidneys.

Before introducing MSCs into the embryonic kidnewieonment, the cells were analysed for
their expression of early kidney development mazkbtouse MSCs showed expression of some
genes involved in metanephric development, sudBdad, Salll, Limland Osrl, however, they
did not expres$ax2 and Wtl At the same time Lusist al. demonstrated that primary bone
marrow-derived MSCs do not express markers #iedll and Lim1l A discrepancy observed
between the expression profile of mouse MSCs enaploy this study and the profile described
previously for bone-marrow derived mouse MSCs (twial. 2010) might be explained by the
fact that the mouse cells used in current studyeveeMSC line derived from BALB/c mice in
comparison to the primary MSCs isolated form C5®hiice used by Lusist al. Also, a
difference between the expression profile of moM&C line and human primary MSCs was
observed, as human MSCs were shown not to ex|3A&&1 detected earlier in mouse cells.

Similarly to mouse cells, human MSCs did not expR8X2andWT1

Finally, in the current study, MSCs were recombingith a kidney cell suspension derived from

mouse embryonic kidneys at the onset of metanemavelopment at E11.5. After 4 days of
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culture the chimeras were analysed. Mouse MSCs u@wad integrated into condensing
metanephric mesenchyme (MM) but not into ureteddsh (UBs). Despite the fact that some
MSCs were detected in the condensing mesenchynmeslisowere found in developing nephron-
like structures. Regarding the human MSCs, theyvaund in the proximity of condensing MM
or developing nephron-like structures, but no défia integration was detected. Those result are
contradictory to the observation made by Yokoo eadvorkers showing integration of human
MSCs into nephrons of rat metanephric kidneys (Yo&bal. 2005). One of the main differences
between this study and Yokat al is that MSCs were integrated into kidney rudimeattshe
onset of metanephric development and not priohécstart of nephrogenesis, as described before
(Yokoo et al. 2005). In addition, it was demonstdathat high expression of GDNF in human
MSCs is essential for enhancing the number of nateg cells (Yokoo et al. 2005). Gdnf is an
important factor for outgrowth and branching of UBging metanephric development (Vega et
al. 1996; Sainio et al. 1997). Nevertheless, thesacand human MSCs employed in this study
did not over-express Gdnf. Finally, the absenceM&Cs from UBs is with agreement with
previous results showing lack of integration of lmMSCs into the developing colleting duct of

embryonic kidneys (Fukui et al. 2009).

Moreover, the integration of mouse and human MSIBs had some negative effect on the
development of the chimeras. The presence of MSfestad the condensation of MM and
subsequent nephron formation in the kidney chimem$ewer areas of condensing mesenchyme
and nephron-like structures were formed in chimdragouring MSCs in comparison with
kidneys reformed in the absence of MSCs. The itdmpirole of MSCs was confirmed in intact

kidney rudiments. Accordingly, it was demonstratedt conditioned medium derived from
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mouse MSCs decreased UB branchingirofvitro cultured intact E11.5 kidney rudiments.
Apparently others did not observe any detrimenttiece on kidney development when
integrating human MSCs (Yokoo et al. 2005; Yokomkt2006; Fukui et al. 2009), although
there exists reports demonstrating negative eff@atenditioned medium derived from MSCs on
hippocampal tissue (Horn et al. 2009; Horn et GLA. It is not clear which factors secreted by
MSCs are responsible for this effect. Possiblyhhegpression oBmp4in MSCs can mediate the
developmental inhibition in the chimeras and intkiciney rudiments. Bmp4 was shown to
inhibit in vitro UB branching and MM condensation in mouse kidnayiments (Raatikainen-
Ahokas et al. 2000; Miyazaki et al. 2003). In casgbn, despite the fact that MSCs secrete
paracrine factors that play a crucial role in eriag recovery from kidney injury (Imberti et al.
2007; Togel et al. 2007; Togel et al. 2009), thegrean indirect negative effect on metanephric

development.

Ultimately, embryonic stem cells (ESCs) and nednatney cells (NKCs) were integrated into
chimeric kidneys in order to compare renogenic e of MSCs with other cells. A previous
study has shown that undifferentiated mouse ESQe Wmind in large tubule-like structures
surrounded by basement membranes following injedtito embryonic kidneys (Steenhard et al.
2005). Using the chimeric kidney, in the currenidst mouse ESCs were detected in both
laminin positive tubular structures, possibly camiing previous results, and within condensing
MM, but not in the developing nephron-like struesir When compared with MSCs, ESCs
seemed to have a broader integration potentiahduiition, no negative effect on metanephric
development was noted. However, both stem cellestypere absent from forming nephrons

despite their presence in the condensing MM. Inregt, NKCs were rarely found integrated into
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laminin positive structures in the chimeric kidnefscordingly, they were present in condensing
MM and to some extent in developing nephron-likeugures. Behaviour of NKCs in the
chimeric kidneys was similar to the adult kidneyogenitor populations, namely the side
population, which after injection into metaneptkidney was detected in MM-derived structures
rather than UBs (Challen et al. 2006). When congpbavgh MSCs, NKCs seemed to have a
similar integration potential, as both MSCs and NK@re found in condensing MM but not in
the laminin positive structures. However, the ndifference between MSCs and NKCs was that
the latter were also found in developing nephronatked in those experiments by presence of
laminin and Wtl. Finally, NKCs did not appear tovlaany detrimental effect on kidney
development. ESCs and NKCs were also present tea gxtent in the stroma of developing

chimeras, similar to MSCs.

Increasing renogenic potential of MSCs

Several studies demonstrated that MSCs can adepthracteristics of the particular cell
population following stimulation with conditionededium derived from this population (Rivera
et al. 2006; Pan et al. 2008; Baer et al. 2009jt8ahet al. 2010). Accordingly, the conditioned
medium derived from cardiac explants, foetal ligalture, adult neural tissue, proximal tubular
cells were demonstrated to induce phenotypic chaimgthe MSCs (Rivera et al. 2006; Pan et al.
2008; Baer et al. 2009; Schittini et al. 2010).ohder to enhance the contribution of MSCs to
kidney development, conditioned medium from NKCKONCM) was used to increase the
renogenic potential of MSCs in the chimeric kidneéAder 4 days of stimulation with NKC CM,
the cells were recombined with kidney cell suspam$o form chimeric kidneys. In comparison

with cells not pre-treated with the conditioned med the engraftment into condensing MM of
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stimulated mouse MSCs increased significantly. Timegration into Wtl-expressing

compartment of chimeric kidneys was almost fouesrhigher for stimulated mouse MSCs.

The mechanism of action of conditioned medium omu$soMSCs is not clear. However, it was
demonstrated that the stimulated cells signifigantb-regulatedGdnf expression. In Yokoo's
experiments, transduction with GDNF has been shtwviead to an approximately 6-fold
increase in the incorporation rate of human MSQs metanephroi following injection into
intermediate mesoderm (Yokoo et al. 2005). Possibly pre-conditioning with NKC CM
facilitates the incorporation of mouse MSCs intmaensing MM by inducing high levels of

Gdnf.

Importantly, these results could not be replicatgth human MSCs, as stimulation with NKC-
derived conditioned medium did not result in anréase of integration of human MSCs.
Accordingly, human MSCs do not expreéSALL1and, differently from mouse cells, were not
integrating into any renal structures before preditioning which may explain why human
MSCs did not respond to NKC CM stimulation. Othesgibility could be that human MSCs
were not able to respond to factors found in theddmned medium since they were derived

from mouse cells.

Interestingly, the pre-treatment of mouse MSCs WHKC conditioned medium prevented any

negative effect on the development of the chimehasthe presence of stimulated MSCs,

condensation of MM and subsequent nephron formatighe chimeric kidneys occurred in the

same way as in kidneys reformed in the absence €84 Consequently, it was demonstrated
that conditioned medium derived from stimulatedscdid not inhibit UB branching ah vitro

cultured intact E11.5 kidney rudiments. As mentteerlier, the stimulation with NKC CM
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led to an increase iGdnf expression in the cells. In addition, some dowal&gpn of Bmp4
expression was also detected following the pretftreat with NKC CM. These results indicate
that the stimulation with NKC CM might change tleeietion profile of mouse MSCs preventing

the detrimental effects on metanephric kidneys.

In this study it was possible to increase the dhgent potential of mouse MSCs using the NKC
CM. Nevertheless, still only a very small numbérMSCs was found in the nephron-like
structures in the chimeras. Therefore in orderhtaio engraftment of MSCs into nephrons it
might be necessary to permanently change the esipreprofile of MSCs, similarly as it was
shown by Yokoo and co-workers (Yokoo et al. 20@Bjhe idea would be to transduce MSCs
with Wtl. AFSCs which expressed Witl before the mamoation with embryonic kidney cells
have been shown to readily integrate into develppenal structures in the chimeric kidney
assay (Siegel et al. 2010). Also, NKCs which inséggl into condensing mesenchyme and
nephron-like structures were demonstrated to espwtl (Mora 2009). On the other hand,
permanent expression of Wtl could become problenfatgr in the development. In addition, for
both mouse and human bone marrow-derived MSCs,opultgitions with higher plasticity exist
(D'lppolito et al. 2004; Kucia et al. 2006; AnjoseAso and Bonnet 2007). Their engraftment
potential could be determined using the chimerninky assay as possibly these cells would more

efficiently contribute to chimeric kidney developnte

Future directions

In this study it was demonstrated that the chimé&riney culture assay is a useful tool for
investigating the renogenic potential of MSCs. Thjgproach can be also used to assess

renogenic potential of other cells like ESCs omkig progenitors. In the long term perspective,
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the chimeric kidneys could be utilized as a scdffior generating renal tissue with the help of
exogenous stem cells. Recent advances in kidnegnemd culture may be used to improve the
kidney chimera culture. For instance, despite theergence of forming nephrons and UB
branching, no distinct cortical and medullary zomese observed in the chimeras performed in
this study. Lately, it has been shown that cultofenouse metanephroi in a low volume of
medium facilitates the development of cortico-méadylzones in the kidney rudiments, dividing
the kidneys into cortex containing the glomeruldarmeteric bud tips, and medulla containing
collecting ducts and the loops of Henle (Sebingeal.e2010). Furthermore, in order to generate
fully functional renal tissue from chimeric kidneya blood supply is required. To allow
vascularisation, chimeras could be transplanted st animals, for example under the renal
capsule of a host rat (Rogers et al. 1998; Rosghat 2007). Previously, it has been attempted to
transplant intact embryonic kidneys (Rogers el@88) orin vitro engineered kidney rudiments

consisting of recombined T-shaped UB and unindddkt(Rosines et al. 2007).

As discussed here, ESC, NKC and MSC population® Ithfferent abilities to contribute to
kidney development. These observations can haw@atimplications in approaches aimeddat
novogeneration of renal tissue. According to datagumed in this study and by others, MSCs do
not have a potential to contribute to the ducteystYokoo et al. 2005; Fukui et al. 2009). For
that reason it is rather unlikely that MSCs will liged in the future for generation of collecting
ducts. On the contrary, kidney progenitors (Chadéieal. 2006; Maeshima et al. 2006) or AFSCs
(Perin et al. 2007; Siegel et al. 2010) were dertnates] to engraft into UBs and accordingly they
might be used for this purpose. Numerous stempeetienitor types were demonstrated to

engraft into MM-derived structures (Kim and Dres2805; Steenhard et al. 2005; Yokoo et al.
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2005; Challen et al. 2006; Maeshima et al. 2008nR= al. 2007; Vigneau et al. 2007; Siegel et
al. 2010). Nevertheless, it is difficult to decibich would be the most appropriate e novo
nephron formation as different methodologies weseduto characterise the engraftment and
subsequent differentiation towards kidney-like pitgpe. So far no common standard has been
established to evaluate performance of the vasbeis cells and progenitors in the metanephric
environment, either following injection into thediment or following recombination with
embryonic kidney cells. Accordingly, the followirgyeas require standardization in order to
effectively assess renogenic potential of stemscafid progenitors in the future: (i) labelling
methods for detecting integrated cells; (ii) methad calculating the number of engrafted cells
into renal structures; and (iii) methods for deteing their subsequent differentiation towards

both renal phenotypes and non-renal phenotypes.

Many reports showing a contribution of differentl ¢gpes to nephrogenesis vitro, including
MSCs, do not use more then one labelling methambidirm the observations. Accordingly, this

may result in misleading statements regarding tle@iogenic potential.

As demonstrated in this study, a discrepancy betwetegration potential of QD- and GFP-
labelled MSCs into chimeric kidneys was observedil®/QD-labelled cells showed broad
engraftment potential encompassing all compartméoisid in the chimeric kidney, GFP-
labelled cells were found mainly in stroma and @rging MM. Also, the number of integrated
cells into condensing MM differed depending on takelling method, with less QD-labelled
MSCs being engrafted into the condensing MM in cangon with GFP-labelled cells. It is
likely that QD signal detected in some structures wot genuine. Some QDs might be also lost

from cells in the condensing MM due to cell deathransferred to other cells. It is also possible
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that GFP expression prevents MSCs integration imes@wompartments but facilitates the
presence of MSCs in the condensing MM. All scersannght be possible as loss of QD labelling
has been described in different cell types, inclgdMSCs (Rosen et al. 2007; Pi et al. 2010).
QDs were also demonstrated to have some poteatigdrisfer to other cells, as it was possible to
use supernatants collected from labelled ESCs bel lather cells again (Pi et al. 2010).
Similarly, GFP labelling could have some effectMB8Cs, since GFP expression was shown to
negatively affect kidney cells by inducing renafes#s in vivo and interfering with common
signalling pathwaysn vitro (Baens et al. 2006; Guo et al. 2007). In conclustbe number of
observed integrated cells and their location magngfly depend on the labelling method.
Further, using the GFP and species-specific anyilitdoecame also clear that the majority of the
MSCs were forming different sized clusters insidemeric kidneys, despite the fact that the
cells were homogonously distributed at day 0, whdohld not be observed using QDs. Taken
together, it is crucial to identify better labetliilmethods that give consistent results when
assessing renogenic potential of cells in the &t®ossibly, more than one tracking method

should be employed to evaluate results.

In order to be used for renal tissue engineerirgyfcient number of stem cells/progenitor cells
would need to engraft and subsequently commit kititney-specific cell types. Sporadic
contribution of some cells would be unlikely to gestede novorenal structures. Although
Yokoo et al described contribution of human MSCs to glomeard tubules (Yokoo et al.
2005), no quantification was provided, which couldply rather infrequent engraftment.
Similarly, in the report of Siegett al which used the same chimeric kidney system tb tes

renogenic potential of AFSCs, no quantificationtloé engraftment was shown (Siegel et al.
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2010), which may again suggest only occasionagmaten of the cells. In the current study it
was shown that following NKC CM pre-treatment, orer@ge, 13% of GFP-labelled mouse
MSCs were found engrafted into condensing MM. Iditah, it appeared that stimulated mouse
MSCs have a similar integration potential into Vépressing mesenchyme as the neonatal
kidney cells used in this study, and adult kidnelsc(Challen et al. 2006). The engraftment into
MM, however, does not implicate that all the cefigtially found in this compartment will
become integrated into developing nephron-likecstmes. On the contrary, in this study it was
demonstrated that despite a high integration ra@F® mouse MSCs into condensing MM, only
occasionally the cells were found in the nephr&e-Btructures at day 4 and no integration into
nephron-like structures was detected on day 7 iohefic kidney culture. This result can also be
interpreted as a lack of proliferation of engraffd@Cs. Finally, one of the limitations of this
study, but also other studies elucidating renogpatential of stem cells, is the lack of a negative
control, namely a population of cells that shoutd Imarbour any renogenic potential which could
be used to compare the renogenic potential of M&fIEmately, a suitable positive control
should be established to elucidated renogenic pateof all stem cells and progenitors. In
conclusion, in order to accurately assess the mmog potential of different stem
cells/progenitors, including MSCs, more quantitatstudies should be performed in the future.
Satisfactory levels of engraftment should be deiteech beforehand, in order to allow accurate

analysis of renogenic potential of different céjises.

Another important issue regarding the putative gemic capacity of stem cells/progenitors is the
acquisition of expression of kidney markers updagnation into kidney rudiment structures. The

acquisition of expression of such markers by thgrafted cells suggests their differentiation
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towards kidney phenotype. Previously, human MSCewdggmonstrated to express Wtl when
integrated into metanephric kidneys (Yokoo et 8D%). In this study, QD-labelled mouse MSCs
appeared to be stained with Wtl when integrateal tim¢ condensing MM of chimeric kidneys
implying that mouse MSCs might differentiate intdvMike cells that give rise to nephron. No
expression of Wtl was, however, detected when @BEHed MSCs were used instead of QD-
labelled cells. Again, it could be claimed that GFpression prevents the Wtl expression in the
engrafted cells. One aspect that was not considamdously is the fusion potential of MSCs.
Accordingly, mouse MSCs could infrequently fusehakidney cells, which might explain the
acquisition of renal markers by the QD-labelledscelNevertheless, in a model of folic acid
induced kidney injury in mice, no conclusive evidenwas found for fusion between bone
marrow-derived cells and kidney cells (Fang et 2405). In addition, human MSCs were
demonstrated to possess multilineage transdiffexteort potentialin vitro. Accordingly they
were shown to differentiate into osteoblasts budruadipogenic or chondrogenic induction they
could reverse their phenotype and become adipooytehiondrocytes, respectively (Song and
Tuan 2004). The transdifferentiation potential ofeafted MSCs as well as other stem cells
needs to be considered in studies on renogeniafaten conclusion, the expression of given
renal markers may depend on the labelling methootloer factors, like possible fusion events.
For this reason, acquisition of renal expressiayukhnot be the only criterion for differentiation
of engrafted cells. Long-term follow up studies wlddbe performed to assess the commitment of

the cells to renal lineages.

MSCs, ESCs and NKCs were found predominantly insthema of the chimeric kidneys. These

results are in accordance with some data from @xpets with adult kidney-derived progenitors
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injected into metanephric kidney which were showrrdside to a great extent in the stromal
compartment (Challen et al. 2006; Maeshima et@62 Similarly embryonic renal progenitors
were shown to mainly localise in the interstitiuatldwing a similar recombination experiment
involving chimeric kidney formation (Lusis et al020). These results demonstrate that apart
from MSCs, other stem cells/progenitors can be doarthe stroma of developing kidneys. The
behaviour of the cells in the stromal compartmesg hot yet been determined, and for this
reason it cannot be concluded if such cells rerartfifferentiated or become embryonic kidney
stroma. In any case, the high proportion of stefis/peogenitors not contributing to any renal
structures can make efficient generation d& novorenal tissue difficult. For the future
regenerative therapies it might be important te@ssshe prevalence of the cells in the stroma and

their characteristics.

Ultimately, it is possible that undifferentiatecest cells/progenitors which do not contribute to
nephrons, collecting ducts or interstitium in treveloping kidneys, could differentiate towards
non-renal phenotypes within the kidney. MSCs wesmanstrated to improve renal function in
acute mesangioproliferative glomerulonephritisatsy a model of acute renal failure; however, at
the same time they were also shown to maldiffeagminto adipocytes. Administration of MSCs
led as well to glomerular expression of smooth reusctin which was accompanied by
expression of collagen I, 1ll and IV suggestingilardtic response in MSC-treated kidneys
(Kunter et al. 2007). Recently, cells found in Wslrtumor, a childhood kidney cancer, were
shown to resemble MSCs. Accordingly, Wilms tumdiscéemonstrated a similar differentiation
potential and expression profile as MSCs (RoyerePalet al. 2010). Finally, a recent report

showing angiomyeloproliferative lesions in a patiegceiving renal injection of hematopoietic
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stem cells demonstrates possible risks associathdther stem cell (Thirabanjasak et al. 2010).
In conclusion, integration of stem cells/progerstopuld have harmful effects in the long term
regenerative application. Further experiments ageired to assess if MSCs and other cell types

do not maldifferentiate when integrated into kidséyctures.

In this study the renogenic potential of MSCs, #mas their suitability for renal regeneration,
was evaluated using the chimeric kidney assay. dt wWemonstrated that MSCs have low
renogenic potential despite the fact that they esged some genes involved in metanephric
development. However, the integration potentialMBCs in the chimeric kidneys could be
enhanced by pre-conditioning of the cells with medderived from neonatal kidney cell culture.
MSCs are possibly not the best candidatesiéonovorenal tissue generation due to their limited
integration into nephrons, lack of contribution Wds and negative indirect effect on kidney
development. However, as no common standards etdasévaluate performance of the stem
cells/progenitors in the metanephric environmenisitdifficult to assess if any of the stem
cells/progenitors has sufficient renogenic potértiabe used forde novokidney formation.
Above-mentioned issues should to be considered whatuating renogenic potential of MSCs

and other cells in the future.
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