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ABSTRACT

Bowman's capsule parietal epithelial cell activation occurs in several
human proliferative glomerulonephritides. The cellular composition of the
resulting crescentic lesions is controversial, although a population of renal
progenitor cells, which in adult healthy kidney contributes to the
physiological cell turnover, has been proposed to be a major constituent.

In this study we try to get light into the mediators involved in the aberrant
progenitor cell proliferation and migration into the Bowman's space,
which occurs in presence of an extended glomerular injury.

To this aim, we studied 36 renal biopsies of patients with proliferative and
non proliferative glomerulopathies. In parallel, we also analyzed the
Munich Wistar Fromter rats with proliferative glomerulonephritis,
characterizing for the first time a population of renal progenitor cells also
in rodents. We demonstrated that dysregulated progenitor cells of the
Bowman’s capsule invade the glomerular tuft exclusively in proliferative
disorders. In both humans and rats, up-regulation of the CXCR4
chemokine receptor on progenitor cells was accompanied by high
expression of its ligand, stromal-derived factor-1 (SDF-1) in podocytes.
Parietal epithelial cell proliferation might be sustained by increased
expression of the angiotensinll typel (ATi) receptor. Treatment with the
antihypertensive drug angiotensin-converting enzyme (ACE) inhibitor,
reduces the number and the extension of crescents, limiting progenitor cell
proliferation and migration. Moreover, ACE inhibitor normalized the
expression of CXCR4, SDF-1 and AT receptor on progenitor cells.

These results suggest that glomerular crescents derive from the
proliferation and migration of renal progenitors in response to injured
podocytes. The SDF-1/CXCR4 axis, together with the Angll/ AT; receptor
pathway, contributes to the dysregulated response of renal progenitors.
Targeting the Angll/AT:;/CXCR4 pathway may be beneficial in severe
forms of glomerular proliferative disorders. -
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CHAPTER 1: INTRODUCTION

1.1 Chronic kidney disease

Chronic kidney disease (CKD) is a general term to indicate the slow
loss of kidney function over time, and also includes some complications
such as hypertension, anemia, malnutrition, bone and mineral disorders,
and neuropathy as well as increased risk of cardiovascular disease
(Dinneen et al., 1997). The definition of CKD is based on the presence of
kidney damage (i.e. albuminuria) or decreased kidney function (i.e.
glomerular filtration rate [GFR] below 60 ml/min per 1.73 m2) over a
period of 3 months.

CKD is. a worldwide threat to public health since it has been
estimated that diseases of the kidney account for 830,000 deaths every
year, with the sharp rise of renal replacement ’rherai:»y now exceeding two
million patients for cost of morei than a trillion US$ (Just et al., 2008). The
burden of CKD is not limited to the demand for renal replacement
therapies (RRT), which consists primarily of kidney transplantation,
haemodialysis and peritoneal dialysis, since they are also a major
determinant of cardiovascular diseases with a direct impact on health
(Gridelli et al., 2000; Van Der Meer et al, 2010).

Approximately 2 million people are currently treated with RRT, but
this likely represents less than 10% of those who need them (Eggers et al.,
2011). More than 90% of these individuals live in industrialized countries,
while available RRT in developing countries is scarce, and null in

underdeveloped areas. Many developed nations spend more than 2-3% of
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their annual health-care budget to provide treatment for end-stage renal
disease (ESRD), while the population with ESRD represents
approximately 0.02-0.03% of the total population (Couser et al., 2011).

The leading causes of CKD leading to kidney failure in the United
States are diabetes, hypertension and glomerulonephritis (Collins et al.,
2009). The kidney disease tends to worsen over time through a sequence
of risk factors (i.e. genetic, developmental or demographic), conditions
that can cause kidney damage (ie. diabetes, hypertension and
autoimmune diséases), and progression factors (ie. elevated blood
pressure and proteinuria, and smoking). Once established, CKD
progression is influenced by a number of non-modifiable and modifiable
risk factors (Taal et al., 2008). The non-modifiable progression risk factors
- include age, race and genetics, while the modifiable progression risk
factors include systemic hypertension, proteinuria and metabolic factors.
Moreover, cigarette smoking, alcohol consumption and drug use can
influence the progression of CKD (Floege ] et al., 2010).

The progression of CKD towards ESRD is characterized by the
progressive loss of renal cells through apoptosis or necrosis, and their
replacement with scars, fibrotic tissue made of collagenous extracellular
matrix (ECM). Scarring, that leads to loss of kidney function, may affect
different renal districts such as the glomeruli (glomerulosclerosis), tubules
and interstiium (tubulointerstitial fibrosis), and vessels (vascular
sclerosis) (Floege J et al., 2010).

Renal outcomes are mostly unfavorable in patients with progressive
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kidney disease, showing the kidney’s limited capacity to repair chronic
damage. However, experimental and clinical evidence indicates that there
are drugs able to reduce risk of progression to ESRD, offering new hope
for the future of kidney regeneration. In addition, lifestyle intervention
(i.e. weight loss or smoking cessation), tight diabetes control, and
treatment of other cardiovascular risk factors as dyslipidemia are

associated with a slow progression to ESRD (Couser et al., 2011).

1.2 The MWF rat model

In the past years, it has been suggested that a reduced number of
nephrons may predispose to systemic hypertension and glomerular injury.
A consequence of a low numbet of nephrons is a reduced ability to secrete
sodium. Compensatory hemodynamic changes may develop to
compensate this renal abnormality and may predispose to progressive
glomerular functional and structural deterioriation. Because of the
limitations in estimating the number of nephrons in the living human
kidney, the parallelism between the nephron number and the
hemodynamic changes has been studied for the first time in the Munich
Wistar Fromter (MWF) rat model (Fassi et al., 1998). These animals have
been selected from the Munich-Wistar strain by Fromter for having a high
number of superficial glomeruli (Hackbart et al., 1980; Hackbart et al.,

1983). Male MWF rats had body and kidney weights lower than control
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CHAPTER 1: INTRODUCTION

Wistar animals of the same age. This could possibly be attributable to a
growth defect, likely related to the defect in growth hormone secretion
(Martin et al., 1974) of the Munich-Wistar strain from which the studied
strain originated (Fassi et al., 1998). The genetic defect in growth hormone
may lead to impaired nephrogenesis, resulting in reduced nephron
number, about 50% in average, and in superficial capillary tufts not
covered by the peripheral layer of proximal tubules that is normally
formed during the last phase of nephrogenesis (Fassi et al., 1998; Macconi
et al., 2006). |

The MWF rats with a high number of superficial nephrons, show an
elevated urinary protein excretion and a high systolic blood pressure. To
investigate the possible correlation between the number of superficial
glomeruli and these pathological changes, MWF rats have been crossed
and backcrossed to Wistar animals with no superficial nephrons in order
to produce genotypes with different numbers of superficial glomeruli. The
analysis of the 12 available genotypes has demonstrated a positive
correlation between the amount of superficial glomeruli, urinary protein
excretion and systolic blood pressure levels (Hackbarth et al., 1991). About
50% of the urinary protein consisted of albumin, whereas 35% was a sex-
» dependent low molecular weight protein. Albumin excretion levels
increase with age in male MWF rats, whereas excretion of the sex-
dependent protein decreases (Remuzzi A. et al., 1992).

The progressive nephropathy which characterizes the MWF rat

model is sex-dependent. Starting from few weeks of life, urinary protein
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excretion in male rats is already sigﬁiﬁcanﬂy higher than in females, in
which proteinuria level is within the normal range. By comparing animals
of the same age, male MWF rats also show a higher glomerular
ultrafiltration coefficient, that is the product of hydraulic permeability Aand
the filtering surface area of glomerular membrane, than in female MWF
rats (Remuzzi A. et al., 1988).

Studies conducted comparing the effects of the angiotensin-
converting enzyme (ACE) inhibitor lisinopril with those of a specific
angiotensin receptor antagonist (ZD7155) on the renal function in male
MWF rats demonstrated that angiotensin II is the likely mediator of
proteinuria and glomerulosclerosis which develop spontaneously with
age in this model (Remuzzi A. et al, 1996). ACE inhibitors protect
glomerular microcirculation and prevent progressive renal injury in this
strain by a mechanism that is not directly related to their antihypertensive
action. Indeed, by comparing the ACE inhibitor lisinopril with those of
another antihypertensive drug, the calcium channel blocker nitrendipine,
a study conducted in our Institute has demonstrated that nitrendipine,
despite similar blood pressure control, was ineffective in preventing both

proteinuria and glomerulosclerosis (Remuzzi A. et al., 1994).
1.3 Extracapillary glomerulonephritis

Cellular crescents, defined as multilayered accumulation of cells in

the glomerular Bowman's space, are feature of different kinds of
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glomerulonephritides which, if left untreated, can result in rapidly
- progressive renal failure (Singh KS et al, 2011). The most harmful and
diffuse crescentic lesions are found in kidneys of patients with
inflammatory glomerular diseases, typically crescentic
glomerulonephritis, but also other proliferative forms including lupus
nephritis, IgA nephropathy,  and membranoproliferative
glomerulonephritis (Kambham et al., 2012 ; Jennette et al., 2003).

The cellular components of glomerular crescents have been
extensively studied, with controversial findings as to their possible
pathogenetic role. Early studies in immune glomerulonephritis revealed
the contribution of macrophages which, by releasing proinflammatory
cytokineé, could promote self-recruitment and proliferation of glomerular
cells (Cattell et al., 1978, Jennette ef al., 1986).

Subsequent studies attributed to Bowman’s capsule integrity a key
role in determining the nature of crescent cells. By examining cellular
crescents in different cases of human crescentic glomerulonephritis,
Boucher and coworkers found that parietal epithelial cells (PECs)
represent the major cell population within crescents with intact Bowman’s
capsule (Boucher ef al., 1987). The same observations have been done in
the later time in various animal models (Lan et al, 1992;
Ophashcharoensuk et al., 1998; Le Hir et al., 2001).

Different studies also suggested the podocyte contribution to the
crescent. By using a genetic cell lineage-mapping approach in an

experimental model of crescentic glomerulonephritis, Moeller and
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‘coworkers demonstrated that podocytes actively contribute to crescent
formation through proliferation in situ. However, immunohistochemistry
experiments failed to detect podocyte-specific proteins, including WT-1,
synaptopodin and nephrin, within the area of crescentic lesions in mouse
kidneys with crescentic glomerulonephritis. The absence podocyte
markers was attributed to a profound phenotypic change of podocytes in
that nephritis model (Moeller et al., 2004). Subsequent studies have
confirmed the podocyte iﬁvolvemenf in crescent formation both in
humans and in animals (Bariety et al., 2005, Thorner et al., 2008). This
theory is supported also by the study by Ding and coworkers, which
demonstrated that in mice, the deletion of the product of the von Hippel-
Lindau gene (VHhlh, encoding VHL) selectively from podocytes causes the
formation of crescentic lesions. Although in crescentic glomerulonephritis,
VHL has not been directly implicated in the disease, different VHL
downstream genes are known to be increased in respect to Contréls. In that
study, loss of Vhlh permits terminally differentiated podocytes to reenter
the cell cycle, suggesting that Vhih is required by podocytes to maintain
glomerular integrity (Ding et al., 2006).

In the last years, different populations of progenitor cells with stem
cell characteristics have been identified in different portions of the normal
adult kidney. Among them, CD24*CD133* renal progenitor cells normally
residing in the inner surface of the human Bowman’'s capsule have been
studied, suggesting their ability to differentiate into podocytes in order to

replace the injured cells which are lost during the physiologic turnover
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(Ronconi et al., 2009). Besides the role of renal progenitors in the
physiologic repair of damaged glomerular cells, increasing interest is
aroused in determining the pathogenetic role of these cells in different
glomerular diseases. Recently, in a study conducted in collaboration with
the group of Dr. Smeets and Dr. Romagnani, we have investigated the
localization of CD24*CD133* progenitor cells, which in normal kidneys
line the human Bowman’'s capsule (Sagrinati et al., 2006), in biopsies of
patients  with differentv podocytopathies and crescentic
glomerulonephritis. By wusing confocal microscopy, laser capture
microdissection, and real-time quantitative reverse transcriptase-PCR, we
demonstrated that crescentic lesions of patients are mainly constituted by
progenitor cells, which proliferate in the failed attempt to replace the
injured glomerular cells (Smeets et al., 2009).

Understanding the mechanisms of crescentic lesion formation is
pivotal in the search of therapies to protect patients against high-risk
progressive renal failure avoiding the use of currently employed toxic

drugs.
1.4 Role of chemokines in the proliferative pathway
Leukocyte trafficking from peripheral blood into affected tissues is

an essential component of the inflammatory reaction to virtually all forms

of injury and is an important factor in the development of many kidney
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diseases. In the past years, evidence have highlighted the central role of a
family of chemotactic cytokines called chemokines in this process (Segerer
et al., 2000). The chemokine system in humans comprises up to 50 small
-heparin-binding proteins and 20 transmembrane G protein-coupled
receptors that were originally identified by their chemotactic activity on
bone marrow-derived cells (Garcia-Vicuna et al., 2004). According to the
position and spacing of N-terminal cysteine residues, chemokines can be
divided into C, CC, CXC, and CX3C families, and consequently, their
receptors have been designatéd as CR, CCR, CXCR, and CX3CR (Garcia-
Vicuna et al., 2004). In the kidneys, chemokines and their receptors are
expressed by intrinsic renal cells as well as by infiltrating cells during
renal inflammation, and help to control the selective migration and.
activation of inflammatory cells into injured renal tissue (Segerer et al,
2000). |

The crescentic glomerulonephritis is a glomerular diseases with an
inflammatéry nature, characterized by massive extracapillary proliferation
of parietal epithelial cells in the Bowman’s space. Given the well known
ability of chemokines in mediating cell proliferation and migration, we
suggested their possible involvement in the development of crescentic
lesions. In particular we studied CXCR4, which appears to be the major
chemokine receptor expressed on proliferating cancer cells, and stromal-
derived factor-1 (SDF-1) which is its lone ligand (Reckamp et al., 2008).
SDF-1/CXCR4 interactions and signalling have also been implicated as a

principal axis regulating retention, migration and mobilization of
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hematopoietic stem cells during steady-state homeostasis and injury
(Lapidot et al., 2005). Mice lacking CXCR4 or SDF-1 have a lethal defect of
colonization of embryonic bone marrow by hematopoietic stem cells and
impaired vascular development (Ratajczak et al., 2006). In a previous
study, the' expression of CXCR4 has been observed in CD24*CD133*
progenitor cells isolated from healthy human glomeruli (Mazzinghi et al.,
2008). In SCID mice with acute renal failure, intravenously injected renal
progenitor cells engraft into injured renal tissue and prevent renal fibrosis.
Migration of CD24*CD133* cells into the graft was dramatically reduced
by blocking CXCR4 with a neutralizing antibody, suggesting the essential
role of CXCR4 in the therapeﬁtic homing of human renal progenitor cells
(Mazzinghi et al., 2008).

Given the key role of CXCR4 in mediating cell proliferation in
various cell types, CXCR4 inhibition may be a potential therapeutic
approach to decrease cell proliferation and migration, possibly limiting

the formation of extracapillary crescentic lesions.

1.5 Role of ACE inhibitors in renal disease remission and regression

1.5.1 Evidence in animal models
Nephron loss which characterizes the progression of renal diseases,
leads to an adaptation process of the remaining nephrons including

glomerular hypertension and enlargement of the pores perforating the

11
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glomerular barrier. The consequent loss of size-selective properties leads
to an excessive accumulation of ultrafiltered proteins in the Bowman’s
space and in the lumen of tubules, contributing to exacerbate renal
- damage through the recruitment of inflammatory cells and activation of
apoptotic pathways (Perico et al., 2008).

Pharmacological treatments aimed at reducing glomerular
hypertension and protein trafficking through the glomerular filtration
barrier, are effective in limiting renal function deterioration and thus
promoting kidney repair. The cornerstone of current treatment is
represented by the inhibition of angiotensin II (Ang II), which is the key
player of the renin-angiotensin system (RAS). Ang II inhibition may occur
through two different classes of drugs. The first class is represented by
ACE inhibitors, which prevent the smﬁesis of Ang II by blocking the
action of the enzyme which converts Ang I into Ang II (Tsukamoto et al.,
2011). The second class includes the Ang II type I receptor blockers
(ARBs), which conversely inhibit the activity of Ang II by blocking its
chemical receptors on the small arteries.

Evidence in animal models of non-diabetic and diabetic

nephropathies has clearly shown that treatment with ACE inhibitors,
| ARBs or the combination of the two drugs, not only prevents progressive
renal damage, but also promotes regression of glomerulosclerosis and
vascular lesions (Marinides ef al., 1990; Remuzzi et al., 1999; Remuzzi et al.,
2002; Adamczak et al., 2003; Boffa et al., 2003; Remuzzi et al., 2006). In

MWEF rats, which are genetically programmed to develop renal injury with
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age, three-dimensional reconstruction of the glomerular capillary tuft
based on serial section analysis of - hundreds of glomeruli, has
demonstrated that ACE inhibitor reduced the glomerular volume
occupied by sclerosis in parallel with a substantial increase in the volume
occupied by intact capillaries, suggesting a remodelling of the glomerular
architecture and generation of new capillary network (Remuzzi et al.,
2006). The effectiveness of Ang II antagonists to promote regression of
glomerulosclerosis may be attributable to a decreased extracellular matrix
deposition through a reduced expression of plasminogen activator
inhibitor-1 (Ma et al., 2000), collagen I and IV and transforming growth
factor- (TGF- B) (Remuzzi et al., 2006), and an increased metalloproteinase
activity (Boffa et al., 2003). Conversely, the recovery of glomerular lesions
could be due to an effect of ACE inhibitor in modulating glomerular cell
proljferatioﬁ and survival. Accordingly, previous data have described
regeneration of glomerular capillaries as a result of limited mesangial cell
proliferation and endothelial cell repopulation induced by
pharmacological treatment with ACE inhibitor (Adamczak et al., 2003).
More recent evidence indicates that ACE inhibitor halts mesangial cell
hyperplasia, induces glomerular endothelial cell remodelling, and
increases the number of podocytes (Macconi et al., 2009). These data
indicate the effectiveness of ACE inhibitor to induce neoformation of

healthy glomerular tissue.
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1.5.2 Evidence in humans

The effectiveness of ACE inhibitor to limit renal disease progression
has been also described in patients with proteinuric non-diabetic and
diabetic nephropathies. The Ramipril Efficacy in Nephropathy (REIN)
study showed that ACE inhibitor halves the rate of renal function loss in
patients with non-diabetic chronic nephropathies (The GISEN group, 1997;
Ruggenenti et al., 1998; Ruggenenti et al., 1999). Renoprotection is a
function of time and in patients on continued ramipril therapy for at least
5 years, the rate of GFR decline progressively improved (Ruggenenﬁ etal,
1999) td levels comparable to physiologic, age-related loss of GFR
observed in subjects with no evidence of renal disease. In ten of these
patients, there was a breakpoint indicating the transition from an initial
phase of progressive GFR loss to a second phase of progressive function
improvement, suggesting the possibility of‘ regression of renal lesions
combined to some degree of kidney regeneration (Remuzzi A et al., 2006).

Wilmer and coworkers demonstrated that 8-year treatment with
ACE inhibitor stabilizes kidney function in patients with type 1 diabetes
and nephrotic syndrome, who generally progress to ESRD. The possibility
to promote kidney repair in patients with type 1 diabetes has been
suggested long time ago in a study which demonstrated the improvement
of typical lesions of diabetic glomerulopathy after ten years of
normoglycemia following pancreas transplantation (Fioretto et al., 1998).

The efficacy of combined therapy with high dose of ACE inhibitor

with ARB and diuretics in improving clinical outcome was demonstrated
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for the first time in a single individual with rapidly worsening renal
function (Ruggenenti et al., 2001). Subsequently, multimodal therapy was
formally compared with treatment with ACE inhibitor alone in a large
cohort of patients with severe chronic kidney disease (Ruggenenti et al.,
2008). Over a seven-year follow up, only two out of 56 patients on the
integrated protocol have progressed to ESRD compared to 17 out of 56
reference patients. Moreover, GFR has been stabilized in 26 patients, and
this was taken to indicate remission of the disease and the possibility of
kidney repair in this population (Ruggenenti et al., 2008). This therapeutic
program has been named Remission Clinic and is currently implemented at
least to some extent even in “emerging” countries (Limesh et al., 2012)
where dialysis and transplantation are simply not available to most

patients.

1.6 Role of renal progenitor cells in kidney repair

In a physiological setting, the kidney has been considered as an
organ with minimal cell turnover and with a consequent limited ability for
self-repairing. However, after ischemia/reperfusion injury, an increased
tubular cell proliferation occurs resulting in regeneration of tubules
starting from the third day. After 10 days, 50% of the tubules have been
regenerated (Ysebaert et al., 2000) whereas the complete tubular structure

restoration has been reached after 4 weeks (Humes et al., 1994; Witzgall R
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et al., 1994). This ability of the kidney to self-regenerate supports the
hypothesis that resident cells may be involved in normalizing structure
and function after an insult.

Different theories are trying to elucidate whether reparative
programme depends on cells originating from de-differentiation of
tubular cells, from extrarenal stem cells that are recruited to the kidney
following damage, or from progenitor cells residing in specific niches in

the kidney. |

1.6.1 De-differentiation of tubular cells

Terminally differentiated tubular cells that survive to damage might
proliferate and generate identical cells or de-differentiate and
subsequently re-enter the cell cycle. After the insult, renal tubular cells
rapidly lose their brush border and de-differentiate into cells with
mesenchymal phenotype, with‘ re-expression of Vimentin, Pax-2 and
neural cell adhesion molecule (NCAM), that normally are not expreséed in
mature tubules (Witzgall et al., 1994; Imgrund et al., 1999; Abbate M et al.,
1999). The loss of the highly specialized phenotype is reflected also by
decreased expression of the apical brush border markers, gp330 and DPP-
IV. De-differentiated tubular cells seem to migraté into regions where
tubular basement membrane is denudated following to detachment of
necrotic and apoptotic cells. There, the release of growth factors such as

insulin-like growth factor-1 and hepatocyte growth factor, promotes cell
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proliferation and re-differentiatiation into an epithelial phenotype (Schena

et al., 1998), completing the repair process (Cantley et al., 2005).

1.6.2 Recruited extra-renal stem cells

In addition to the ability of tubular cells to self-repairing, emerging
theories have shown that bone marrow-derived stem cells contribute to
cell turnover and regeneration after injury of several regions of the kidney
(De Broe et al., 2005). Poulsom et al. have demonstrated that kidney of
female mice, that has received a male bone ‘marrow transplant, shows co-
localization of Y chromosomes and the tubﬁlar epithelial marker  Lens
Culimzris lectin. Moreover, Y chromosome-containing tubular epithelial
cells has been observed in kidney suffering damage in male patients who
had received kidney transplants from female donors (Poulsom et al., 2001).
More recently, it has been demonstrated that in female mice lethally
irradiated and transplanted with male bone marrow cells, the number of Y
chromosome-positive tubular cells increases following folic acid-induced
tubular injury in the recipient mouse, and that some of these cells undergo
division within the tubule. However, they note that renal tubular
regeneration mainly came from female resident cells, as the cells involved
in tubule repair seem to be Y-chromosome-negative (Fang et al., 2005).

Conflicting results are reported by different groups, and nowadays
it is not clear whether these cells, coming from the bone marrow, are

already present in the kidney prior to injury, functioning as resident stem
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cells, or whether they are recruited to the kidney at the time of injury

(Poulsom et al., 2002).

1.6.3 Resident renal progenitor cells

A stem cell is defined as a cell that, uPon division, can self-renew and
give rise to a transit-amplifying progenitor, that subsequently acquires a
more differentiated state. Stem cells residing in adult organs formerly
believed to have no regenerative potential, have been consideréd as
multipotent precursors having the ability to maintain, generate and
replace mature cells which have been lost as a consequence of
physiological cell turnover or tissue injury (Blau et al., 2001).

In the adult kidney, resident stem/progenitor cells have been
identified through the expression of‘ stem-cell markers or for the pi'esence
of functional properties of stém cells, as the low cell cycle. In the recent
years several studies have been focused on the search of renal multipotent
progenitor cells in the adult kidney, revealing the presence of different
population of immature cells in distinct sites of the nephron, including the
glomeruli, the tubuli, the interstitium and the renal | papilla (Table 1)
(Benigni et al., 2010).

The presence of a subset of multipotent progenitor cells in the adult
human glomeruli has been demonstfated for the first time by the group of
Dr. Romagnani. These cells, located in the inner surface of the Bowman’s

capsule, express the stem cell markers CD24 and CD133, and the
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transcription factors Oct-4 and Bml-1 (Sagrinati et al., 2006). Isolated
CD24+*CD133* PECs exhibited clonogenic self-renewal and are able to
generate podocytes and tubular cells in vitro. Moreover, when injected into
SCID mice with acute kidney injury, these cells induce tubular
regeneration and amelioration of kidney structure (Sagrinati et al., 2006).
The Bowman's capsule of healthy glomeruli is not only composed by
CD24+CD133* PECs, but three distinct subpopulation of PECs has been
described, expressing variable levels of stem cell and podocyte markers
(Ronconi et al., 2009). A hierarchical organization have been proposed,
with immature progenitor cells (expressing CD24 and CD133 in the
absence of podocyte markers nestin and podocalyxin) present closest to
the urinary pole, transitional cells (expressing both stem cell and podocyte
markers) located between the urinary and the vascular pole, and
differentiated podocytes only expressing nestin and podocalyxin near the
vascular pole (Ronconi et al, 2009). Genetic labelling has been
subsequently used to mark the cells of the Bowman’s capsule and
irreversibly track their progeny in newborn and adolescent mice,
demonstrating that PECs migrate into the glomerular tuft to become
podocytes. These finding provide evidence that these cells are responsible
for podocyte renewal (Appel et al., 2009).

A different theory has attributed to cells of the renin lineage,
normally residing in the juxtaglomerular compartment alongside the
glomerular capillaries, the capacity to enhance glomerular regeneration

after podocyte depletion (Pippin et al., 2013). After a decreased podocyte
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number, a significant increase in the number of renin-expressing cells have
been observed in glomeruli in a focal distribution along the Bowman's
capsule or within the glomerular tuft, re-expressing the podocyte markers
WT-1, nephrin podocin and synaptopodin (Pippin et al., 2013).

A microarray analysis conducted on glomerular and tubular
fractions of human kidneys has allowed the identification of
CD24*CD133* progenitor cells not only in the Bowman's capsule but also
in proximal tubules (Sallustio et al., 2010). The characterization of these
cells has been subsequently performed by Lindgren and coworkers on
human cells isolated on the basis of the high aldehyde dehydrogenase
(ALDH) activity (Lindgren D et al, 2011). Kidney cells with ALDHhigh
activity isolated from the renal cortex, display sphere formation and
anchorage-independent growth, two classic stem cell fuctional properties.
The analysis of the whole-genome expression profile of ALDHMgh cells
shows high levels of CD24, CD133, vimentin and cytokeratins 19, markers
that are also expressed in the metanephric mesenchyme during
nephrogenesis (Lindgren D et al., 2011). Whether these tubular-committed
progenitor cells can be distinguish from CD24*CD133* progenitors lining
the inner surface of the Bowman’s capsule has been recently studied by
Angelotti and coworkers (Angelotti et al., 2012). A screening of hundreds
of genes has been performed on CD24*CD133* cells isolated from the
glomerular or from the tubular compartments. The ahalysis has revealed
that some genes were differentially expressed, and among these, the

expression of CD106 was approximately 300-fold higher in cells obtained
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from glomerular outgrowths than in cells obtained from tubular tissue
(Angelotti et al., 2012). While CD24*CD133*CD106* progenitor cells of the
Bowman's capsule exhibit an high proliferative rate and could
differentiate towards both the podocyte and the tubular lineages,
CD24*CD133+*CD106- scattered cells of the tubules show a lower
proliferative capacity and display a committed phenotype towards the
tubular lineage. When injected into SCID mice with acute tubular injury,
both of these cell populations engraft the kidney and integrate in tubules
(Angelotti et al., 2012).

A different strategy for the identification of progenitor cells in the
adult kidney has been based on the property of stem cells to cycle
infrequently to maintain the pool of cells for tissue turnover and repair.
Cycling cells can be identified by the ability to retain the proliferative
marker bromodeoxyuridine (BrdU), previously injected to the animals. On
the basis of this concept, Maeshima et al. demonstrated the existence of
label-retaining cells in proximal and distal tubules of healthy rat kidneys
(Maeshima et al., 2003). Further studies showed the presence also in the
interstitium of slow-cycling cells, which after ureteral obstruction re-
expressed the mesenchymal cell markers vimentin and e-cadherin
(Yamashita et al., 2005). The same approach has been used by Oliver and
coworkers to demonstrate that the renal papilla is a niche for adult kidney
stem cells. In mice and rats pulse-chased with BrdU, low cycling cells have
been found very sparse in the kidney except for the renal papilla (Oliver et

al., 2004). During the repair phase of transient renal ischaemia, these cells
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enter the cell cycle and the BrdU signal quickly disappears from the
papilla, suggesting that they can be involved in kidney repair. Isolated
renal papillary cells display a plastic phenotype and have the ability to
form spheres like other stem cell types. In addition, once injected into the
renal cortex they incorporate into the renal parenchyma (Oliver et al,
2004).

The last approach that has been used to identify and isolate
progenitor cells in the adult kidney is based on the ability of stem cells to
extrude a Hoechst dye (Goodell et al., 1996). Several populations of
Hoechstlow stem cells, termed side populations, have been found located in
renal interstitium (Iwatani et al., 2004). Different studies have documented
the beneficial effect of side populations in animal models of kidney
diseases as adriamycin nephropathy (Challen et al, 2006), cisplatin-
induced acute kidney injury (Hishikawa et al.,, 2005) and chronic kidney
disease (Imai et al., 2007), but probably this phenomenon might be only

due to a paracrine effect of the cells.
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Species Markers Localization Reference

Human CD133+CD24* Bowman's capsule Sagrinati et al., 2006

Mouse Renin Juxtaglomerular compartment Pippin et al., 2013

Human CD133+CD24+ Bowman's capsule Sallustio et al.,, 2010

Proximal and distal tubule

Human CD133+CD24+CD106+* Bowman's capsule Angelotti et al., 2012
CD24+CD133+CD106- Proximal and distal tubule

Human Aldéhyde dehydrienCD24+CD133+  Proximal tubules Lindgren et al. 2011

Rat BrdU (slow-cycling cells) Proximal and distal tubules Maeshima et al., 2003

Rat slow-cycling cells Interstitium Yamashita et al., 2005

Rat Hoechstov (side population) Interstitium lwatani et al., 2004

Rat/Mouse  BrdU (slow-cycling cells) Papilla Oliver et al., 2004

Table 1. Localization of renal progenitor cells in the adult kidney
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2.1 Rats

- Male Wistar and MWF rats were bred at the IRCCS - Istituto di Ricerche
Farmacologiche Mario Negri, starting from animals initially purchased

from Charles River Italia s.p.a., Calco, Italy.

2.2 Cells

- Rat progenitor cells were isolated from the outgrowth of control Wistar

rats (Methods, section 3.8).

- 2.3 Fixatives

- Duboscq-Brazil solution ready to use, was purchased from DiaPath,
Martinengo, Bergamo, Italy.

- Paraformaldehyde was purchased from Electron Microscopy Sciences,
Hatfield, PA, USA. In order to prepare a 4% solution, we diluted 8%
aqueous solution in PBS 2X under a fume hood.

- Immunogold fixative: 3.5% paraformaldehyde plus 0.01%
glutaraldehyde. Glutaraldehyde was purchased from Sigma Aldrich, St
Louis, MO, USA.

- Fixative for in vitro cells: 2% paraformaldehyde + 4% sucrose.
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2.4 Media, supplements and reagents for in vitro study

- medium plus endothelial growth medium-microvascular (EGM-
MYV) was purchased from Lonza Walkersville, USA

- DMEM was purchased from Sigma-Aldrich

- VRAD medium: DMEM/F12 supplemented with vitamin D3 100
nmol/L and retinoic acid 100 pmol/L

- Fetal bovine serum was purchased from Thermo Scientific,
Rockford, IL, USA.

- Blocking solution: 2% BSA, 0.2% gelatin bovine, and 2% FBS in PBS'
- Fibronectin from rat plasma was purchésed from Sigma-Aldrich

- Goat anfi-rabbit IgG MicroBeads was purchased from Miltenyi
Biotech Inc, Auburn, CA, USA

- Angiotensin II was purchased from Sigma-Aldrich and used at a
final consentration of 107 mol/L.

- Permeabilizing solution: TRITON X100 was purchased from Sigma-

Aldrich and was diluted to a final concentration of 0.3% in PBS 1X.

2.5 Chemicals

- Paraffin, Bioplast Plus, was purchased from Bio Optica, Milan, Italy.
- Unyhol Plus Bioplast Plus, was purchased from Bio Optica.

- Ethanol was purchased from Carlo Erba, Milan, Italy.
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- Methanol was purchased from Carlo Erba.

- Acetone was purchased from Carlo Erba.

- Periodic acid was purchased from Diapath, Martinengo, Bergamo, Italy

- Schiff’s reagent was purchased from Kaltek srl, Padova, Italy

- Sodium hyposolfite was purchased from Merck, Milan, Italy. A 5%
solution was prepared by dissolving the powder in water. |

- Picro Indigo Carmine was purchased from Bio-Optica.

- Sucrose was purchased from Sigma Aldrich.

- Coomassie brilliant blue dye was purchased from Sigma-Aldrich.

- Carazzi haematoxylin was purchased from Bio-Optica.

- Harris haematoxylin was purchased from Bio-Optica.

- Orthophosphoric acid was purchased from Merck, Milan, Italy.

- Hydrogen peroxide (H202) solution was purchased from Sigma-Aldrich.
- Propylene oxide (1,2-epoxypropane), Electroﬁ Microscopy Sciences,
EMS, Rome, Italy.

- OsO4 was purchased from Electron Microscopy Sciences.

- Uranyl acetate was purchased from Electron Microscopy Sciences.

2.6 Buffers and solutions

- Phosphate buffer saline (PBS) 10X (for cell culture and
immunohistochemistry) was purchased from Ambion-Invitrogen. Finally,

PBS 1Xis prepared diluting 1:10 PBS 10X in water.
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- Citrate buffer 10% concentrated pH 6.0, was diluted 1:10 in PBS 1X and

was purchased from DiaPath.

- Blocking buffer. Bovine serum albumin (BSA) (Sigma-Aldrich) was

added to PBS to obtain a final BSA concentration of 1%. The solution was

maintained on ice for few minutes to facilitate albumin solubilisation. The

solution was then filtered with a 0.2 um sterile filter.

- 3,3’-diaminobenzidine (DAB). One tablet of DAB was put into 25 ml of

distilled water. Solution was mixed and 6.5 ul of 30% H20, was added.

DAB was purchased from Merck.

- Ca;;odylafe buffer 0.2 M. Sodium cacodylate trihydrate 12.84 g, Sigma-

Aldrich, + 300 ml of water. pH was stabilized at 7.4 with HCl 0.2 N

(Merck).

- Cacodjrlate buffer 0.1IM pH 7.4. Prepared by diluting (1:1) in water

cacodylate buffer 0.2 M, pH 7.4

- Epon resin. Solution 1: 5 ml of Durcupam ACM, Fluka (Sigma-Aldrich) +
*18 ml of Epoxy Embedding Medium, Hardener DDSA, Fluka. Solution 2: 6

ml of Epoxy Embedding Medium, Fluka + 300 pl of Epoxy Embedding

Medium Accelerator, Fluka. Finally, solution 1 and 2 were mixed.

2.7 Antibodies

For all antibodies, preliminary experiments were performed following
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manufacturer’s suggestions in order to identify the most appropriate

experimental protocol and concentration.

2.7.1 Primary antibodies:
- Rabbit anti-Wilm’s tumor 1, purchased from Santa Cruz Biotechnology, |
Santa Cruz, CA, USA. Final concentration: 1:50.

- Rabbit anti-claudiﬁl, purchased from Thermo Scientific. Undiluted.

- Mouse or goat anti-CD24, purchased from Santa Cruz Biotechnology.
Final concentration: 1:25.

- Mouse anti-Thy1.1 antibody was purchased from BD Biosciences. Final
concentration 1:100.

- Mouse anti-ED1 antibody, purchased from Chemicon International,
Temecula, CA, USA. Final concentration 1:100.

- Mouse anti-BrdU antibody was purchased from BD Biosciences. Final
concentration 1:100.

- Mouse anti-NCAM, purchased from Developmental Studies Hybridoma
Bank, University of Iowa, USA. Final concentration: 1:2.

- Rabbit anti- human CXCR4 antibody purchased from Abcam, and used
at the concentration of 1:50.

- Rabbit anti-AT: receptor purchased froin Santa Cruz Biotechnology.
Final concentration: 1:25.

- Rabbit anti-SDF-1 antibody was purchased from Abcam. Final
concentration 1:200.

- Goat anti-Nephrin, purchased from Santa Cruz Biotechnology. Final
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concentration: 1:400.

- Rabbit anti-Type III collagen antibody was purchased from Chemicon
International. Final concentration 1:100.

- Rabbit anti-C/EBPd, purchased from Sant_a Cruz Biotechnology. Final
concentration: 1:25.

- ‘Mouse anti-Synaptopodin purchased from Progen Biotechnik GmbH.
Undiluted.

- Rabbit anti-Phospho-histone H3 was purchased from Cell Signalling
Technology. Final concentration 1:100.

- Mouse anti-CD133 was purchased from Miltenyi Biotech Inc. Final
concentration 1:100.

- Mouse anti-CD68 was purchased from DakoCytomation, Glostrup

Denmark. Final concentration 1:100.

2.7.2 Secondary antibodies:

- Cy3-conjugated goat anti rabbit IgG, purchased from Jackson
ImmunoResearch Laboratories and used at final concentration of 1:50.

- Cy3-conjugated donkey anti mouse IgG, purchased from Jackson
ImmunoResearch Laboratories and used at final concentration of 1:150.

- Cy3-conjugated donkey anti goat IgG, purchased from Jackson
ImmunoResearch Laboratories and used at final concentration of 1:300.

- FITC-conjugated goat anti mouse IgG, purchased from Jackson

ImmunoResearch Laboratories and used at final concentration of 1:50.
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- FITC-conjugated goat anti rabbit IgG, purchased from Jackson
ImmunoResearch Laboratories and used at final concentration of 1:50.

- FITC-conjugated rabbit anti goat IgG, purchased from Jackson
ImmunoResearch Laboratories and used at final concentration of 1:50.

- Cy5-conjugated donkey anti-rabbit antibody purchased from Jackson
ImmunoResearch Laboratories and used at final concentration of 1:50.

- Biotinylatéd sheep anti-mouse IgG, purchased from Jackson
ImmunoResearch Laboratories and used at final concentration of 1:75.

- Biotinylated goat anti-rabbit IgG, purchased from Jackson
ImmunoResearch Laboratories and used at final concentration of 1:150.

- 12-nm gold-conjugated donkey anti-goat IgG, purchased from Jackson

ImmunoResearch Laboratories and used at final concentration of 1:20.

2.8 Other reagents

- Lisinopril was dissolved in drinking water at concentration of 80mg/ L.

- Ramipril was used at increasing doses starting from 2.5 to 7.5 mg/day.

- Azathiopﬁne was used at a concentration of 50 mg/day.

- 5-bromo-2-deoxyuridine (BrdU) was purchased from Sign1a;Aldrich. It
was injected to the animals at concentration of 50 mg/kg dissolved in
saline, 5 days before sacrifice.

- Tissue-Tek OCT Compound was purchased from Sakura Finetek,

Torrance, CA, USA.
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- Eukitt was purchased from Bio Optica.

- Vectastain avidin-biotin peroxidase complex solution (ABC) kit
purchased from Vector Laboratories, Burlingame, CA, USA.

- Fluorescence mounting medium was purchased from DakoCytomation.
- FITC-labeled lectin Wheat Germ Agglutinin (WGA) was purchased
from Vggtgr Laboratories. Final concehtr_ation 1:400.

- 'th&;ﬁ;ine-labelled Lectin Lens Culinaris Agglutinin (LCA) was
purcha'sed from Vector Laboratories.. Final concentration 1:400.

- DAPIL 4’,6’—diamidino-2—pheny1indole dihydrochloride  hydrate was

purchased from Sigma-Aldrich.

2.9 Disposable materials

- Filter paper 3MM, purchased from Whatman.
- Plastic cuvettes were purchased from DISA RAffaele e F.lli s.a:s.

- Polyethylene labelled-cone shaped capsules were purchased from

Electron Microscopy Sciences.

- Formvar were purchased from Electron Microscopy Sciences.

2.10 Instruments
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- Autoanalyzer for serum creatinine and urinary protein concentration
measurement: Synchron CX9 system was purchased from Beckman
Coulter, Fullerton, USA.

- Microtome, RM2255, was purchased from Leica Microsystems.

- Cryostat, CM1950, was purchased from Leica Microsystems.

- Ultramicrotome EM UC7, was purchased from Leica Microsystems.

- ApoTome Mod Axio Imager Z2, was purchased from Zeiss, Jena,
Germany.

- Confocal laser-scanning microscope LS 510 Meta; was purchased from
Zeiss.

- Electron microscope Morgagni 268D was purchased from Philips, Bmo,

Czech Republic.
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Methods for in vivo studies in the experimental rat model
3.1 Munich Wistar Fromter rats

Male Wistar and Munich Wistar Fromter (MWF) rats (Materials,
section 2.1) were used. Sixty MWF rats were divided into different groups
as follows:

s group 1 (1 = 50) received saline and were sacrificed at different
time points, 10, 25, 40, 50, and 60 weeks of age (1 = 10 rats for
each time point);

e group 2 (n = 10) received lisinopril (Materials, section 2.8, 80
mg/L in drinking water) from 50 to 60 weeks of age;

e group 3 (1 = 20) 10, 25, 40, 50, and 60-week-old Wistar rats were

used as controls.

To study cell proliferation, Wistar and MWF rats given vehicle or
lisinopril from 50 to 60 weeks of age (n = 4 for each group) were injected
intraperitoneally with an S-phase labeled 5-bromo-2-deoxyuridine (BrdU,
Materials, section 2.8, 50 mg/kg dissolved in saline) for 5 days before
sacrifice. Animals were housed in a constant temperature room with a 12-
hour dark 12-hour light cycle and fed a standard diet. Animal care and
treatment were in accordance with institutional guidelines in compliance
with national (D.L. n.116, G.U., suppl 40, 18 February 1992, Circolare No.

8, G.U., 14 July 1994) and international laws and policies (EEC Council
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Directive 86/609, OJL 358, Dec 1987; NIH Guide for the Care and Use of
Laboratory Animals, U.S. National Research Council, 1996). Animal
studies were submitted to and approved by the Institutional Animal Care

and Use Committee of the “Mario Negri” Institute, Milan, Italy.

4 3.2 Renal function measurement

To assess renal function, we measured total urinary protein excretion
rate by using the Coomassie brilliant blue dye-binding assay. Coomassie
brilliant blue (50 ﬁg; Materials, section 2.5) was dissolved in 50 ml
orthophosphoric acid 99% 16 M (Materials, section 2.5) and 46.7 ml
absolute ethanol (Materials, section 2.5) then diluted to 1 L with water.
The solution was filtered through Whatman paper (Materials, section 2.9)
and stored in dark-colour glass bottles, maintaining rigorous cleanliness.
The half-life of the solution is several weeks, but refiltering may be
required if precipitationv of dye occurs. The assay was performed in plastic
cuvettes (Materials, section 2.9). Coomassie brilliant blue dye-reagent (2
ml) was added to 50 ul of urine samples. In each evaluation 1 sample of
water alone and 3 samples with bovine serum albumin (BSA) (Materials,
section 2.6) at known concentrations (50, 100 and 200 pg/ml) were
included to obtained the standard curve. Samples were always assayed in

triplicate. The colour development is essentially complete at 5 minutes and
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remains stable for a period of 2 hours. The absorbance at 578 nm was
measured at the spectrophotometer. The concentration of proteins present
in the samples of interest was obtained taking into account the absorbance
values derived from the standard curve in which the BSA concentrations
were known.

Creatinine is an endogenous substance mainly produced in muscle
cells from creatine and phosphocreatine. The serum creatinine
concentration rises with the decline of GFR, because creatinine is excreted
mainly by glomerular filtration. Here the serum creatinine concentration
was measured using an automatic device with a quantitative, colorimetric
assay based on a modified Jaffée method where alkaline picrate forms a
reddish colored solution in the presence of creatinine. The measurement

- was performed immediately after the taking of the sample. Blood pressure

was evaluated by tail plethysmography in awake animals.

3.3 Sacrifice and tissue collection

Wistar and MWF rats were sacrificed by exposure to CO; at 10, 25,
40, 50 or 60 weeks of age. Kidneys were weighed and in order to take
samples representative of the different structural components of the
kidney, sections were cut in the axial coronal plane. Depending on the
type of procedure that would have been applied (immunohistochemistry,

immunofluorescence, electron microscopy), samples were differently fixed
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as described in each specific chapter.

3.4 Renal morphology by light microscopy

Immediately after collection, kidney fragments were fixed overnight
in Duboscg-Brazil solution (Materials, section 2.3) and then dehydrated by
ascending concentrations of ethanol (Materials, section 2.5) (70% and-100%
for 2 hours each). Once dehydrated, samples were dipped in Unyhol Plus
(Materials, section 2.5) for 1 hour, transferred to stainless steel base
moulds; covered by paraffin (Materials, section 2.5), and finally incubated
for 2 hours at 60°C. During this period of time paraffin infiltrates the
sample. Samples were then placed at room temperature to allow paraffin
to solidify. Embedded samples were cut in 3 um thickness slices by using
a microtome (Materials, section 2.10).

For the histologic staining, sections were deparaffinised in Unyhol
Plus (Materials, section 2.5) for 20 minutes and then rehydrated in
decreasing concentrations of ethanol (Materials, section 2.5, 100% for 10
minutes, followed by 90 and 80% for 5 miﬁutes each) and water. Samples
were than incubated for 10 minutes with 1% periodic acid (Materials,
section 2.5) and washed 5 minutes in distilled water. Slides were then
stained with periodic acid-Schiff’s (PAS) (Materials, section 2.5) reagent

for 1 hour and washed three times for 5 minutes each with sodium
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hyposulphite (Materials, section 2.5), rinsed in tap water for 5 minutes,
and then in distilled water for another 5 minutes. Nuclei were stained by
placing glass slides in Carazzi haematoxylin (Materials, section 2.5) for 10
minutes. After rinsing in water, samples were quickly immersed in Picro
Indigo Carmine (Materials, section 2.5) followed by 100% ethanol and
Unyhol Plus, and finally mounted with Eukitt (Materials, section 2.8).

Slides were scored for the following changes: synechiae (thin
conneéﬁons between glomerular Bowman’s capsule and the capillary tuft), -
and crescents (multilayers of cells accumulating in the inner surface of the
Bowman’s capsule, which obliterate the Bowman’s space).

To evahgate the extent of glomerular lesions, an average of 35
glomeruli was examined and data were expressed as index. Each
glomerulus was scored according to the extension of glomerular lesions as
follows: 0 = absénce of lesions; 1 = lesions affecting less than 25% of
glomerulus; 2 and 3 = lesions affecting >25 to 50% and >50 to 75% of the
glomerulus, and 4 = lesions exceeding 75% of the glomerulus. The index
for synechiae and crescents were calculated by using the following

formula:
index= (1 x m1)+ (2 x n2)+ (3 x n3)+ (4 x ng)/ no+ m1+ no+ na+ ny
Where nx = number of glomeruli in each grade of lesions (Davis et

al., 2004). Sections were analysed in a single-blind fashion. Renal histology

pictures were acquired with a fluorescence and optical microscope
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(ApoTome, Materials, section 2.10).

3.5 Immunohistochemistry

3.5.1 Immunofluorescence

For all immunofluorescence experiments, kidney samples collected
immediately after rat sacrifice, were fixed in 4% paraformaldehyde (PFA,
Materials, section 2.3) overnight at 4°C, washed twice for 10 minutes in
PBS, infiltrated with 30% sucrose (Materials, section 2.5), embedded in
Tissue-Tek OCT Compound (Materials, section 2.8) and finally frozen in
liquid nitrogen. Three-micrometer-thick sections were cut by using a
cryostat (Materials, section 2.10) and stored at -80°C. The antigen retrieval
was performed in citrate buffer (Materials, section 2.6) 10 mmol/L (pH
6.0) at boiling temperature for 20 minutes, followed by incubation with
citrate buffer (20 minutes) at room temperature to enhance the reactivity
of antibodies to antigens. To block nonspecific sites, sections were treated
with 1% BSA (Materials, section 2.6) for 30 minutes at room temperature
and then incubated with the following primary antibodies.
WT1. Sections were incubated overnight at 4°C (or 3 hours at room
femperature in case of co-incubation with other antibodies) with rabbit
anti-Wilm’s tumor 1 antibody (Materials, section 2.7.1) diluted 1:50 in
PBS1X. Subsequently, kidney samples were treated with goat anti rabbit-

Cy3 antibody (Materials, section 2.7.2), Donkey anti rabbit-Cy5 antibody
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(Materials, section 2.7.2), or goat anti rabbit-FITC antibody (Materials,
section 2.7.2), for 1 hour at room temperature.

Claudinl. Sections were incubated overnight at 4°C with undiluted rabbit
anti-claudinl antibody (Materials, section 2.7.1). Subsequently, kidney
samples were treated with goat anti rabbit-Cy3 antibody (Materials,
section 2.7.2) or goat anti rabbit-FITC antibody (Materials, section 2.7.2),
for 1 hour at room temperature.

CD24. Sections were incubated overnight at 4°C with mouse anti-CD24
antibody (Materials, section 2.7.1) diluted 1:25 in PBS1X. Subsequently,
kidney samples were treated with goat anti mouse-FITC antibody
(Materials, section 2.7.2) for 1 hour at room temperature. |

Thy1.1. Sections were incubated overnight at 4°C with mouse anti-Thy1.1
antibody (Materials, section 2.7.1) diluted 1:50 in PBS1X. Subsequently,
kidney samples were treated with donkey anti mouse-Cy3 antibody
(Materials, section 2.7.2) for 1 hour at room temperature.

ED1. Sections were incubated overnight at 4°C (or 3 hours at room
temperature in case of co-incubation with other antibodies) with mouse
anti-ED1 antibody (Materials, section 2.7.1) diluted 1:100 in PBSIX.
Subsequently, kidney samples were treated with Donkey anti mouse-Cy3
antibody (Materials, section 2.7.2) or goat anti mouse-FITC antibody
(Materials, section 2.7.2), for 1 hour at room temperature.

BrdU. Sections were incubated 1 hour at room temperature with mouse

anti-BrdU antibody (Materials, section 2.7.1) diluted 1:50 in PBS1X.
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Subsequently, kidney samples were treated with Donkey anti mouse-Cy3
antibody (Materials, section 2.7.2) for 1 hour at room temperature.

NCAM. Sections were incubated 1 hour at room temperature with mouse
anti-NCAM antibody (Materials, section 2.7.1) diluted 1:2 in PBS1X.
Subsequently, kidney samples were ;reated with Donkey anti mouse-Cy3
antibody (Materials, section 2.7.2), or goat anti mouse-FITC antibody

_(Materials, section 2.7.2), for 1 hour at room temperature.

CXCR4. Sections were incubated overnight at 4°C with mouse anti-CXCR4
antibody (Materials, section 2.7.1) diluted 1:25 in PBS1X. Subsequently,
kidney samples were treated with Donkey anti mouse-Cy3 antibody
(Materialé, section 2.7.2) for 1 hour at room temperature.

AT; receptor. Sections were incubated overnjghtv at 4°C with rabbit anti-
AT; receptor antibody (Materials, section 2.7.1) diluted 1:25 in PBS1X.
Subsequently, kidney samples were treated with goat anti rabbit-FITC
antibody (Materials, section 2.7.2) for 1 hour at room temperature.

SDEF-1. Sections were incubated 1 hour at room temperature with rabbit
anti-SDF-1 antibody (Materials, section 2.7.1) diluted 1:100 in PBSI1X.
Subsequently, kidney samples were treated with goat anti rabbit-Cy3
antibody (Materials, section 2.7.2) for 1 hour at room temperature.
Nephrin. Sections were incubated overnight at 4°C with goat anti-nephrin
antibody (Materials, section 2.7.1) diluted 1:100 in PBS1X. Subsequently,
kidney samples were treated with rabbit anti goat-FITC antibody

-(Materials, section 2.7.2) for 1 hour at room temperature.
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Slides were then washed with PBS1X and incubated for 15 minutes at
room temperature with FITC- or rhodamine-conjugated lectin Wheat
Germ Agglutinin (WGA, Materials, section 2.8), which by binding
membrane glycopréteins and sialic acid, was used to better identify renal
structures. Nuclei were subsequently stained with 4’,6'-diamidino-2-
phenylindole dihydrochloride hydrate for 15 minutes at room
temperature (DAPI, Materials, section 2.8). Sections were finally washed
with PBS 1X and mounted with the DAKO fluorescence mounting
medium (Materials, section 2.8). Negative controls. were obtained by
omitting the primary antibody on adjacent sections. During the
- experiment, slides were always kept in a moist chamber to avoid the
hydration of the sections. Slides were analyzed by an inverted confocal
laser-scanning microscope (Materials, section 2.10). Quantification of cells
positive for the different markers was performed in at least 30 randomly

selected glomeruli per each animal.

3.5.2 Immunoperoxidase

For immunoperoxidase experiments, renal tissues were fixed
overnight in Duboscq-Brazil, dehydrated in alcohol and embedded in
paraffin as previously described (Methods, section 3.4). Three-
micrometers thick sections were deparaffinized in Unyhol Plus,
rehydrated and incubated for 30 minutes at room temperature with 0.3%
H0, (Materials, section 2.5) dﬂuted in methanol (Materials, section 2.5).

This step is necessary to quench endogenous peroxidase found in many
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tissues and avoid aspecific signal. Antigen retrieval was performed using
a microwave (2x5 minutes in citrate buffer at an operating frequency of
2450 MHz and a 600 W power output) and citrate buffer incubation (15
minutes at room temperature, Materials, secﬁoh 2.6) to increase the
reactivity of antibodies to antigens. To block nonspecific sites, sections
were treated with 1% BSA (Materials, section 2.6) for 30 minutes at room
temperature @d then incubated overnight at 4°C with the following
‘primary antibodies.

Type III collagen. Sections were incubated overnight at 4°C with rabbit
anti-type III collagen antibody (Materials, section 2.7.1) diluted 1:100 in
PBS1X. Subsequently, kidney samples were treated with goat anti rabbit-
biotinylated antibody (Materials, section 2.7.2) for 1 hour at room
temperature.

C/EBPS. Sections were incubated overnight at 4°C with rabbit anti-
C/EBPS antibody (Materials, section 2.7.1) diluted 1:100 in PBSI1X.
Subsequently, kidney samples were treated with goat anti rabbit-
biotinylated antibody (Materials, section 2.7.2) for 1 hour at room

temperature.

After washing in PBS 1X, slides were incubated with avidin-biotin
peroxidase complex solution (ABC) (Materials, section 2.8) linking the
biotinylated secondary antibody, for 30 min at room temperature. The

staining was visualized using diaminobenzidine (DAB) (Materials, section
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2.6) substrate solution, that reacts with the peroxidase producing a brown
end product. The reaction of the substrate was monitored by observing
sections at light microscopy, and then blocked by immersing slices in
distilled water. This step is important to determine the right period of
reaction that was then applied to all slices. After rinsed in water, samples
were counterstained with Harris haematoxylin (Materials, section 2.5),
quickly dehydrated with 100% ethanol (Materials, section 2.5) and Unyhol
Plus (Materials, section 2.5), and finally mounted with Eukitt (Materials,
section 2.8). Negative controls were obtained by omitting the primary
antibody on adjacent sections. During the experiment, the slides were
always kept in a moist chamber to avoid that the sections could dehydrate.
Quantification of cells positive for the markers was performed in at least
30 randomly selected glomeruli per each animal.

C/EBPS signal on the Bowman’s capsule was graded on a scale of 0 to 3
(0: no C/EBPS -positive cells, 1: <25% positive cells, 2: 25% to 50% positive

cells, 3: >50% positive cells in the Bowman's capsule).
3.6 Inmunogold
For immunogold staining, small fragments of kidney tissue that

averaged 0.5-1 mm thickness, were fixed overnight at 4°C in 3.5%

paraformaldehyde plus 0.01% glutaraldehyde (Materials, section 2.3)
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overnight at 4°C, and washed repeatedly in 0.1 M cacodylate buffer, pH
7.4 (Materials, section 2.6) in order to stabilize the sample and prevent
degradation. Specimens were post-fixed in 1% OsOs (Materials, section
2.5) for 1 hour. This step confers stability during the following steps of
dehydration and embedding and provides electron contrast.

Specimens were dehydrated through ascending grades of alcohol:
10% for 10 minutes, 50% and 70% for 10 minutes each, 90% and 100% for
15 minutes each. Samples were then placed in propylene oxide (1,2-
epoxypropahe) (Materials, section 2.5), a fluid miscible with both alcohol
and epoxy resin, and embedded in Epon resin (Materials, section 2.6)
overnight at room temperature that maintains the resin in a liquid state to
better infiltrate the sample. Polyethylene labelled-cone shaped capsules
(Materiéls, section 2.9) containing freshly prepared resin was used to
contain the samples. Tissue fragments were placed at the tip of the
truncated cone that was filled with embedding thermosetting synthetic
resins. After 3 days during which time the samples were incubated at 60°C
to allow polymerisation and solidification of the resin, the blocks of resin
were cut by ultramicrotome (Materials, section 2.10) and then transferred
to nickel grids coated with Formvar (Materials, section 2.9). After blocking
with 1% BSA for 15 minutes, sections were incubated overnight with goat
anti-nephrin (Materials, section 2.7.1) followed by 12-nm gold-conjugated |
donkey anti-goat secondary antibody (Materials, section 2.7.2) for 1 hour
at room temperature. The grids were washed with PBS1X, stained for 5

minutes with 2% aqueous uranyl acetate (Materials, section 2.5), and
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examined with a Morgagni 268D electron microscopy (Materials, section

2.10).

3.7 Statistical analysis

Results are expressed as means *SE. Correlation analysis between
index of crescents and proteinuria was performed by evaluating Pearson’s
r coefficient, using a Microsoft Excel spreadsheet. Statis‘tical analysis of
ATy receptor quantification was performed using analysis of variance with
the Bonferroni post hoc analysis for multiple comparisons. Proteinuria
levels, synechiae, and crescents were analyzed using 2-way ANOVA. The
nonparametric Kruskal-Wallis and Mann-Whitney tests were applied, as

appropriate. The statistical significance level was defined as P<0.05.
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Methods for in vitro studies in the experimental rat model
3.8 Cells and cell culture

Kidneys of adult Wistar rats were quickly removed, and the cortex
homogenate was gently pressed through a 105-um (140 mesh) sieve and
then over a 75-pm (140 mesh) sieve that retains glomeruli. Glomeruli were
then centrifuged, resuspended in medium plus- endothelial growth
medium-microvascular (EGM-MV, Materials, section 2.4) and 20% fetal
bovine serum (FBS, Materials, section 2.4), and plated on ﬁbronectin—
coated dishes (10 pg/mL, Materials, section 2.4) at a density of 200
glomeruli/100-mm plate. After 5 to 7 days of culture, cellular outgrowth
observed on adherent capsulated glomeruli, was harvested and cultured
in EGM-MYV 20% FBS on glass coverslips coated with ﬁbronecﬁn.

For differentiation and proliferation experiments, cells from
glomerular outgrowth have been expanded and claudinl-positive cells
were obtained by immunomagnetic separation using goat anti-rabbit IgG
MicroBeads (Materials, section 2.4) according to the manufacturer’s
protocol. The cells obtained from the second passage of claudinl* cell
fraction were used for all experiments. For podocyte differentiation,
claudin1* PECs were treated for 7 days with DMEM/F12 supplemented
with vitamin D3 100 nmol/L and retinoic acid 100 pmol/L (VRAD

medium, Materials, section 2.4). The proliferation rate of immunoisolated
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claudin1* PECs was assessed by evaluating the phosphorylation at Ser10
of histone H3 in cells maintained overnight in medium plus 1% FBS and
then exposed to medium or to angiotensin II (107 mol/L, Materials,
section 2.4) for 24 hours.

The expression of C/EBPd was evaluated in PECs incubated in
DMEM (Materials, section 2.4) plus 2% BSA, exposed or not with 107
mol/L angiotensin II (Materials, section 2.4). After 6 hours, the cells were

fixed and processed as described in Methods, section 3.9.

3.9 Immunofluorescence

For immunofluorescence analysis, cells were fixed in 2%
paraformaldehyde plus 4% sucrose (Materials, section 2.3) and
permeabilized with 0.3% Triton- X100 (Materials, section 2.4). After
blocking the non-specific sites with 2% BSA plus 0.2% gelatin bovine and
2% FBS in PBS, cells were incubated with the following primary
antibodies:

Claudinl. The expression of claudinl was evaluated in cells obtained from
the outgrowth of capsulated glomeruii. Cells were incubated 1 hour at
room temperature with undiluted rabbit anti-claudinl antibody

(Materials, section 2.7.1). Subsequently, cells were treated with goat anti
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rabbit-Cy3 antibody (Materials, section 2.7.2), for 1 hour at room
temperature.

NCAM. The expression of NCAM was evaluated in cells obtained from
the outgrowth of capsulated glomeruli. Cells were incubated 1 hour at
room temperature with mouse anti-NCAM antibody (Materials, section
2.7.1) diluted 1:2. Subsequently, cells were treated with goat anti mouse-
FITC antibody (Materials, section 2.7.2), for 1 hour at room temperature.
CD24. The expression of CD24 was evaluated in cells obtained from the
outgrowth of capsulated glomeruli. Cells were incubated with mouse anti-
CD24 antibody (Materials, section 2.7.1) diluted 1:25, overnight at 4°C.
Subsequently, cells were treated with goat anti mouse-FITC antibody
(Materials, section 2.7.2), for 1 hour at room fempérature.

Synaptopodin. The expression of synaptopodin (SYN) was evaluated in
claudinl-positive cells obtained by the immunomagnetic separation using
MicroBeads. Cells were incubated with undiluted mouse anti-SYN
antibody (Materials, section 2.7.1), overnight at 4°C. Subsequently, cells
were treated with goat anti mouse-FITC antibody (Materials, section
2.7.2), for 1 hour at room temperature.

Phospho-histone H3. The expression of phospho-histone H3 (H3p) was
evaluated in claudinl-positive cells obtained by the immunomagnetic
separation using MicroBeads. Cells were incubated with undiluted rabbit
anti-H3p antibody (Materials, section 2.7.1), overnight at 4°C.
Subsequently, cells were treated with goat anti rabbit-FITC antibody

(Materials, section 2.7.2), for 1 hour at room temperature.
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C/EBPS. The expression of C/EBPd was evaluated in cells obtained from
the outgrowth of capsulated glomeruli, treated or not with Angiotensin IIL
Cells were incubated 3 hours at room temperature with rabbit anti-
C/EBPS antibody (Materials, section 2.7.1) diluted 1:25. Subsequently,
cells were treated with goat anti rabbit-FITC antibody (Materials, section

2.7.2), for 1 hour at room temperature.

Nuclei were then stained with DAPI (Materials, section 2.8) for 15
minutes at room temperature. Finally, cells were washed with PBS 1X and
mounted with the DAKO mounting medium (Materials, section 2.8).
Representative images were acquired using an inverted confocal laser
scanning microscope (Materials, section 2.10).

The quantification of cells positive for SYN or H3p was assessed
evaluating fluorescent cells per total DAPI* cells in each high-power field
. (HPF) (five to 10 fields/ siide; n = 3 experiments). Data were expressed as

percentage of SYN+H3p+ cells on total DAPI+ cells, per each HPF.

3.10 Statistical analysis
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Results are expressed as means +SE. Statistical analysis was
performed using student’s t-test. The statistical significance level was

defined as P<0.05.
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Methods for in vivo studies in human tissue
3.11 Patients

Thirty six patients with proliferative and non proliferative
glomerulopathies from the archives of the Unit of Nephrology, Ospedali
Riuniti of Bergamo, Italy, were enrolled in the study. Patients were
divided into diffefent groups as follows:

* Patients with extracapillary proliferative lesions as:
1) extracapillary glomerulonephritis (n=9)
2) IgA nephropathy (n=9).

* Patients with non proliferative diseases as:
1) membranous nephropathy (n=7)

2) diabetic nephropathy (n=11).

Written informed consent was obtained from all these patients. In
addition, to further address the possible participation of the Ang II/ AT:
receptor pathway and renal progenitor cells in the development of
glomerular hyperplastic lesions, we analyzed in-depth renal tissue
specimens from one of these patients with antineutrophil cytoplasm
antibodies (ANCA)-positive crescentic glomerulonephritis from whom
two biopsies were collected, before and after 8 months therapy with the
ACE inhibitor ramipril (titrating up the dose from 2.5 to 7.5 mg/day,

Materials, section 2.8) associated with the immunosuppressant
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azathioprine (50 mg/ day). All kidney biopsy specimens considered for the
present study had been originally obtained for the diagnosis of renal
disease. In addition to specimens from patients with proliferative and non
proliferative diseases, renal biopsies from an uninvolved portion of
kidney collected from tumor nephrectomy specimens were obtained from

10 patients and used as controls.

3.12 Demographic and clinical characteristics of patient populations

For all patients enrolled in the study, demographic, clinical and
hematochemical parameters at the time of renal biopsy were retrieved
from the Hospital database. Demographic parameters taken into accoﬁnt
were the age of patients reported as range of years-old, and the gender
expressed as ratio between male and female (M:F). The clinical parameters
evaluated in the patients, quantified by the Laboratories of the Division of
Nephrology and Dialysis of the hospital, were systolic and diastolic blood

pressure, proteinuria and serum creatinine.

3.12.1 Evaluation of systemic blood pressure
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Systemic blood pressure was measured by sphygmomanometer. The
blood pressure levels reflect the values of systolic and diastolic pressure.
Systolic pressure refers to systole, the phase when the heart pumps blood
out into the aorta. Diastolic pressure refers to diastole, the resting period
when the heart refills with blood. A typical blood pressure reading of a
healthy adult should be 120 millimeters of mercury (mmHg) of systolic
blood pressure and 80 mmHg of diastolic blood pressures. The values

vary depending on age and many other factors.

3.12.2 Assessment of urinary protein c‘oncentrations

Urinary protein concentration, collected for 24 hours (h), was
measured using an autoanalyzer (Materials, section 2.10). The test used is
based on the procedure developed by Watanabe et al (Watanabe et al.,
1986). This is a dye-binding method that generate a complex of purple
colour with the proteins content in the sample. The resulting complex has
a maximum absorbance at 600 nanometers (nm). The system automatically
apportions the sample and reagent into a cuvette at a ratio of 1:30 for urine
samples. The system monitors the change in absorbance at 600 nm at a
fixed-time interval. The change in absorbance is directly proportional to
the concentration of protein in the sample and is used by the system to

calculate and express the protein concentration.
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3.12.3 Assessment of serum creatinine concentrations

The serum creatinine concentration was measured in patients using
an automatic device (Materials, section 2.10) with a quantitative,
colorimetric assay based on a modified Jaffé method where alkaline
picrate forms a reddish colored solution in the presence of creatinine. A
precise volume of sample is automatically introduced by Synchron CX
System into a reaction cup containing the alkaline picrate solution in the
ratio of 1:11. The system reads the alterations of the absorbance at both 520
nm and 560 nm. These alterations are direétly proportional to the

creatinine concentration of the samples.

3.13 Biopsy and tissue collection

Depending on the type of procedure that would have been applied
(immunohistochemistry or immunofluorescence), samples were frozen in
liquid nitrogen or embedded in paraffin as described in each specific

chapter.

3.14 Renal morphology by light microscopy

Immediately after collection, kidney fragments were fixed overnight

in Duboscq-Brazil solution (Materials, section 2.3), dehydrated and
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embedded in paraffin (Materials, section 2.8) as previously described
(Methods, section 3.4). Embedded samples were cut at 2 um thickness
slices by using a micfotome (Materials, section 2.10).

For the histologic staining, sections were deparaffinised, rehydrated
and undergone to PAS (Materials, section 2.5) staining as previously
described (Methods, section 3.4). Slides were observed with light
microscopy (Materials, section 2.10), and quantified as the percentage of
glomeruli affected by different glomerular lesions: extracapillary
proliferation (multilayers of cells accumulating in the inner surface of the
Bowman’s capsule, which obliterate the Bowman’s space), global sclerosis
(accumulation of PAS—positive materials in the entire glomerular tuft),
segmental sclerosis (accumulation of PAS-positive materials in a restricted
area of the glomerular tuft), other glomerular changes (capillary loop
thickening, mesangial hypercellularity and matrix expansion, epithelial
vacuolization). In addition, the percentage of normal glomeruli has been

also quantified.

3.15 Immunohistochemistry

3.15.1 Immunofluorescence
For all immunofluorescence experiments, samples collected

immediately after renal biopsy, were embedded in Tissue-Tek OCT
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Compound (Materials, section 2.8) and frozen in liquid nitrogen. Two-
micrometer-thick sections were cut by using a cryostat (Materials, section
2.10) and stored at -80°C. Sections were air dried, fixed in cold acetone
(Materials, section 2.5), and washed in PBS 1X and incubated with 1% BSA
as previously described (Methods, section 3.5.1). Slides were then
incubated with the following primary antibodies.

CD24. Sections were incubated 1 hqur at room temperature with goat or
mouse anti-CD24 antibody (Materials, section 2.7.1) diluted 1:25 in PBS1X.
Subsequently, kidney samples were treated with .donkey anti goat-Cy3
antibody (Materials, section 2.7.2) oi‘ gbat anti mouse-FITC antibody
(Materials, section 2.7.2), for 1 hour at room temperature.

CD133. Sections were incubated 1 hour at room temperature with mouse
anti-CD133 antibody (Materials, section 2.7.1), diluted 1:50. Subsequently,
kidney samples were treated with donkey anti mouse-Cy3 antibody
(Materials, section 2.7.2) for 1 hour at room temperature.

CXCR4. Sections were incubated overnight at 4°C with rabbit anti-CXCR4
antibody (Materials, section 2.7.1) diluted 1:50 in PBS1X. Subsequently,
kidney samples were treated with goat anti rabbit-FITC antibody
(Materials, section 2.7.2) for 1 hour at room temperature.

SDF-1. Sections were incubated overnight at 4°C with rabbit anti-SDF-1
antibody (Materials, section 2.7.1) diluted 1:200 in PBS 1X. Subsequently,
kidney samples were treated with goat anti rabbit-Cy3 antibody

(Materials, section 2.7.2) for 1 hour at room temperature.
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CD68. Sections were incubated 1 hour at room temperature with mouse
anti-CD68 antibody (Materials, section 2.7.1), diluted 1:100. Subsequently,
kidney samples were treated with goat anti mouse-FITC antibody
(Materials, section 2.7.2) for 1 hour at room temperature.

Nephrin. Sections were incubated overnight at 4°C with goat anti-nephrin
antibody (Materials, section 2.7.1) diluted 1:100 in PBS1X. Subsequently,
kidney samples were treated with rabbit anti goat-FITC antibody
. (Materials, section 2.7.2) for 1 hour at room temperature.

AT receptor. Sections were incubated overnight at 4°C with rabbit anti-
AT; receptor antibody (Materials, section 2.7.1) diluted 1:25 in PBSI1X.
Subsequently, kidney samples were treated with goat anti rabbit-FITC

antibody (Materials, section 2.7.2) for 1 hour at room temperature.

Slides were then washed with PBS1X and incubated for 15 minutes at
room temperature with FITC- or rhodamine-conjugated lectin Wheat
Germ Agglutinin and with DAPI (Materials, section 2.8) as previously
described (Methods, section 3.5.1). Sections were finally washed with PBS
1X and mounted with the mounting medium DAKO (Materials, section
2.8). Negative controls were obtained by omitting the primary antibody on
adjacent sections. Slides were analyzed by an inverted confocal laser-
scanning microscope (Materials, section 2.10). For SDF-1 expression in
patients with extracapillary glomerulonephritis and in normal kidneys, all

glomeruli of the section were acquired and subjected to semi-quantitative
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analysis. Glomerular SDF-1 expression was scored on a scale of 0 to 3 (0:

no staining, 1: mild, 2: moderate, 3: strong diffuse staining).

3.15.2 Immunoperoxidase

For AT receptor evaluation, Duboscq-Brazil-fixed kidney biopsies
were embedded in paraffin (Materials, section 2.8), and sections were
subsequently deparaffinized, rehydrated and incubated for 30 minutes at
room temperature with 0.3% H.O» (Materials, section 2.5) diluted in
methanol as described (Methods, section 2.5). Antigen retrieval was
performed using a microwave, and 1% BSA was applied to block
nonspecific sites (Methods, section 2.6). Sections were then incubated
overnight at 4°C with rabbit anti-AT: receptor antibody (Materials, section
2.7.1) diluted 1:25 in PBS1X. Subsequently, kidney samples were treated
with goat anti-rabbit biotinylated antibody (Materials, section 2.7.2) for 1
hour at room temperature.

After washing in PBS 1X,; slides were incubated with ABC (Materials,
section 2.8), and the staining was visualized using DAB (Materials, section
2.6) substrate solution as described (Methods, section 3.5.2). Samples were
counterstained with Harris haematoxylin (Materials, section 2.5), quickly
dehydrated with 100% ethanol (Materials, section 2.5) and Unyhol Plus
(Materials, section 2.5), and finally mounted with Eukitt (Materials, section
2.8). Negative controls were obtained by omitting the primary antibody on

adjacent sections.
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3.16 Statistical analysis

Results are expressed as mean * SD. Statistical analysis of ATi
receptor quantification in experimental animals was performed using
ANOVA with the Bonferroni post hoc analysis for multiple comparisons.
The Student’s t-test was applied for SDF-1 quantification in patients.

Statistical significance was defined as P<0.05.
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3.17 Principles of the main instruments

3.17.1 Light microscopy

A microscope is an instrument that allows observation of objects
that are too small to be seen by the naked eye. In order to visualise objects,
the light microscope uses light and magnifying lenses. Most micrbscopes
are composed by two lens systems: the objective lens and the ocular. The
final magnification of an object results by the multiplication of the
magnifying powér of the objective lens (from 4x to 100x) and the
magnifying power of the ocular lens (from 8x to 12x). As a result, a
standard microscope provides a final magniﬁcatioﬁ range of 40x up to
1000x.

The essential factor for producing a good image is the light. The
microscope uses another lens, the condenser, to produce a bright and
uniform light illuminating the specimen. A good image is obtained when
the resolution is high. The resolution is the ability to distinguish two
objects as separate entities. Resolution is best when the distance separating
the two tiny objects is small.

In this study the light miscoscopy is used to observe renal specimens
labelled with PAS staining (Methods, section 3.14) or immunoperoxidase
techniques (Methods, section 3.15.2). The PAS is a staining method used to
detect polysaccharides such as glycogen, and mucosubstances such as
glycoproteins, glycolipids and mucins in tissues. The Schiff reagent gives a

purple-magenta colour, which labels the connective tissue, glycocalyx and
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basal laminae. In the kidney, the PAS staining is commonly used to

evaluate and quantify the glomerular and tubular damage.

3.17.2 Immunofluorescence technique and confocal microscopy

This technique uses the specificity of antibodies to their antigens to
target specific cells with fluorescence dyes, and therefore allows to
visualize the distribution of the target cells through the sample. There are
two types of immunofluorescence: the direct immunofluorescence and the
indirect one. The direct immunofluorescence uses a primary antibody,
against the antigen of interest, which is directly conjugated with a
fluorophore. The indirect immunofluorescence, which is more frequently
used, employs two sets of antibodies: a primary antibody and a
subsequent, secondary, dye-coupled antibody, which recognizes the

primary antibody.

Immunofluorescent labeled samples are analyzed using fluorescence
or confocal microscope.

A fluorescence microscope is an optical microscope used to study
properties of organic or inorganic substances using fluorescence and
phosphorescence instead o}f, or in addition to, reflection and absorption.
The specimen is illuminated with light of a specific wavelength, which is
absorbed by the fluorophores, causing them to emit longer wavelengths of
light (of a different colour than the absorbed light). The illumination light

is separated from the much weaker emitted fluorescence through the use
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of an emission filter. Typical components of a fluorescence microscope are
the light source (Xenon or Mercury arc-discharge lamp), the excitation
filter, the dichroic mirror (or dichromatic beamsplitter), and the emission
filter. The filters and the dichroic are chosen to match the spectral
excitation and emission characteristics of the fluorophore used to label the
specimen.

The confocal microscopy is an optical imaging technique used to
increase micrograph contrast and/or to reconstruct three-dimensional
images by using a spatial pinhole to eliminate out-of-focus light or flare in
specimens that are thicker than the focal plane. The principle of confocal
imaging was patented by Marﬁin Minsky in 1957 and aims to overcome
some limitations of traditional wide-field fluorescence microscopes. In a
_conventional fluorescence microscope, the entire specimen is flooded in
light from a light source. All parts of the specimen throughout the optical
path are excited at the same time and the resulting fluorescence is detected
by the microscope's photodetector or camera including a large unfocused
background part. In contrast, a confocal microscope uses point
illumination and a pinhole in an optically conjugate plane in front of the
detector to eliminate out-of-focus information. Only the light within the
focal plane can be detected, so the image quality is much better than that
of wide-field images. As only one point is illuminated at a time in confocal
microscopy, 2D or 3D imaging requires scanning over a regular raster in

the specimen. The thickness of the focal plane is defined mostly by the
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square of the numerical aperture of the objective lens, and also by the

optical properties of the specimen and the ambient index of refraction.

3.17.3 Transmission electron microscopy

The transmission electron microscope is a type of microscope that
uses beam of electrons to observe the specimen. The beam of electrons,
emitted by a high voltage electron emitter situated at the top of the
microscope column, pass through the sample and through a series of
magnifying magnetic lénses, to reach the viewing screen where they are
ultimately focused. In the column, a very high vacuum is created in order
to reduce the electron beam interactions with air. Energy produced by an
electric source (~2500K) superheats a tungsten wire that emits electrons.
Liquid nitrogen is used to cool down the column for easier removal of
water vapour. Electrons are sent down the microscope column, across the
sample, lenses, and apertures. The lenses are magnetic coils that, set on a
specific electron wavelength, focus and direct the electron beam. As it
passes through the lens (three primary lenses) the electron beam is split.
The topmost lens is the objective and it magnifies and focuses thé image.
Then there is the intermediate lens that controls the magnification of the
image and the diffraction pattern. Finally, the projector lens that focuses
and projects the image onto the imaging surface. The image can be
visualized on a screen: where fewer electrons were transmitted through
the sample, in thicker or denser zones, the image shows dark areas

whereas areas where the sample was thinner or less dense more electrons
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are &ansmitted through and the image appears more light. The power of
resolution of electron microscopy depends on the lens-systems and on
sample preparation method. Usually, in modern microscopes the
resolution power ranges from 0.2 - 0.3 nm and magnification up to-

180,000x.
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4.1 Introduction

. Until few years ago, the kidney has been considered as an organ with
low regenerative properties, and the common thought was that renal cells
which were lost following an injury cannot be repaired. In the recent
years, robust evidence have documented the beneficial effect of ACE
inhibitors to slow the development of proteinuria and limit renal damage,
both in humans (The GISEN group, 1997; Ruggenenti et al., 1999 Fioretto et
al., 1998) and in experimental models (Marinides et al., 1990; Remuzzi A et
al., 1999; Remuzzi A et al., 2002; Adamczak et al., 2003; Boffa et al., 2003;
Remuzzi A et al., 2006). By three-dimensional reconstruction of glomerular
capillary tufts based on kidney serial section analysis, a group of
researchers of our Insitute has found that 10 week treatment with ACE
inhibitor, given to MWF rats in the advanced phase of the disease,
effectively reduced the extent of sclerosis and induced generation of new
capillary tissue (Remuzzi A. et al., 2006). This approach strongly suggests
the possibility for the kidney to regenerate, however, has not identified
glomerular cellular components. As a follow-up of that study (Remuzzi A.
et al., 2006), the same group of researchers showed that, in MWF rats, ACE
inhibitor halted the spontaneous podocyte loss and restored podocyte
number (Macconi et al., 2009).

The regression of glomerulosclerosis and neoformation of glomerular
tissue as been recently linked to progenitor/stem cells of renal or

extrarenal origin (Oliver et al., 2004).
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Mechanisms and cellular determinants of progressive nephropathies
in the context of recent findings of glomerular epithelial cell activation
have never been addressed in systematic fashion. Inhibiting ACE can be a
selective way to potentiate the regeneration of the glomerulus, shifting the
process toward kidney healing. To this end, the spontaneous
glomerulopathy of MWF rats represents the most appropriate model in

which to study the cellular basis for glomerular restructuring and repair.

4.2 A population of renal progenitor cells existed within the Bowman's

capsule of normal adult rat kidney

The phenotype of PECs in the Bowman’s capsule of control Wistar
rats was assessed by simultaneously staining claudinl, a marker of
glomerular PECs that localizes to intercellular tight junctions (Ohse ef al.,
2008), and the podocyte marker WT1. All of the cells lining the Bowman’s
capsule express claudinl, and a small fraction co-expressed WT1 (21.9% +
0.5%) (Figure 1A). That claudin1*WT1* cells residing in the inner surface
of the Bowman’s capsule represent parietal podocytes was confirmed by
ultrastructural analysis. Through immunogold approach we clearly
identified some PECs exhibiting foot processes in which marked
expression of the slit diaphragm protein nephrin has been found (Figure

1B).
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Previous studies in humans document that the Bowman’s capsule is
lined by a subset of parietal epithelial cells with stem cell characteristics
(Sagrinati et al., 2006), which in physiological conditions gradually lose
their stemness and regenerate podocytes (Ronconi et al., 2009). Since no
stem cell population in the Bowman’'s capsule of rats has been ever
described, we search a marker of stemness in rats, by focusing our
attention on NCAM. NCAM is a protein expressed during the kidney
development in metanephric mesenchyme, which gradually disappears
remaining confined in the glomerular capsule in mature kidney (Abbate et
al., 1999; Bard et al., 2001). In control rats, NCAM was expressed by the
majority of claudinl* cells in the Bowman’s capsule (Figure 2A). Cells
positive for NCAM also expressed CD24, a surface antigen known to be a
marker of renal progenitor cells in mice (Cha]ien et al., 2004; Swetha et al.,
2009) and in humans (Ronconi et al., 2009) (Figure 2B). Through a double
immunolabeling with NCAM and the podocyte marker WT1, we detected
and quantified three distinct populations of cells in the Bowman’s capsule
(Figure 2C). The most abundant population was constituted by cells only
expressing NCAM in the absence of WT1, representing immature
progenitor cells. Two minor cell populations were represented by
transitional cells co-expressing markers of renal progenitors and
~ podocytes (NCAM+WT1+), and by parietal podocytes, that are more
differentiated cells that no longer expressed NCAM but exhibited the

marker WT1 (Figure 2C). A schematic representation of the cell
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populations identified in the Bowman's capsule of normal rats was given

in Figure 2D.

4.3 Time-dependent evolution of glomerular lesions in Wistar and MWF

rats

Changes in renal histology as a function of time was assessed in
control Wistar rats as well as in MWF rats studied at different time points
from 10 to 60 weeks of age (Figure 3).

In Wistar rats, the only morphological abnormalities observed in
renal biopsies were synechiae, focal adhesions of glomerular capillaries to
the Bowman’'s capsule (Figure 3A). These early lesions were found
between 50 and 60 weeks, while no more severe alterations were observed
in control animals at any other time point (Figure 3A).

In MWEF rats, synechiae were detected starting from 10 weeks of age,
while from 25 weeks multilayers of cells accumulated at the site of
synechiae resulting in more severe crescentic lesions, typically found in
40- to 60-week-old animals (Figure 3A). The percentage of glomeruli with
crescents was 39% + 4% at 40 weeks, 64% + 5% at 50 weeks, and 76% + 4%
at 60 weeks. The index of crescents, which takes into account both the
number and the extension of glomerular lesions, positively correlated with

the levels of proteinuria (Figure 3A and B, r = 0.94, p<0.01), which
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developed with timé in MWF rats from 10 weeks and reached values of
730 + 44 mg/day at 60 weeks.

That crescentic lesions may evolve in glomerulosclerosis was
supported by the observation that type III collagen deposition was
observed later on in respect to the onset of crescents (Figure 4).
Histological analysis of 10-week-old MWEF rats revealed that early
synechiae were not associated with accumulation of type III collagen.
From 25 weeks, crescent-like lesions were observed, which increased in
number and extension with age. At an early stage, crescents were
characterized by cell proliferation in the absence of type III collagen
deposition. Lesions in 40-week-old rats were characterized by scanty
accumulation of type III collagen, which increased over time in rats from
50 to 60 weeks of age. At the end of the observation period,
glomerulosclerosis was so severe as to occupy most of the glomerular tuft

in the majority of the glomeruli (Figure 4).

4.4 Phenotype of cell population involved in crescentic lesions in

MWEF rats

In the past years, different studies analysed the cellular composition
of crescents obtaining conflicting results (Cattell ef al., 1978, Jennette et al.,
1986; Boucher et al., 1987; Lan et al., 1992; Ophashcharoensuk et al., 1998;

Le Hir et al., 2001; Moeller et al., 2004; Bariety et al., 2005, Thorner et al.,
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2008). Here, we assessed the phenotype of cells contributing to gloinerular
lesions in 60 week-old MWF rats by evaluating the expression of different
markers (Figure 5). The most abundant cell population was constituted by
claudin1* PECs, accounting for about 60% of the total cells in crescents.
These cells may represent progenitor cells. A high percentage of WT1*
podocytes was also observed within hyperplastic lesions, and on average
12% of these cells co-expressed claudinl representing transitional cells.
Mesangial cells and macrophages, identified respectively by Thyl.1 and

ED1 immunolabeling, represented two minor cell populations in crescents

(Figure 5).

4.5 Treatment with ACE inhibitor reduced proteinuria and induced

regression of crescentic lesions

MWEF rats receiving the ACE inhibitor lisinopril from 50 to 60 weeks
of age showed proteinuria levels that were markedly reduced in respect to
those observed in MWF rats before the beginning of the treatment (Figure
6). In parallel with the decrease of proteinuria, lisinopril limited the
number and the extension of crescentic lesions, as demonstrated by the
remarkable reduction of the index of crescents, which reflected the degree
of severity of the lesions (Figure 6). The extension of glomerular lesions in
60 week-old MWF rats receiving lisinopril was even lower in respect to

that observed in 50 week-old rats, suggesting the ability of ACE inhibitor
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to induce regression of glomerular injury. At 60 weeks, MWF rats had
renal function impairment and developed hypertension (serum creatinine,
2.0 + 0.3 versus controls: 0.7 + 0.01 mg/dL, systolic blood pressure: 192.0 +
5.2 versus controls: 127.0 + 1.7 mm Hg, P < 0.01). Treatment with ACE
inhibitor (from 50 to 60 weeks of age) decreased serum creatinine levels
(1.3 + 0.1 mg/dL, P < 0.05) and systolic blood pressure (133.0 + 16.8 mm
Hg, P < 0.05) with respect to rats receiving saline.

When animals were treated only 2 weeks with ACE inhibitor, from
50 to 52 weeks of age, proteinuria was only mildly affected, and the index
of crescents did not change (50 week old: 1.5 + 0.2 versus treated 52 week

old: 1.6 + 0.3).

4.6 ACE inhibitor limited cell proliferation in crescents

To investigate whether the renoprotection exerted by ACE inhibitor
occurs via the limitation of cell proliferatidn in crescents, we evaluated the
number of BrdU-retaining cells in pulsed MWF animals at 60 weeks of
age, receiving or not lisinopril (Figure 7A). The number of BrdU*
proliferating cells in crescentic lesions of MWF rats given saline accounted
for 9.6% + 1.5%. The majority of BrdU-labeled cells expressed claudinl in
the absence of podocyte marker WTI1, whereas proliferating
claudin1*WT1* represented a minor cell population in crescénts. Finally,

differentiated podocytes expressing WT1 in the absence of claudinl
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markers were almost absent (Figure 7B and C). Ten week treatment with
ACE inhibitor significantly decreased the proliferation of all cell
populations in respect to MWF rats receiving saline (Figure 7B).

That claudinl* cells within the crescents represent a population of
progenitor cells was confirmed by immunostaining for NCAM (Figure 8).
Consistently with the decreased proliferation of claudinl*WT1- and
claudin1*WT1* cells, treatment with ACE inhibitor effectively reduced the
presence of NCAM?* cells in crescents by limiting progenitor cell activation
and migration toward capillary tuft. Of note, following the treatment with
lisinopril, the distribution of progenitor cells along the Bowman’s capsule

was restored to a pattern similar to controls (Figure 8C versus A).

4.7 ACE inhibitor preserved Bowman'’s capsule architecture

The antiproliferative effect of ACE inhibitor on claudinl* cells
constituting the crescents, prompted us to analyze whether this drug can
also influence the proliferative status of claudinl* cells in the Bowman's
capsule. In line with data obtained few years ago by a group of our
Institute (Macconi et al., 2009), the total number of PECs lining the
Bowman’s capsule was comparable in 60-week-old MWF rats (445.8 + 19.8
x 10/ pm of capsule) and controls (427.2 + 5.2 x 10/ um of capsule). The

characterization of cell phenotype demonstrated that, as compared with
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controls, in wuntreated 60-week-old MWF rats the percentage of
claudin1+WT1- PECs was markedly enhanced at the expense of
claudin1*WT1* parietal podocytes that significantly decreased (Figure
9A). The proliferative status of claudin1* PECs in the Bowman's capsule of
MWEF rats, as assessed by the quantification of BrdU-retaining cells, was
markedly enhanced as compared with controls, in which proliferating
claudin1* PECs were extremely rare (Figﬁre 9B and C).

Consistent with the ability of ACE inhibitor to reduce proliferation of
claudin1* cells in crescents, the treatment with lisinopril also reduced the
proliferative status of Bowman's capsule cells (Figure 9B). The effect of
ACE inhibitor in limiting cell proliferation paralleled the restoration of the
ratio between claudinl* PECs and parietal podocytes (claudin1*WT1*) in

the Bowman's capsule (Figure 9A).

4.8 Mechanism underlying the renoprotective effect of ACE inhibitor:

4.8.1 Role of the transcription factor C/EBPd

To deepen the mechanism by which ACE inhibitor limits the
abnormal proliferation of claudinl* progenitor cells, we evaluated the role
of C/EBP9, a transcription factor specific for adult cells and mitotically
quiescent stem cells of epithelial origin (Barbaro et al., 2007), which

regulates cell cycle and selfrenewal potential (O'Rourke et al., 1997, Zhang

78



CHAPTER 4: RESULTS

et al., 2008). In Wistar rats, C/EBPd was detectable in the majority of cell
nuclei along the Bowman’s capsule, indicating the low-cycling status of .
these cells, whereas it was markedly decreased in untreated 60 week-old
MWEF rats. ACE inhibitor restored C/EBPd expression to control levels
(Figﬁre 10), suggesting the involvement of C/EBPJ in the antiproliferative

effect of this drug.

4.8.2 Role of the chemokine receptor CXCR4

To evaluate the potential role of chemokines in promoting cell
proliferation resulting in the formation of crescentic lesions, we analyzed
the expression of SDF-1 and its receptor CXCR4 in 60 week-old MWF rats,
treated or not with ACE inhibitor. While in Wistar rats SDF-1 was rarely
detectable in few cells along the Bowman’s capsule, its expression
markedly increased in MWF rats specifically in podocytes, as documented
by double immunostaining with nephrin (Figure 11A, arrows). Of note,
SDF-1 staining showed no co-localization with ED1 macrophages (Figure
11B). The enhanced SDF-1 expression in MWEF rats paralleled an increase
of its receptor CXCR4, which in 60 week-old animals was mainly localized
in the area of hyperplastic lesions (Figure 11C, inset). MWF rats receiving
ACE inhibitor treatment showed a normalization of the immunostaining
for both SDF-1 and CXCR4 (Figure 11A and C)‘and no more abundance of

ED1 macrophages than in the normal kidney (Figure 11B).
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4.8.3 Role of AT; receptor

Given the antiproliferative effect of ACE inhibitor on parietal
epithelial cells, we wonder to evaluate the expression of ATi receptor in
Wistar and MWF rats, treated or not with Iisinbpril. In Wistar rats AT
receptor was expressed by few PECs along the Bowman’'s capsule (Figure
12A). The enhanced cell proliferation observed in MWF rats was
associated with an increase in AT: receptor expression, which localized in
the glomerulus including the Bowman'’s capsule (Figure 12B, arrows), as
well as in the area of hyperplastic lesions (Figure 12B, arrowheads). The
MWF rats given the ACE inhibitor lisinopril showed a significant
reduction in the number of PECs expressing the AT: receptor compared
with untreated animals (Figure 12C vs B, arrows), suggesting a ’key role of
the AT receptor in progenitor cell-mediated extracapillary proliferation.
A quantification of PECs expressing AT: receptor was given in Figure

12D.

80



CHAPTER 4: RESULTS

4.9 In vitro characterization of PECs

Parietal epithelial cells were isolated by the initial outgrowth of
capsulated control rat glomeruli, as previously described (Sagrinati‘ et al.,
2006, Swetha et al., 2009). Immunofluorescence analysis on cultured cells
confirmed data obtained ex vivo in renal tissue, shown in Figure 1. Isolated
PECs expressed either markers of adult epithelial cells such as claudin-1,
or markers of immature progenitors including NCAM, and CD24 (Figure
13A). Immunoisolated claudinl* PECs can differentiate and generate
podocytes, as documented by the ability to acquire the podocyte marker
synaptopodin when exposed to a specific inductive medium, named
VRAD (Ronconi et al., 2009) (Figure 13B to D). After 7 days exposure to
VRAD, 29% of cells acquired the specific podocyte marker with the typical
localization along cytoskeletal fibers (Figure 13C and D), according with
the theory that PECs contain a population of progenitor cells devoted to
generate podocytes.

To evaluate the capacity of angiotensin II to induce PEC
proliferation, we evaluated the phosphorylated form of Histone H3-serine
10 (H3p) as a marker of mitosis, on immunoisolated claudinl+ PECs, |
before and after 24 hour incubation with Ang II. After Ang II exposure, a
large number of PECs revealed nuclear-positive granular staining for H3p
with respect to unstimulated cells (Figure 14B versus A). The percentage
of Ang Il-induced proliferating cells averaged 39% + 6% as compared to

15% + 3% observed in unstimulated cells (Figure 14C).
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The involvement of the transcription factor C/EBPS in the regulation
of PECs proliferation was also assessed. In line with the above data,
incubation with Ang II markedly reduced the expression of C/EBP3
(Figure 14D and E), suggesting that the mitogenic effect of the peptide can
be exerted through the down-regulation of the C/EBPS signalling

pathway.
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IClaudinl

Figure 1. Populations of cells in the Bowman's capsule of normal rat kidney.

(A) Representative picture of immunofluorescence stainings of claudinl and WT1
in the Bowman's capsule of Wistar rats used as controls. High-magnification insets
show. claudinl+W TI- cell (upper insets) and claudinl+W T1+ cell (lower insets).
Scale bars=25 pm (B) Representative pattern of immunogold labelling for nephrin
in the Bowman's capsule of Wistar rats. Left panel shows the ultrastructure of
parietal cells along the Bowman's capsule. High-magnification inset (right panel)
shows that gold particles are localized along the foot processes of parietal cells.

Original magnifications x4400 (left panel) and x71000 (right panel).
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Figure 2. Identification of three progenitor cell populations in the Bowman's capsule
of normal rat kidney.

(A) Double-immunolabeling for claudinl and NCAM shows in most of die cells die
colocalizadon of the two markers. (B) Double immunofluorescence staining for NCAM
and CD24 reveals that in die Bowman's capsule die two antigen are expressed by the
same cells. (C) Representative photomicrograph showing three distinct cell populations
in the Bowman's capsule of Wistar rats, identified by staining of NCAM and WTI:
NCAM+WTI1- progenitor cells (upper inset), NCAM+WTI+ transitional cells (middle
inset) and NCAM-WTI1+ parietal podocytes (lower inset). DAPI stains nuclei. Scale
bars=25 pm (D) Schematic representation of the cell populations identified in the
Bowman's capsule of Wistar rats. All the cells were positive for PEC marker claudinl.
A gradient of expression of NCAM and WTI1 defined three populations of claudinl+
PECs with different degree of differentiation.
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Figure 3. Time course of proteinuria and histologic glomerular lesions in
Wistar and MWF rats.

(A) Age-related changes of the index of synechiae (striped bars), and crescents
(dark grey bars) quantified in Wistar (n=20) and MWF (n=50) rats. ** P<0.01 vs
10w MWF; *P<0.05 vs 10w MWF; °P<0.01 vs 25w MWF; §P<0.01 vs 40w MWF; $
P<0.01 vs 50w MWF; f P<0.01 vs 60w MWF. (B) Proteinuria levels progressively
increased with age in MWF rats. ** P<0.01 vs IOw MWF; °P<0.01 vs 25w MWF;
§P<0.01 vs 40w MWF; $ P<0.01 vs 50w MWF; f P<0.01 vs 60w MWE.
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Wistar 60w MWF 25w MWF 40w MWF 60w

Figure 4. Time-dependent evolution of glomerular lesions in Wistar and
MWEF rats.

Upper panels show that renal sections of 60 week-old Wistar rats are
characterized by few synechiae. In MWF rats, synechiae were present from 10
weeks of age, and more severe crescentic lesions develop from 25 weeks of age
and progressively increased with time. Lower panels show representative
pictures of type III collagen immunostaining. Synechiae in Wistar rats are not
associated with accumulation of type III collagen. Also early crescents found
in 25 week-old MWF rats, are negative for type III collagen. In 40 week-old
MWF rats, crescents are characterized by scanty accumulation of type III

collagen, which progressively increased with time. Scale bars=25 pm
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Figure S. Phenotype of cell populations involved in crescentic lesions.
(A) Representative pictures of immunofluorescence stainings for
claudinl, WTI, Thyl.l1 and EDI in glomeruli of 60 week-old MWF rats.
High magnification insets show cells positive for the different markers.
Dotted lines define the area of crescents in which positive cells have
been quantified. DAPI stains nuclei. Scale bars=25 pm (B) Quantitative
assessment of cells positive for each marker, reveals that the most
represented cell population in crescents consists of claudinl+ cells, and
to a lesser extent of WT1+ cells. Thyl.l+ and EDI+ cells represented

minor cell populations within the lesions.
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Figure 6. ACE inhibitor lowers proteinuria levels and reduces the
number and extension of crescents.

A significant decrease of proteinuria levels and index of crescents
was observed in 60 week-old MWF rats receiving ACEi for 10 weeks

as compared with animals given saline. *P<0.01 vs 60w MWF.
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Figure 7. ACE inhibitor limits progenitor cell proliferation and migration.

(A) Experimental design. Rats receiving or not lisinopril for 10 weeks, were injected with
BrdU 4 days before sacrifice. (B) The percentage of BrdU+ claudinl+WTI- cells (white
bars), claudinl+WTI+ cells (grey bars), and claudinl-WT1+ cells (black bars), was lower
in crescents of ACEi-treated MWF rats in respect with animals given saline. **¥P<0.05 vs
60w MWF; *P<0.01 vs 60w MWEF. (C) Representative picture of immunofluorescence
staining for claudinl (red), WTI (green) and BrdU (white) in 60 week-old MWF rats.

DAPI stains nuclei. Scale bar=25 um
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Figure 8. ACE inhibitor limits progenitor cell proliferation and migration.

(A) In Wistar rats, NCAM+ cells were localized along the Bowman's capsule. (B) The
expression of NCAM increases in glomeruli of 60 week-old MWF rats and localizes in
the capillary tuft as well as in crescents. (C) ACEi effectively reduced the presence of
NCAM+ cells in crescents and restored the distribution of NCAM+ cells in the
Bowman's capsule as to the pattern observed in controls. DAPI stains nuclei. Scale

bars=25 pm
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Figure 9. ACE inhibitor reduces proliferation of Bowman's capsule cells.

(A) In the Bowman's capsule of 60 week-old MWF rats given saline, the
percentage of claudinl+WTI- cells is markedly enhanced and
claudinl+ WTI+ cells is decreased in respect to Wistar rats. ACEi restores
the percentage of both cell populations to control levels. (B) Cell
proliferation of claudinl+ cells along the Bowman's capsule is enhanced in
60 week-old MWF rats given saline as compared with controls. ACEi
treatment significantly limits the number of proliferating cells within the
Bowman's capsule (claudinl+BrdU+). *P<0.05 vs Wistar; **P<0.01 vs 60w
MWF+saline. (C) Representative picture of immunofluorescence staining for
claudinl and BrdU in the Bowman's capsule of 60 week-old MWF rats. Inset

shows a cell expressing both markers. DAPI stains nuclei. Scale bar=25 pm
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Figure 10. ACE inhibitor regulates the expression of the cell-cycle
inhibitor CyEBP5.

Histogram shows that the expression of C/EBPS5 in the Bowman's capsule
decreases in MWF rats at 60 weeks of age receiving saline as compared
with Wistar rats, and was normalized by ACEi treatment. *P<0.05 vs
Wistar; ***P<0.05 vs 60w MWF+saline. In the lower panels and in high-
magnification insets, representative pictures show the expression of
C/EBPS8 in the rat Bowman's capsule. Nuclei were counterstained with

hematoxylin. Scale bars=25 pm
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Figure 11. SDF-1 and CXCR4 expression in Wistar and MWEF rats

(A) SDF-1 was up-regulated in MWF rats in respect with controls, and co-
localized with nephrin (arrows highlighted the double Iabelled
podocytes). ACE inhibitor restored the expression of SDF-1 to control
levels. (B) Representative photomicrographs of double immunostaining
for SDF-1 and EDI showing that the markers did not overlapped. (C)
CXCR4 was markedly overexpressed by cells within hyperplastic lesions
(inset) in the MWF rat glomerulus. ACE inhibitor treatment normalized
the expression of CXCR4 to a level comparable with controls. DAPI (blue)
stained nuclei, and renal structures were labelled with fluorescein wheat

germ agglutinin (green). Scale bars=25 pm.



CHAPTER 4: RESULTS

Wistar MWF MWF+ACEi
D
6 100
80
| 60
| 40
8 20
M
Wistar MWF MWF+ACEi

Figure 12. ATjreceptor expression in PECs of Wistar and MWF rats

(A) In Wistar rats used as control, few cells in the Bowman's capsule
expressed the AT receptor (arrow). (B) In MWF rats given saline, the ATj
receptor was expressed by the majority of parietal epithelial cells (arrows)
as well as by cells within hyperplastic lesions (arrowheads) (C) ACE
inhibitor treatment reduces the expression of the ATI1receptor on PECs
(arrows). DAPI (blue) stained nuclei, and renal structures were labelled
with rhodamine lens culinaris agglutinin (red). Scale bars=25 pm. (D)
Histogram showing that the number of ATa receptor+ cells along the
Bowman's capsule was significantly higher in MWF rats given saline as
compared with controls. AT7 receptor over-expression on PECs was
reduced by ACE inhibitor treatment. 00 P<0.01 vs Wistar rats, ** P<0.01 vs
MWEF rats given saline.
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Figure 13. Characterization and differentiation of cultured PECs.

(A) Isolated PECs constitutively expressed claudinl, NCAM or CD24. (B-
C) Representative micrographs of immunoisolated claudinl+ PECs stained
with synaptopodin (SYN). No signal for SYN (B) was observed in control
cells while cells exposed to VRAD medium for 7 days expressed the
podocyte marker SYN (C). DAPI stains nuclei. Original magnification x630.
(D) Quantification of the percentage of SYN+ cells in each HPF *P<0.001 vs

Control.
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Figure 14. Characterization and differentiation of cultured PECs.

(A-B) Representative images of H3p and DAPI in immunoisolated claudinl+
PECs untreated (A) or treated (B) with angiotensin II (Ang II) for 24 hours. (I)
Quantification of H3p+ cells per each HPF shows that mitotic cells markedly
increases when exposed to Ang II in respect to untreated cells. DAPI stains
nuclei. *P<0.001 vs control. (D-E) Nuclear PECs show a constitutive nuclear
expression of the transcription factor C/EBPS (E), that was markedly reduced
after 6 hour-incubation with Ang II (F). Original magnification x630.
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5.1 Introduction

Crescentic lesions containing multilayers of cells in the glomerular
Bowman's space, are sign of potentially severe injury responsible for
evolution to glomerular scarring and chronic renal failure. The most
harmful and diffuse crescentic lesions are found in kidneys of patients
with  inflammatory  glomerular diseases, typically crescentic
glomerulonephritis, but also other proliferative forms including lupus
nephritis, IgA nephropathy, and membranoproliferative
glomerulonephritis (Kambham et al., 2012; Jennette et al., 2003).

Although extracapillary lesions are morphologically simple to be
recognized, ﬁlore controversial have been studying their cellular
components and their possible pathogenic role. The traditional theories
have come largely from immunohistochemical studies that have
concluded that multilayered cellular lesions are a mixture of glomerular
pariétal epithelial cells, macrophages and myofibroblasts (Boucher et al.,
1987, Nitta et al., 1999, Jennette et al., 1986). More recent studies also
suggested the podocytes as key constituents of the crescents (Moeller et al.,
2004, Bariety et al., 2005, Ding et al., 2006, Thorner et al., 2008), but their
role remains unclear. Recently, it has been suggested that these
extracapillary lesions can be the result of dysregulated proliferation of
renal progenitor cells in response to the injured podocytes (Smeets et al.,
2009). Nevertheless, the mechanisms and mediators responsible for the

intraglomerular accumulation of renal progenitor cells in proliferative
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glomerulonephritis remain ill-defined. Evidence in SCID mice with acute
renal failure indicates an important role of SDF-1 and its receptor CXCR4
in the therapeutic migration of renal progenitor cells (Mazzinghi et al.,
2008). Since activation of the Ang II/ AT: receptor pathway may contribute
to cell proliferation and migration (Kim et al., 2011), we have reasoned that
the ATi receptor can also play a key role in the abnormal proliferation of
renal progenitors underlying the hyperplastic lesions.

Therefore, we have got further insights into the cellular mechanisms
and mediators contributing to extracapillary proliferation in humans, by
analyzing the contribution of the SDF1/CXCR4 axis and Ang II/AT:
receptor pathway to the migration and proliferation of renal progenitors,

resulting in the progression of extracapillary lesions.

5.2 Clinical and histopathologic characteristics of patient populations

Table 2 showed the clinical and histopathological characteristics of
patients whose renal biopsies have been processed and studied. Four
diagnostic groups have been considered including extracapillary
glomerulonephritis (n=9), IgA nephropathy (n=9), membranous
nephropathy (n=7) and diabetic nephropathy (n=11).

The baseline characteristics at the time of biopsy were similar among
the different groups. The mean age of the study subjects was 53 years, and

there was a slight male predominance, except for patients with
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extracapillary glomerulonephritis. There were no differences in baseline
systolic and diastolic blood pressure when comparing all the patients,
while proteinuria and serum creatinine were slightly lower in patients
with IgA nephropathy in respect to the other diagnostic groups.

On the basis of renal histology, glomerular diseases were divided
into proliferative and non proliferative pathologies. For each group, the
histopathological characteristics including the percentage of partially and
totally sclerotic glomeruli, and of glomeruli with some degree of
extracapillary proliferation were reported. As shown in table 2, biopsies of
patients with extracapillary glomerulonephritis, and at minor extent those
with IgA nephropathy, were characterized by an high percentage of
glomeruli with extracapillary proliferation. On the contrary, the
extracapillary proliferation was absent in biopsies of patients with
membranous and diabetic nephropathy. The percentage of glomeruli with
global or segmental sclerosis was comparable among all the diagnostic
groups, while the number of glomeruli with other glomerular lesions,
apart of crescents and sclerosis, was higher in biopsies of patients with
non proliferative diseases in respect to patients with extracapillary
glomerulonephritis and IgA nephropathy.

Renal biopsies from uninvolved portion of kidney collected for

tumor nephrectomy obtained from 10 patients were used as controls.
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5.3 CD133*CD24* renal progenitor cells were major constituents of

hyperplastic lesions

According to our previous study (Smeets et al, 2009), crescentic
lesions found in biopsies of patients with extracapillary
glomerulonephritis were mostly constituted by CD133*CD24* cells (Figure
15A). To investigate whether migration and accumulation of progenitor
cells occurs in renal diseases characterized by active cell proliferation, we
also analyzed biopsies of patients with IgA nephropathy, in which
abundant CD133+*CD24* cells was consistently found in all segmental
lesions between the Bowman's capsule and the glomerular capillary tuft
(Figure 15B). To assess whether exuberant progenitor cell accumulation
was confined to proliferative disorders, we next evaluated CD133 and
CD24 staining in biopsies from patients with membranous nephropathy
(Figure 15C) and diabetic nephropathy (Figure 15D). In these latter
settings, progenitor cells did not display any sign of migration and were
found in the Bowman’s capsule, in a manner similar to controls (Figure

15E).

5.4 CXCR4 was overexpressed in progenitor cells within extracapillary

lesions

A recent in vitro study documents the expression of the chemokine

receptor CXCR4 in human renal progenitor cells, which is related to the
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migratory property of these cells (Mazzinghi et al, 2008). Here we
evaluated the localization of CXCR4 in biopsies of patients with
proliferative glomerulonephritis and non proliferative glomerular
disorders. In Dboth extracapillary glomerulonephritis and IgA
nephropathy, a high CXCR4 expression was observed, which co-localized
with CD24 progenitor marker within hyperplastic lesions (Figure 16A).

On the contrary, in biopsies from patients with non proliferative
disorders such as membranous nephropathy or diabetes (Figure 16B and
C), the expression of CXCR4 was faint and it was restricted to a few CD24*
progenitor cells along the Bowman'’s capsule, as a pattern similar to those

observed in glomeruli from normal kidneys (Figure 16D).

5.5 Podocytes expressed the CXCR4 ligand SDF-1

The increased expression of CXCR4 by renal progenitor cells
observed in patients with proliferative disorders in respect to controls,
paralleled a significant increase of the CXCR4 ligand SDF-1 (Fig 17A and
B). Semi-quantitative evaluation of SDF-1 immunostaining revealed that
the difference was statistically significant (Figure 17C, P<0.05). A
phenotypic characterization of SDF-1-expressing cells by double
immunolabelings revealed that podocytes within the glomerular tuft
expressed SDF-1, suggesting that they can presumably provide the ligand

for CXCR4 in patients with proliferative glomerulonephritis (Figure 17A).
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SDF-1 was also expressed by few PECs, at a comparable extent in
proliferative diseases and in controls (Figure 17A and B). On the contrast,
CD68* macrophages, which infiltrated the hyperplastic lesions, were not
the cellular source of SDF-1 (Figure 17D) as documented by the absence of

co-localization between the two markers.

5.6 ATi receptor overexpression on progenitor cells in human

proliferative disorders

Given the potential role of Ang II/AT; receptor pathway to favour
cell proliferation and migration (Kim et al., 2011), we then analyzed the
localization of AT: receptor in proliferative disorders. In both patients
with extracapillary glomerulonephritis and IgA nephropathy, AT:
receptor was abundantly expressed by cells along the Bowman’s capsule
as well as within cellular synechiae, the early morphological abnormalities
preceding extracapillary lesion formation (Figure 18A, arrows). That AT:
receptor-expressing cells were progenitors, was documented by double
immunofluorescence staining with the progenitor cell marker CD24
(Figure 18B). As shown in the inset in Figure 18B, in patients with
proliferative diseases ATi receptor expression was maintained by
progenitor cells forming crescentic lesions. This was not the case in bioptic
tissues from patients with non proliferative disorders (Figure 18C) and in

normal kidney (Figure 18D), where AT: receptor expression was only
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restricted to few progenitor cells in the Bowman's capsule (Figure 18C and
- D, arrows), as also documented by co-localization of the AT; receptor with

CD24 (inset in Figure 18E).

5.7 ACE inhibitor therapy limited the formation of crescentic lesions in

a patient with extracapillary glomerulonephritis

To provide evidence that up-regulation of AT; receptor contributes
to the formation of glomerular hyperplastic lesions, we took advantage of
the case of a 69 year-old patient with ANCA-positive crescentic
glomerulonephritis (already included in the cohort of patients studied
here) who underwent a repeated renal biopsy after 8 month treatment
with an ACE inhibitor (Figure 19A). At the time of the first biopsy, 73.7%
glomeruli were affected by florid extracapillary proliferation, while the
remnant glomeruli were totally sclerotic and no one glomerulus was intact
and free of lesions (Figure 19B and C). Because of high proteinuria (2.60
g/day) and severe renal insufficiency (serum creatinine 6.99 mg/dl), the
patient received standard immunosuppressive therapy with steroids and
cyclophosphamide. After 7 month treatment, proteinuria worsened (3.70
g/day) despite mild amelioration of renal function (serum creatinine 4.37
mg/dl, Figure 19A). Thus, the therapy was modified and increasing doses
of the ACE inhibitor ramipril (from 2.5 to 7.5 mg/ day) in association with

azathioprine were started (Figure 19A). Eight months later, both
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proteinuria and serum creatinine levels were markedly reduced to 1.34
g/day and 1.74 mg/dl respectively (Figure 19A). At this time, a second
biopsy revealed that all glomeruli in the tissue specimen were totally free
of crescents, suggesting the remission of crescentic lesions observed in the
first biopsy (Figure 19B, C and D). Overall 38.5% of glomeruli were

normal, while 46.1% showed global sclerosis.

5.8 ACE inhibitor renoprotection occurred via the restoration of CXCR4

and AT; receptor expression

Double immunostaining of the first biopsy revealed that the AT
receptor was highly expressed and co-localized on CD24* progenitor cells
in the area of hyperplasia (Figure 20A). In the repeated biopsy after ACE
inhibitor treatment, AT: receptor staining was markedly reduced on
CD24* progenitor cells (Figure 20B), which were no longer present within
the extracapillary space, but only localized along the Bowman’s capsule,
as previously documented in patients with non proliferative diseases as
well as in normal kidneys (Figure 15C, D and E).

The decrease of AT; receptor after ACE inhibitor paralleled a strong
reduction of CXCR4 expression, which in the first biopsy co-localized with
the progenitor cell marker CD24 in the majority of cells in crescentic
lesions (Figure 20C), while after ACE inhibitor treatment was only faintly

expressed (Figure 20D). Of note, CXCR4 immunostaining after
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pharmacological treatment was comparable to that previously observed in
patients with non proliferative nephropathies and in the normal kidney

(Figure 16B, C and D).
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Proliferative

Non proliferative

Extracapillary IgA Membranous Diabetic
Glomerulonephritis Nephropathy Nephropathy Nephropathy

Patients () 9 9 7 11
Age (years-range) 32-81 32-50 44-66 54-70
Sex (M:F} 3:6 7:1 4:3 g9:1
SBP (mmHg) 135.6+4.7 126.0+8.1 136.8%4.7 145.8+5.4
DBP (mmHg) 80.0£1.78 78.8%5.3 80.8+0.8 85.0+2.1
Proteinuria (g/day) 5.6+1.4 1.2£0.2 5.6£1.3 4.1£0.6
Serum creatinine (mg/dl) 3.9£0.9 1.840.6 2.5+0.6 1.2+£0.2
Glomeruli with extracapillary proliferation (%) 60.9+8.6 15.0+5.8 0.0£0.0 0.4£0.0
Normal glomeruli (%) 9.4+5.5 16.1£5.6 17.9+4.3 30%7.2
Glomeruli with global sclerosis (%) 17.5+4.3 32.849.2 14.8£7.9 15,0+3.8
Glomeruli with segmental sclerosis (%) 4.4£3.0 14.4%3.4 1.9+1.9 27.2£10.2
Other glomerular changes (%)* 21.8+4.2 28.2%4.2 71.4%4.5 49.5+6.4

* capillary loop thickening, mesangial hypercellularity and matrix expansion, epithelial vacuolization

Table 2. Demographic, clinical and histopathologic characteristics of patient populations.
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Figure 15. CD24-CD133 expression in patients with proliferative and non
proliferative disorders.

Double immunofluorescence staining for CD24 and CD133 revealed thatin
glomeruli of patients with extracapillary glomerulonephritis (A) and IgA
nephropathy (B) the two antigens co-localized inside crescentic lesions. In
membranous nephropathy (C) and in diabetic nephopathy (D)
CD24+4CD133+cells were confined to the Bowman's capsule as observed in

normal control kidneys (E). Scale bars=50 pm.
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Proliferative diseases
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Figure 16. CXCR4 was expressed by CD24+progenitor cells.

(A) In patients with extracapillary glomerulonephritis, CXCR4
was expressed by the majority of CD24+ progenitor cells
within hyperplastic lesions, (insets). In patients with
membranous (B) and diabetic (C) nephropathies, CXCR4
expression was faint and no cells in the Bowman's capsule co-
expressed the CD24 progenitor marker. (D) In normal human
glomeruli few CD24+ cells in the Bowman's capsule also
expressed CXCR4 (insets). DAPI (blue) stained nuclei. Scale

bars=50 pm and 25 pm for enlargements.
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Proliferative diseases Normal kidney

a Proliferative diseases Normal kidney

Proliferative diseases

SDF-1 CD68

Figure 17. SDF-1 overexpression in proliferative glomerulonephritides.
Representative pictures showing SDF-1 and nephrin co-localization in
patients with extracapillary glomerulonephritis (A) and in control human
glomeruli (B). (C) Histogram showing that SDF-1 expression was
significantly increased in glomeruli of patients with extracapillary
glomerulonephritis as compared with normal kidneys. * P<0.05 vs normal
kidneys. (D) Double immunofluorescence staining of SDF-1 and CD68
showed absence of co-localization between the two antigens. DAPI (blue)

stained nuclei. Scale bars=50 pm.
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Proliferative diseases Proliferative diseases

Non proliferative diseases Normal kidney Normal kidney

Figure 18. AT1receptor expression was up-regulated in proliferative diseases.

In patients with extracapillary glomerulonephritis, cells in die area of hyperplasia
expressed the ATTreceptor (arrows) and co-localized with progenitor cell marker
CD24 (B, insets). Representative photomicrographs of immunoperoxidase staining
in non proliferative diseases (C) and in a normal human glomerulus (D) showing
ATXreceptor expression in a few parietal cells of the Bowman's capsule (arrows).
(E) Co-localization of ATj receptor and CD24 expression showed that in normal
human kidneys, the few parietal epithelial cells expressing the AT" receptor were

progenitor cells (insets). DAPI (blue) stained nuclei. Scale bars=50 pm.
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Figure 19. ACE inhibitor therapy ameliorated renal function and morphology in a
patient with extracapillary glomerulonephritis.

(A) Study design and clinical findings of a patient with severe ANCA-positive crescentic
glomerulonephritis, who underwent renal biopsies before and after ACE inhibitor
treatment. (B) Histogram reporting the percentage of glomeruli with different kinds of
glomerular lesions observed in renal biopsies obtained before and after ACE inhibitor
treatment. (C) PAS-stained biopsy of the patient before ACE inhibitor treatment revealed
that the majority of glomeruli were affected by extracapillary proliferation. A
representative photomicrograph showing a glomerulus with extracapillary proliferation
is illustrated in the high-magnification inset. (D) After ACE inhibitor treatment, all
glomeruli of the biopsy were totally free of crescentic lesions, as shown in the

representative glomerulus in the high-magnification inset. Scale bars=100 pm.
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Biopsy | Biopsy il

Figure 20. ACE inhibitor therapy limited progenitor cell migration
together with normalization of ATj receptor and CXCR4
expression in a patient with extracapillary glomerulonephritis.

(A) In patient before ACE inhibitor treatment, ATt receptor was
overexpressed in CD24+ progenitor cells in the area of hyperplasia
(arrows). Scale bar=20 pm. (B) Following ACE inhibitor therapy,
Al” receptor expression was faint and no cells in the Bowmans
capsule co-expressed the CD24 progenitor marker. (C-D) Double
immunostaining for CXCR4 and CD24 showed that, while before
ACE inhibitor treatment CXCR4 was expressed by CD24+progenitor
cells in crescents, following the treatment the expression of CXCR4

was strongly reduced. Scale bars=50 pm.
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In the last years, increasing interest is aroused in determining the
pathogenetic role of renal progenitor cells, that are populations of cells
with stemness properties which in physiological conditions reside in
niches located in different portions of the adult kidney. Among resident
renal progenitors, it has been demonstrated that a subset of PECs
expressing CD133 and CD24 stem cell markers, normally lying in the
Bowman’s capsule of healthy human glomeruli, contribute to the
formation of hyperplastic lesions in patients with different
podocytopathies (Smeets et al., 2009).

Here we confirmed that CD133*CD24* renal progenitor cells
proliferate and accumulate into the multilayered crescentic lesions in
patients with glomerulonephritides characterized by extracapillary
préliferation, including extracapillary glomerulonephritis and IgA
nephropathy. Moreover, we have provided evidence that the dysregulated
proliferation of CD133*CD24* progenitor cells is a prominent feature of
glomerulonephritides with extracapillary ~proferation, but not of
membranous nor diabetic nephropathies, in which progenitor cells line the
inner surface of the Bowman's capsule in a manner similar to healthy
human glomeruli.

A similar progenitor cell population has been here identified for the
first time in rat tissue. In search of a marker of stemness in rats, we have
focused on NCAM, normally expressed in rodent and human metanephric

mesenchyme, and in the Bowman’s capsule of the mature rat kidney
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(Abbate et al., 1999; Bard et al., 2001). Here, we show that NCAM is
expressed by the large majority of claudinl* PECs in the Bowman's
capsule, and that NCAM* cells coexpress CD24, a marker of stemness in
human and mouse kidneys. Moreover, finding that cultured PECs
expressing claudinl and NCAM, when exposed to an appropriate
inductive medium can acquire phenotypic features of differentiated
podocytes, further supports the notion that NCAM?* cells represent a
progenitor cell population in rats. In agreement with previous findings in
humans (Ronconi et al., 2009), co-staining with NCAM and the podocyte
marker WT1 allowed to identify three distinct cell populations of
epithelial origin in the Bowman’s capsule of normal rats: immature
progenitor cells expressing only NCAM in absence of podocyte marker
WT1, transitional cells expressing markers for both progenitor cells and
podocytes (NCAM*WT1*), and more differentiated epithelial cells, the

parietal podocytes (NCAM-WTT").

In parallel with observation in human proliferative diseases, we
investigate the contribution of renal progenitor cells during the evolution
of glomerular lesions in rats. We have taken advantage of a model of
progressive nephropathy characterized by high protenuria and
glomerulosclerosis, the MWF rats, in which we have previously
demonstrated the effect of ACE inhibitor in reducing glomerular lesions
and in regenerating new capillary tufts (Remuzzi A et al., 2006). Here, by

studying MWE rats at different weeks of age, the early abnormalities seen
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in young rats were bridges between parietal and visceral epithelium,
named sfynechiae, followed by extracapillary crescentic lesions and
glomerulosclerosis later on. Accordingly with findings in human biopsies,
the majority of cells in crescents are parietal epithelial cells of the
Bowman'’s capsule (claudinl* PECs), whereas podocytes are present at a
lower extent. Claudinl* PECs within crescents proliferate, as

demonstrated by the presence of BrdU-retaining cells in pulsed animals.

Evidence are available that PECs of the Bowman's capsule
repfesent a reservoir of cells that contribute to podocyte physiological
turnover (Ronconi ef al., 2009). The normal ratio between claudinl* PECs
and parietal podocytes in control rats is altered in old MWF animals, in
which claudinl* PECs increase in number at the expense of parietal
podocytes and they actively proliferate, reflecting dysregulation of their
ability to generate podocytes and to repair injury. Another possible
explanation is that bridges connecting dysfunctional podocytes with the
glomerular capsule activate PECs, including NCAM?* progenitor cells, to
migrate (Le Hir et al., 2001). Consistent with the low number of BrdU-
retaining cells in the Bowman’s capsule of control rat is the presence of
most PECs expressing the cell cycle inhibitor C/EBPS (Barbaro et al., 2007).
In MWEF rats, the scanty expression of C/EBPS in the Bowman's capsule
accounts for the high proliferative rate of claudinl* PECs. The role of
C/EBPd in maintaining the progenitors in a quiescent state has been

confirmed by its marked constitutive expression in cultured NCAM* PECs
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isolated from capsulated glomeruli of control rats. That Ang II decreases
C/EBPS expression and markedly stimulates mitosis of cultured PECs
highlights the ability of the peptide to enhance PEC activation status
leading to uncontrolled proliferation.

Altogether, these findings indicate that in proliferative diseases in
both humans and rats, cells of parietal origin acquired a proliferative
phenotype and migrate towards the glomerular tuft contributing to the
formation of crescentic lesion§. This uncontrolled activation of renal
progenitor cells may be triggered by the inflammatory environment,
which characteﬁzes the proliferative .diseases including the crescentic
glomerulonephritis, and by the consequent release of mediators from the

glomerular tuft.

In a search of mediators responsible for the abnormal behaviour of
progenitor cells in proliferative diseases, we have hypothesized’é role for
" the SDF-1/CXCR4 pathway, due to its property in promoting cell
migration and proliferation (Lapidot et al., 2005; Ratajczak et al., 2006).
Accordingly, evidence is available that the expression of CXCR4 on cancer
cells positively correlates with the metastatic potential of multiple tumors
(Reckamp et al., 2008), and that the interaction of CXCR4 with its ligand
SDEF-1 is the principal effector of hematopoietic stem cell mobilization
from the bone marrow (Lapidot et al., 2005). In addition, CXCR4 receptor
has been previously found in CD1.33"CD24+ progenitor cells isolated from

normal human kidney (Mazzinghi et al., 2008). Based on these studies, we
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deepen the possible involvement of CXCR4 in the abnormal migration of
progenitor cells in both patients with proliferative diseases and in MWF
rat model of progressive nephropathy. In healthy human glomeruli, only
few cells in the Bowman’s capsule are positive for CXCR4, whereas in
proliferative disorders the expression of CXCR4 is markedly increased,
e}specia]ly in CD24* progenitor cells forming the crescentic lesions. By
contrast, the faint expression of CXCR4 in membranous and diabetic
nephropathies indicates that progenitor cells have little or no propensity
to invade the Bowman’s space in non proliferative diseases. A possible
explanation of the increased CXCR4 expression exclusively in proliferative
diseases is offered by the inflammatory nature of these glomerular
disorders. In crescentic glomerulonephritis, immune complex localization
in the glomerular capillary wall and mesangium, induces the recruitment
of neutrophils and monocytes/macrophages to the glomerular tuft
(Sitprija et al., 1980; Lai et al., 1982). Activated cells which infiltrate the
glomerulus release soluble cytokines and chemokines that enter the
Bowman’s space (Sitprija et al., 1974; Lambertucci et al., 1988; Indraprasit et
al., 1985), eventually contributing to up-regulation of chemokine receptors
located on progenitor cells of the Bowman's capsule (Boucher et al., 1987;
Ophascharoensuk et al., 1998, Lan et al., 1992). Here, in patients with
proliferative disorders, CD68* macrophages infiltrating the glomerular
tuft (Sanchez-Martin et al., 2011) do not express SDF-1, which is conversely
produced by the podocytes activated by the inflammatory

microenvironment (Sayyed et al., 2009). The presence of SDF-1 provides
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the ligand for the receptor CXCR4 which is up-regulated on CD133*CD24*
parietal progénitor cells, ultimately promoting their migration and
proliferation. Consistently, in MWF rats, the finding of a similar
expression pattern of CXCR4 in activated PECs, and of SDF-1 in
podocytes, further suggests that SDF-1 production by podocytes is
involved in parietal progenitor cell activation leading to crescentic lesion

formation.

Besides chemokines, local productioh of Ang II, the key p'eptidelof
the renin-angiotensin §ystem (RAS), is increased in proteinuric
;glomerulonephritis (Kinoshita et al., 2011). Phlogogenic cells can release
enzymes that generate Ang II, mcluding ACE in monocytes/ fnacrophages
(Nahmod et al., 2003; Wassmann et al., 2001). The local accumulation of
Ang 1II activate;s AT: receptors further sustaining the inflammatory
environment via the production of reactive oxygen species, cytokines and
adhesion molecules (Brasier et al., 2002). Since Ang II promotes cell
migration and proliferation via AT: receptor (Kim et al., 2011), we sought
to assess whether renal progenitor cells contribute to the progression of
hyperplastic lesions as a response to the excessive expression of this
receptor on their surface. Here, in patients with proliferative disorders, an
high number of progenitor cells located in the Bbwman’s capsule and
within the crescentic lesions expresses AT: receptor. By contrast, in
patients with membranous and diabetic nephropathies, only rare cells of

the Bowman’s capsule demonstrate ATy receptor immunoreactivity, in a
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manner similar to normal human glomeruli. Consistently in MWF rats, the
majority of cells lining the Bowman'’s capsule as well as those constituting
the hyperplastic lesions are highly expressive of the AT; receptor. These
data suggest a contribution of the Ang II/ AT receptor pathway to the
abnormal behaviour of renal progenitors in proliferative diseases. A
schematic represeﬁtaﬁon showing the contribution of SDF-1/CXCR4 and
angll/AT1 receptor pathways in crescentic lesion formation is given in

Figure 21.

Another unprecedented result of the present study is that ACE
inhibitor, beside the well-known effect of lowering blood pressure and
proteinuria, limited the formation of crescents in MWF rats with very
advanced nephropathy, preventing the accumulation of extracellular
matrix and the evolution towards glomerulosclerosis. The reparative
process induced by ACE inhibitor parallels a marked reduction of PEC
and podocyte proliferation both in crescents and in the Bowman’s capsule,
as demonstrated by restoration of BrdU and C/EBPS expression to control
levels. Re-establishment of normal glomerular architecture by ACE
inhibition associates with reduced activation of NCAM* progenitors and
restoration of their distribution along the Bowman’s capsule.

Accordingly with findings in the rat model, we found a patient
with extracapillary glomerulonephritis where 8 month-treatment with the
ACE inhibitor ramipril induces a complete regression of extracapillary

lesions, and possible regeneration of new capillary tufts. In both humans
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and rats, the regression of glomerular hyperplasia following ACE inhibitor
treatment parallels the normalization of the up-regulated expression of the
ATi receptor on renal progenitor cells, further suggesting the involvement
of AT receptor expression in the development of prbliferaﬁve disorders.
Moreover, a possible link between AT: receptor and CXCR4 expressioh
comes from the negligible CXCR4 expression by progenitor cells in the
Bowman’s space observed in tﬁe biopsy specimen collected after ACE
- inhibitor treatment, as well as in MWF rats treated with lisinopril. This
relationship is further supported by findings that RAS inhibition with
AéE inhibitors or AT: receptor blockers attenuates CXCR4 mRNA
expression and protein levels in the left atria in patients with chronic atrial

fibrillation and mitral valve disease (Wang et al., 2009).

Altogether, in this study we demonstrated that in presence of an
extended renal damage in inflammatory proliferative disesases, renal
progenitor cells lose their physiological ability to replace injured
podocytes and actively proliferate, thus contributing to renal disesase
progression. These data suggest a possible pathway through which the
ACE inhibitor reduces crescentic lesions in human and rat proliferative
renal diseases, and provide a clue for designing specific molecules
targeted to novel players of renal repair that can possibly foster the

intrinsic capacity of the kidney to regenerate.
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AngJl
-900t;

ATA1r

DF1

CXCR4

Figure 21. A schematic representation of the pathway involved
in crescentic lesion formation.

In humans and animal model of proliferative diseases, ang II
(yellow) stimulate visceral podocytes (green) to produce and
secrete SDF-1. SDF-1 binds its receptor, CXCR4, expressed by a
subset of PECs (red). In parallel, ang II directly activates ATIr-
expressing PECs (blue). Both CXCR4 and ATIr promote PEC
proliferation and migration towards the capillary tuft, leading to

crescent formation.
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8.1 Contribution to the thesis by other researchers

Part of the thesis project was carried on with the collaboration of
other researchers of the Istituto di Ricerche Farmacologiche Mario Negri in

Bergamo that contributed to the research as follows:

- Animal care and treatments were conducted in collaboration with Dr.
Fabio Sangalli, Laboratory of Renal Biophysics, Istituto di Ricerche
Farmacologiche Mario Negri. In particular he evaluated proteinuria,
serum creatinine and systolic blood pressure in rats, he administered
lisinopril and injected BrdU, and finally he sacrificed the animals.

- Daniela Cavallotti, Unit of Advanced Microscopy, Istituto di Ricerche
Farmacologiche Mario Negri, gave me technical assistance for sample
observation with electron microscopy.

- Dr. Cinzia Rota, Laboratory of Cell Biology and Regenerative Medicine,
Istituto di Ricerche Farmacologiche Mario Negri, helped me in conducting

in vitro experiments.

All the other techniques and experiments described in this thesis (sample
preparation and cutting, immunofluorescence/immunoperoxidase/
immunogold experiments, in vitro experiments, morphological
evaluations, immunolabelling quantifications, statistical analysis) were

performed by the PhD student, Paola Rizzo.

148



CHAPTER 8: APPENDICES

8.2 Publications concerning the work described in this thesis

Smeets B, Angelotti ML, Rizzo P, Dijkman H, Lazzeri E, Mooren F,
Ballerini L, Parente E, Sagrinati C, Mazzinghi B, Ronconi E, Becherucci F,
Benigni A, Steenbergen E, Lasagni L, Remuzzi G, Wetzels ], Romagnani P.
Renal progenitor cells contribute to hyperplastic lesions of
podocytopathies and crescentic glomerulonephritis. ] Am Soc Nephrol 2009

Dec;20(12):2593-603.

Benigni A* Morigi M*, Rizzo P*°, Gagliardini E, Rota C, Abbate M, Ghezzi

S, Remuzzi A, Remuzzi G. Inhibiting angiotensin-converting enzyme
promotes renal repair by limiting progenitor cell proliferation and
restoring the glomerular architecture. American Journal of Pathology 2011

Aug;179:628-638. * equally contributing to the work, ° correspoding author

Rizzo P*, Perico N¥, Gagliardini E, Novelli R, Alison MR, Remuzzi G,
Benigni A. Nature and mediators of parietal epithelial cell activation in
glomerulonephritides of human and rat. American Journal of Pathology 2013

Dec;183(6):1769-78. * equally contributing to the work

8.3 Full list of publications by the candidate on topics not associated

with the work described in the thesis
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Guidetti GF, Bernardi B, Consonni A, Rizzo P, Gruppi C, Balduini C, Torti
M. Integrin alpha2betal induces phosphqrylation—dependent and
phosphorylation-independent activation of phospholipase Cgamma?2 in
platelets: role of Src kinase and Rac GTPase. | Thromb Haemost 2009

Jul;7(7):1200-6.

Perico N, Casiraghi F, Introna M, Gotti E, Todeschini M, Cavinato RA,
Capelli C, Rambaldi A, Cassis P, Rizzo P, Cortinovis M, Marasa M, Golay
J, Noris M, Remuzzi G. Autologous mesenchymal stromal cells and
kidney transplantation: a pilot study of safety and clinical feasibility.

Clinical ] Am Soc Nephrol 2011 Feb;6:412-422.

Macconi D, Tomasoni S, Romagnani P, Trionfini P, Sangalli F, Mazzinghi
B, Rizzo P, Lazzeri E, Abbate M, Remuzzi G, Benigni A. MicroRNA-324-3p
promotes renal fibrosis and is a target of ACE inhibition. ] Am Soc Nephrol

2012 Sep;23(9):1496-505.

Xinaris C, Benedetti V, Rizzo P, Abbate M, Corna D, Azzolini N, Conti S,
Unbekandt M, Davies JA, Morigi M, Benigni A, Remuzzi G. In vivo
maturation of functional renal organoids formed from embryonic cell

suspensions. | Am Soc Nephrol 2012 Nov;23(11):1857-68.

Gagliardini E, Perico N, Rizzo P, Buelli S, Longaretti L, Perico L, Tomasoni

S, Zoja C, Macconi D, Morigi M, Remuzzi G, Benigni A. Angiotensin II
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contributes to diabetic renal dysfunction in rodents and humans via
Notchl/Snail pathway. American Journal of Pathology 2013 Jul;183(1):119-

30.

Perico N, Casiraghi F, Gotti E, Introna M, Todeschini M, Cavinato RA,
Capelli C, Rambaldi A, Cassis P, Rizzo P, Cortinovis M, Noris M, Remuzzi
G. Mesenchymal stromal cells and kidney transplantation: pretransplant
infusion  protects from  graft dysfunction while fostering

immunoregulation. Transplant International 2013 May 20.

Buelli S, Rosand L, Gagliardini E, Corna D, Longaretti L, Pezzotta A,

Perico L, Conti S, Rizzo P, Novelli R, Morigi M, Zoja C, Remuzzi G,

Bagnato A, Benigni A. B-arrestin-1 drives ET-1-mediated podocyte

activation and sustains renal injury. Accettato alla rivista ] Am Soc Nephrol.
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8.4 Congress presentations related to the work described in this thesis

Poster presentation
“American Society of Nephrology”congress, Denver (Colorado, USA), 17-21
November 2010.

Rizzo P, Morigi M, Gagliardini E, Rota C, Remuzzi G, Benigni A.

Dysregulated glomerular stem/progenitor cells participate in crescent
formation in Munich Wistar Fromter (MWF) rats, ACEi modulates stem

cell activation and preserves the niche.
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