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Chapter 1

General Introduction



1.1 Stem cells: why they are so important?

1.1.1 Definition and types of stem cells

Stem cells (SC) are rare and undifferentiated cells that are uniquely
capable of both reproducing themselves through self-renewing and
generating the differentiated cell types that are needed to perform
specialized functions in the body; they generate all the cells that make
up the tissues of an adult organism. From a more rigorous functional
point of view, a bona fide stem cell can generate the different
components of the tissue in which it is located throughout the life of the
organism. These characteristics, therefore, play essential roles in
organogenesis during embryonic development and in tissue
regeneration.

There are two main types of stem cells: embryonic stem cells (ESC) and
somatic stem cells (SSC).

The derivation of mouse embryonic stem cells (ESC) was first reported
in 1981 [Evans, 1981], but that of human ESCs lines was reported only
in 1998 [Thomson, 1998]. ESC are pluripotent stem cells derived from
the undifferentiated inner cells mass (ICM) of the cleavage-stage
embryo (blastocyst) and they are able to differentiate into all three
embryonic germ layers: ectoderm, endoderm, and mesoderm; each of

the cells of these cleavage-stage embryos is undifferentiated.



Additionally, under defined conditions, embryonic stem cells are
capable of propagating themselves indefinitely.

With the progress of development, in the embryo appear somatic stem
cells (SSC) for organogenesis? Although more differentiated than ESC
the SSCs retain the feature of self-renewal. They become progressively
restricted in development, giving rise to multiple lineages or unipotent,
giving rise to single lineage cells destined to specific tissues. SSCs
differ from ESCs for pluripotency; while ESCs can generate all cell
types in the body, somatic stem cells are multipotent and can produce
only a limited number of cell types. Although the proliferation and
differentiation potentials decrease in the transition from the embryonic
to the somatic stage, the reproductive capacity remains the same, the
stem cell remains unchanged.

Therefore, the definition of stem cell is linked to the stage of
development of the organism and to the context in which the cell is
located. SSCs are tissue-specific and present in the different tissues of
both the fetus and the adult organism, and are called fetal stem cells and
adult stem cells respectively.

Adult stem cells, share at least two characteristics. First, they should be
able of self-renewal for the lifetime of the organism. Second, they can
give rise to mature cell types that have morphological characteristics
and specialized functions. Typically, stem cells generate intermediate
cell types (precursor or progenitor cells) before achieving their fully
differentiated state. These cells are usually regarded as "committed" to
a specific cell fate. Therefore, progenitor cells are early descendants of
stem cells that can differentiate to form one or more kinds of cells but

cannot divide and reproduce indefinitely. The maintained balance



between self-renewal and differentiation means that the main function
of adult stem cells is to maintain the tissue homeostasis, intended as the
capacity to replace cells dying under physiological or pathological
conditions [Hunt, 1987].

Adult stem cells behavior is controlled by the integration of intrinsic
factors with extrinsic signals supplied by the surrounding
microenvironment, known as the stem cell niche. The underlying
mechanisms that control this delicate balance are fundamental to
understand stem cell regulation, the nature of cancer/tumor formation,

and the therapeutic use of stem cells in human disease.

1.1.2 Potency of stem cells

The capacity to differentiate into specialized cell types and be able to
give rise to any mature cell types is referred as potency. The potency of
the stem cells specifies the differentiation potential, i.e. the potential to
differentiate into different cell types. It is also described as the gene
activation potential within a cell. In cell biology, cellular potency varies
from toti-potency to uni-potency (Figure 1). Totipotent stem cells can
differentiate into embryonic and extraembryonic cell types. These cells
can give rise to a whole and viable organism. These cells are produced
from the fusion of an egg and sperm cell. On the contrary, the
pluripotent stem cells (PSCs) that are the ESC may give rise to all types
of cells in an organism, but lack potential to contribute to the extra-
embryonic cells such as placenta.

Another important class of stem cell is lineage-specific multipotent
stem cells, which have limited differentiation potential and develop
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only in their tissue. These can only differentiate into a limited number
of cell types. For example, the bone marrow contains multipotent stem
cells that give rise to all the cells of the blood but not to other types of
cells. Oligopotent stem cells can differentiate into only a few cells, such
as lymphoid or myeloid stem cells. Finally, the developmental potential
of unipotent stem cells is further restricted, giving rise to a single cell
type only and still retaining the self-renewal ability, which distinguishes

them from non-stem cells.
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Figure 1. Schematic representation of the stem cell hierarchy based on
stem cell potential. Liu C, Cheng F, Pan S et al. Stem cells: a potential
treatment option for kidney diseases. Stem Cell Res Ther. 2020; 11(1):
249.

Thus, the traditional developmental dogma follows the differentiation

of totipotent stem cells to PSCs, PSCs to multipotent stem cells,

multipotent stem cells to unipotent stem cells and finally mature cells.
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Both the self-renewal capacity and differential potential are reduced
during their journey from totipotent to mature cell state. However, the
discovery of nuclear reprogramming methods such as somatic cell
nuclear transfer method and use of transcriptional factors to induce
pluripotency in any cell type are demonstrated as powerful tools to
reverse this hierarchy.

These findings show that the particular state of a somatic cell can be
reprogrammed to achieve a pluripotent state called induced pluripotent
stem cells (iPSCs) [Takahashi, 2006; Takahashi, 2007]. iPSC generated
from patients have a great potential in disease modeling and

regenerative medicine.

1.1.3 Physiological role and functional properties of

stem cells

The principal function of a stem cell is to generate all of the
differentiated cell types of the tissue in which it resides. During
embryonic development this ability permits the rapid generation of the
end-differentiated cells that will form the mature tissue and also in
adulthood this capacity guarantees tissue homeostasis maintaining the
stem compartment. Stem cells are generally quiescent cells, but they are
able to activate and perform continuous proliferation over long periods
of time (proliferative capacity) and to divide symmetrically or
asymmetrically.

The maintenance of tissue homeostasis is controlled at multiple levels:
(1) steady-state stem cells proliferation and self-renewal, as well as

differentiation, ensures long-term maintenance of the stem cells pool

12



under physiological conditions; (2) acute induction of stem cells
proliferation occurs in response to tissue damage; (3) reentry of stem
cells into a quiescent or non-proliferative state after the tissue has been
repaired or regenerated is necessary to re-establish the physiological
equilibrium.

It is not always possible to assess all of these parameters simultaneously
in a stem cell. As a consequence, different studies have pointed at
different functional attributes as markers to identify a stem cell. Likely,
the most important characteristic of a stem cell is its self-renewal
capacity, i.e., ability to maintain the stem cell population at a steady
state or to expand it under certain circumstances. At the single cell level,
this can be achieved either by “asymmetric” division, generating one
stem cell and one differentiated cell, or by “symmetric” division, where
both progenies are identical to the mother stem cell [Alison and Islam,
2009]. In the former case, the overall stem cells number is maintained,
whereas, in the latter, it increases. In a stem cell population as a whole,
both mechanisms may occur. The balance between the different modes
of division within the stem cells population determines its maintenance
or expansion at each generation and can be genetically or epigenetically
regulated. In this scenario, self-renewal is an essential feature of bona
fide stem cells.

Multipotentiality is the capacity of a single self-renewing progenitor to
generate the full array of organ-related lineages. Ideally, this feature is
illustrated by the capacity of a single cell to replace all lost elements in
the tissue of origin.

Proliferative plasticity of SSCs thus allows adapting the number of

newly produced daughter cells to tissue demand [Biteau, 2011].
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Differentiation, by definition, is the set of modifications that induce the
progressive and stable acquisition of new functional and morphological
competencies leading to the formation of defined phenotypes; i.e. it is
a process of cell specialization. During the differentiation there is both
qualitative and quantitative variation of markers, with the appearance
of early and late markers.

A large number of interdependent factors, including transcription
factors, epigenetic modification of developmental genes, including
alterations in DNA methylation, histone modifications, polycomb gene
group and non-coding RNA expression modulate this process. Other
mechanisms that determine the fate commitment of stem cells are
cytoplasmic determinants and communication between neighboring
cells through signals that behave like morphogens.

Moreover, the implementation of the different functional properties of
stem cells is flexible and dependent on the environment in which they
are located, called niche. The stem cell niche is the in vivo
microenvironment where stem cells both reside and receive stimuli that
determine their fate. Therefore, the niche should not be considered
simply a physical location for stem cells, but as the place where
extrinsic signals interact and integrate to influence stem cell behavior.
These stimuli include cell-to-cell and cell-matrix interactions and
signals, molecules that activate and/or repress genes and transcription
programs. As a direct consequence of this interaction, stem cells are
maintained in a dormant state or induced to self-renewal and produce a
cell committed to differentiate.

In summary, a positively identified adult stem cell would be a single

self-renewing cell capable of generating progeny that can contribute to
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the mature tissue with a sufficient number of newly differentiated cell

types.

1.1.4 Aging and stem cells

Adult tissue stem cells have a pivotal role in regeneration and tissue
maintenance throughout the lifespan of organisms. During aging the
degenerative changes in tissue-specific stem cell number and function
and in stem cell niches have been demonstrated to contribute to the age-
related decline [Tumpel, 2019]. Therefore, stem cell exhaustion is
considered as a hallmark of aging.

Understanding the molecular pathways involved in the age-dependent
deterioration of stem cell function could be critical for developing new
therapy strategies for aging diseases. Stem cell aging is characterized
by many different cellular interactions often showing cross-talk in the
determination of stem cell functions.

Pathways induced by reactive oxygen species (ROS) contribute to
perturb stem cell functions and fate control in the context of aging.
Accumulated cellular damage and declining mitochondrial integrity in
aged cells lead to high ROS production leading to cell disfunction
[Chaudhari, 2014].

Additionally, dysregulation of protein quality control, regulated by a
complex protein network, can result in the accumulation of critically
misfolded proteins affecting stem cell potential. Maintenance of the
stem cell proteome is equally important for assuring stem cell identity
[Saez, 2014]. Defects in proteostasis commonly lead to aberrant

folding, toxic aggregation and accumulation of damaged proteins,
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which can in turn cause cellular damage and tissue dysfunction
[Tomaru, 2012].

There are also many studies that point to epigenetic regulation as
important in determining stem cell function and further indicate that
alterations in the epigenome that occur with aging can affect on cellular
processes in aged organisms and their stem cells [Beerman, 2013].
Inflammation, in which an increase in pro-inflammatory cytokines
occurs, can also impair the function of stem cells, ultimately reducing
their ability to maintain homeostasis within the body.

Elevated levels of damaged DNA in aged stem cells could result from
an accumulation of damage over time, an increase in long-term
exposure to genotoxic assaults (both endogenous and exogenous
source), a decrease in the capacity of repair in response to DNA damage
or a combination of these possibilities [Behrens, 2014].

Aged human stem cells show compromised capacity to repair DNA
damage, such as that produced by ionizing radiation [Rube, 2011].
These observations suggest that DNA damage response pathways,
developed to safeguard genomic integrity and promoting survival of the
organism, may show reduced activity in stem cells with age, leading to
age-dependent loss of organ function and homeostasis.

As discussed above, stem cell aging is affected by different cell-
intrinsic and cell-extrinsic pathways that contribute to a decline in stem
cell function and depletion of the stem cell pool. Although, in some
cases at least, these aging phenotypes can be reversed to restore the
regenerative function of stem cells, aging is a major risk factor for many

prelevant diseases [Sameri, 2020].
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1.2 Renal stem cells

1.2.1 Renal tissue regeneration theory

It has been shown that the kidney is in no way a static organ, but it has
a basal cellular regenerative potential. Renal cells are able to proliferate
after injury, suggesting that kidney cells are able to regenerate under
conditions of induced damage.

The complexity of the renal tissue in mammals, the lack of markers for
adult cells which could retain stem properties in adult renal tissue and
the reduced capacity of cell renewal make it difficult to study kidney
regeneration mechanisms.

In this regard the debate is still going on, there are doubts about which
cells are responsible for the recovery of tubular epithelium after injury
[Huling, 2017]. Traditionally, tubular cells were considered as cells
with regenerative potential, based on the quick functional recovery in
animal models and on the robust proliferative activity observed in
tubular tissue after injury [Basile, 2012]. Different hypotheses have
been advanced about the nature of regenerative potential in the renal
tissue.

The majority of studies attribute the basis of such regenerative potential
to two main hypotheses, the dedifferentiation of the mature tubular
epithelium or the presence of a resident pool of progenitor cells in the

17



kidney tissue [Lombardi, 2016]. Whether cells responsible for the
regeneration of the kidney initially have stem-like properties or if they
obtain a “progenitor phenotype” during dedifferentiation after an injury
still stays the open question.

Dedifferentiation theory is based on the fact that at the steady state the
differentiated epithelial cells of the proximal tubule are in the G1 phase
of the cell cycle, ready to progress immediately in the cycle in case of
injury in rats [Vogetseder, 2008]. In such scenario, fully differentiated
tubular cells would transiently undergo dedifferentiation, loss of mature
epithelium morphology and epithelial-mesenchymal transition, then
proliferation to replace lost cells, migrate in correspondence of the
damaged tubular base membrane and, ultimately, re-differentiation,
replacing the lost tubular cells (Figure 2A).

The second hypothesis indicates the possible existence of a population
of progenitor cells, so-called scattered tubular cells (STCs), in the adult
kidney which have a more pronounced regenerative potential than
differentiated tubular epithelium [Maeschima, 2003]. STCs would be in
a quiescent state which is ready to re-enter the cell cycle to replace cell
loss from tubular damage [Challen, 2006] (Figure 2B).
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Figure 2. Schematic representation of tubular regeneration after injury.
A Differentiated tubular cells surviving the injury dedifferentiate,
proliferate, migrate and then differentiate, replacing the lost tubular
cells; B Tubular progenitors are scattered among differentiated tubular
cells. They are highly resistant to injury, so that they are able to survive,
proliferate, migrate and then differentiate to replace lost tubular cells.
Lombardi et al. Nephrol Dial Transplant. 2016; 31: 1243-1250.

1.2.2 Stem/Progenitor cells in kidney

Several studies have been made to identify and characterize renal
stem/progenitor cells (RSPC) from differentiated cells in adult kidney,
however what we actually know about RSPC is that there is no single

bona fide marker.
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First attempt was label-retaining assays because in general stem cells
are quiescent cells; they have a slow turnover rate and show minimal
physiologic differentiation. When labeled nucleic acids were
incorporated, BrdU or 3H-thymidine, SCs retain the label for longer
periods of time, while other cells lose them. Label-retaining cells (LRC)
are believed to represent the SC compartment. The first evidence of the
presence of progenitor cells in the kidneys arose in the study of
Maeshima et al [Maeshima 2006]. They demonstrated the existence of
LRCs in renal tubuli of normal rat kidneys. Oliver and collegues have
identified LRCs in the mouse papilla [Oliver, 2003]. These cells form
spheres in vitro as well as potentially differentiate towards other
lineages. On a 3D gel substrate, they formed tubule-like or tubulocystic
structures in response to growth factors treatment [Maeshima 2006]
and, when LRCs were injected into cultured metanephros, formed
nephrons and collecting ducts [Maeshima 2006].

In a recent study, the analysis of kidney progenitor cells was performed
using transgenic mice with doxycycline-induced random labeling of all
tubular epithelial cells by permanent recombination of a single-color-
encoding gene. After an acute kidney injury they showed that tubules
consisted of clones of cells with the same color. Only a small number
of epithelial cells underwent mitosis, most of them were Pax-2-positive,
the resident progenitors, whereas the rest of the tubular epithelium
underwent an endoreplication cycle [Lazzeri, 2018]. This paper thus
clarifies that in mice the renal functional recovery upon AKI involves
both tubular cell hypertrophy via endocycle and a limited regeneration

driven by progenitors.
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In rats, the staining for vimentin, CD44 or transcription factor Sox9
carried out the search for stem/progenitor cells. However, the
appearance de novo of vimentin-positive cells [Smeets, 2013] with
atypical morphology or the expression of Sox9 by renal cells [Kang,
2016] occurs only after injury. Therefore, these processes may be only
the result of the dedifferentiation of some renal cells.

Since lineage tracing in humans is not applicable, it is difficult to argue
whether in humans there are the cell populations capable of the same
regenerative abilities described in kidney mice and whether the human
kidney cell phenotype is fixed or inducible. What we know is that, as
well as in rodent kidneys, the presence of RSPCs has been demostrated
in different portion of human kidney [Smeets, 2013; Bussolati, 2005].
A population of cells with morphology and progenitor properties,
different from normal epithelial cells, were isolated in the proximal
tubules. The main markers of this population were CD24, CD133 and
vimentin, and cells were scattered throughout the proximal tubule in the
normal human kidney. These cells had less cytoplasm compared to
conventional ephitelial cells, fewer mitochondria, and had no brush
border [Smeets, 2013].

A feature of human kidney progenitor cells, absent in rodent cells, is
the presence of CD133, a specific marker of undifferentiated cells.
Although CD133 is abundant in both immature and differentiated cells,
specific glycosylated epitopes have been found only on immature cells
in humans [Angelotti, 2010], such as hematopoietic stem/progenitor
cells and tissue-specific progenitor cells [Corbeil, 2000]. The
glycosylated form of CD133 has been shown to be expressed in human

renal tissue. Thus, CD133 is a widely used marker of progenitors, but
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for confirmation of the results of CD133 detection, cells often are
examined for CD24, which usually co-expresses with CD133
[Romagnani, 2014].

Cells positive for CD24/CD133 have the ability to expansion, self-
renewal and epithelial differentiation both in vitro and in vivo. In
culture, they are able to differentiate into tubular epithelial cells and
endothelial cells and to repair tubular structures [Sagrinati, 2006]. In
vitro, they have the ability to form spheres, which is a specific feature
of stem cells and to proliferate for a long time without signs of cell
senescence [Lindregen, 2011]. In addition, CD24/CD133 positive cells
have a pronounced regenerative potential when administered to mice
with severe combined immunodeficiency (SCID) exposed to
ischemia/reperfusion.

Ronconi et al. identified CD133+/CD24+ populations as arranged in a
precise sequence within the Bowman’s capsule (Ronconi, 2009).
Angelotti et al. demonstrated the presence of small clusters of
CD133+/CD24+/CD106+ cells that were localized at the urinary pole
of Bowman's capsule that showed a high proliferative rate and could
differentiate toward both podocytes and tubules. By contrast,
CD133+/CD24+/CD106- were less proliferative and suggested a
commitment toward the tubular lineage [Angelotti, 2012].

Apart from CD24 and CD133, other 49 proteins were expressed in the
kidney in the same scattered pattern. Among them there are Pax-2 and
Sox9, however, colocalization with CD24 or CD133 was shown only
for vimentin, S100A6 and several other proteins (e.g., aldehyde

dehydrogenase) [Lindgren, 2011].
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Despite numerous studies, many questions remain open about RSPCs

in both mouse and human.

1.2.3 Isolation and characterization of adult renal
stem cells: the nephrosphere assay and PKHH!CH

cells

In the scenario described above, our group contributed to the debate for
the definition of renal stem cells, isolating a pure population of
multipotent stem-like cells by a functional approach [Bombelli, 2013].
Taking advantage from the ability of SC to grow as spheres, Bombelli
et al. obtained nephrospheres (NS) containing cells at different level of
maturation, i.e. both adult stem like cells and progenitors.

Spheres showed a clonal growth and sphere number was maintained
along passages, so that the authors concluded that there is only a sphere
initiating cell per nephrosphere.

Of note, sphere cells injected in nude mice were able to give rise to
human epithelial tubular structures with characteristics of both
proximal and distal tubules.

For the isolation of cells with stem properties within the NS, a lipophilic
dye (PKH26) retained in quiescent stem cells after asymmetric division

and diluted in proliferating progenitors, was used (Figure 3A).
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Figure 3. Illustration of cell proliferation using PKH26 and
identification and isolation of PKH"9 stem-like cells in the
nephrospheres. A PKH26 is retained in quiescent stem cells and diluted
in progenitors along proliferation; B PKH26-labeled nephrosphere cell
population with gated populations and suspension cultures in sphere-
forming conditions of FACS-sorted PKH"9" PKH"" and PKH"9 cells.

Bombelli S et al. PKH"" cells within clonal human nephrospheres
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provide a purified adult renal stem cell population. Stem Cell Res 2013,
11:1163-1177.

Having stained cells before NS formation, the most fluorescent cells are
the self-renewing quiescent cells with stem abilities. Based on PKH26
epifluorescence, three different populations were separated by cell
sorting: PKH"" PKH'" and PKH"9 cells (Figure 3B). Among these,
only PKH"" cells showed self-renewal ability, in terms of reforming
new secondary NS and multipotency, differentiating through three
different renal lineages: epithelial, endothelial and podocytic. Instead,
PKH'""" and PKH"9 cells failed to differentiate both in podocytic and in
endothelial lineages. PKH"9" cells were then considered as cells with
stem-like properties.

Investigating the expression of renal progenitor markers described in
literature, (CD133 and CD24) an enrichment in CD133+/CD24-
phenotype in the PKH"9" population was observed. In addition, only
PKHM9"/CD133+/CD24- and PKH"9/CD133+/CD24+ showed the
ability to self-renew, but only the first subpopulation could differentiate
into epithelial, endothelial and podocytic renal lineages, while the
second one failed the endothelial and podocytic differentiation.

It was finally concluded that PKH"9"/CD133+/CD24- cells are those
with stem-like properties within NSs.

In 2018 Bombelli et al have shown the capacity of immature NS cells
to repopulate different nephron portions of decellularized human renal
scaffolds comprising cortex, medulla and papilla. NS cells cultured on
scaffolds with basal medium, without specific growth factors, were able

to generate proximal and distal tubular structures as well as endothelial-
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like structures expressing the specific differentiation markers.
Furthermore, they were able to attach and proliferate in the peripheral
areas of the glomerular space but not in the inner glomerular
endothelium or epithelium [Bombelli, 2018]. Morover, in vitro, human
adult renal stem-like PKH"9/CD133+/CD24— cells showed
multipotency [Bombelli, 2020].
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1.3 Kidney disease

1.3.1 kidney disease: definition, symptoms and causes

Kidney disease is a general expression for heterogeneous disorders
affecting kidney function and structure. It has a progressive course that
has a significant impact on the morbidity; abnormalities in measures of
kidney structure and function are associated with increased risk for
developing complications in other organ systems including increased
mortality rates of the general population.

In recent years kidney diseases affect approximately 11% to 13% of
adult population worldwide [Hill, 2016] and it is therefore considered a
global public health problem. The only successful treatments for end
stage chronic renal disease are dialysis and organ transplantation.
However, the Italian Transplant Information System reports that 6039
individuals are on the wait-list for a kidney transplant, with only 1623
kidney transplants taking place during 2020 (26,87 %)
(https://trapianti.sanita.it/ statistiche /home.asp). The average of
waiting time for transplant is 3,4 years and the patient mortality during
waiting time is relatively high (about 1,8%) (http://www.aido.it/dati_
statistici/liste.htm). The evident shortage of transplantable kidneys has
driven researches towards bioengineering strategies for renal tissue
regeneration.

Kidney diseases can be defined and classified according to many
domains: structure, function, cause, duration, and outcomes. Generally,

when kidney failure develops rapidly, from a few hours to a few days,
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it is referred as “acute” and it is a life-threatening condition, but if
recognized and treated properly, it can be reversible.

When kidney failure develops slowly, over the course of months or
years, it is defined as “chronic”. It is an irreversible condition and the
symptoms appear only late, when the disease is already advanced. The
evolution of this condition can be slowed down but if it reaches its most
advanced stage, it makes necessary the use of dialysis or kidney
transplantation. However, a close interconnection with regard to their
etiology has been recently highlighted [Ferenbach, 2016].

Kidney disease differs from most other disorders of organ systems in
that it is often “silent”: there are few symptoms until late in the course
of disease and even then, the symptoms are often nonspecific.
Especially in chronic kidney disease (CKD) there are few kidney-
specific clinical events; the symptoms become evident only when the
damage developed is difficult to reverse.

Criteria to identify kidney failure include measures of kidney damage
(albuminuria, abnormalities in the urine sediment, imaging, or biopsy)
and function (decreased glomerular filtration rate, rising serum
creatinine level, or decreased urine output).

Identifying the cause of kidney disease is not included in the definition

of either chronic or acute kidney disease and they are often unknown.

1.3.2 Kidney dysfunction and renal stem cells

Stem cell-based therapy has been proposed as a potentially promising

strategy for kidney disease, using stem cells as a therapeutic option for
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regenerating damaged tissues and organs in an attempt to find
innovative treatments to stimulate kidney regeneration

As said before, one of the most important features of stem cells is their
capacity to divide and produce more stem cells (self-renewal potency)
or differentiated precursors, which is associated with their potential to
differentiate into different specialized cell types [Blanpain, 2014].
However, not all stem cell types have the same differentiative and
therapeutic potential.

Adult stem cells are multipotent and the main role is to maintain tissue
homeostasis throughout life by physiological cell turnover and by
replacing damaged cells when necessary [Blanpain, 2014]. In human
adult stem cells have been isolated from several different tissues
including kidney. Progenitor cells capable of replacing glomerular
cells, such as podocytes, and tubular epithelial cells have been
identified [Maeschima, 2003; Bussolati, 2005; Bussolati, 2015; Dekel,
2006; Ronconi, 2009; Angelotti, 2012]. More recently, a new
population of perivascular stromal cells has been isolated from the
human kidney (kPSCs) [Leuning, 2017].

Several different populations of adult stem/progenitor cells have been
tested to identify the most promising for stimulating the regenerative
ability of the kidney [Marcheque, 2019]. MSCs have been described as
one of the most efficient cell populations for activating the regeneration
of the damaged kidney.

However, a number of studies have highlighted the potential that
several renal precursor cell populations obtained from rodent and
human kidneys have in the therapy of renal diseases, possibly by

directly replacing injured cells [Bussolati, 2015; Lombardi, 2016;
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Pleniceanu, 2018]. Of these, human kidney-specific progenitor cells
were described as exerting a renoprotective effect in a glycerol-
induced-AKI model due to their ability to counteract apoptotic stimuli
and to directly generate novel tubular cells [Angelotti, 2012].
Moreover, KPSCs exhibited a transcriptional profile and stromal cell
markers that are similar to human bone marrow cells but also exhibited
a renal tissue-specific expression signature including HoxD10 and
HoxD11 transcription factors, which are known to be crucial for
nephrogenesis [Leuning, 2017]. Human kPSCs ameliorated kidney
injury when injected into mice with glycerol-induced acute kidney
injury without incorporating into tubular structures [Leuning, 2017].

Despite of the success of renal progenitor cell treatments in
experimental kidney diseases, their limited sources and nephrogenic

potential and their short life span limit the applicability of this approach.
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1.4 Frailty

1.4.1 What is Frailty syndrome?

Frailty is a multidimensional geriatric syndrome that can be associated
to aging. It is defined as a state of increased vulnerability resulting from
severe decline of several physiological systems, loss of homeostatic
mechanisms and functional reserves; so frail persons have a reduced
capacity to compensate for internal and external stressors. It is a
potentially reversible condition but, in most cases, it progresses towards
disability and/or leads to several negative outcomes, including falls and
fractures, hospitalizations, iatrogenic complications and mortality
[Lang, 2009]. Importantly, the risk of adverse event can occur
independently of the presence of comorbidity.

An early diagnosis of the syndrome would be crucial to prevent the
complication related to frailty, considering its possible reversibility at
the early stages [Tarazona-Santabalbina, 2016; Travers, 2019].
Weakness was the most common initial manifestation of the frailty
phenotype. However, it evidenced only moderate predictive validity for
incident frailty; the development of frailty is progressive and
multisystemic and any one specific criterion alone, especially at an
early stage in the process as in the case of weakness, may be neither
sufficient nor specific for frailty prediction. Moreover, until now no
molecular processes or biological indicators are available for the
identification of a frail phenotype.

Putative frailty molecular indicators have been searched starting from

comprehensive biomarkers of cellular ageing, inflammation and
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immunosenescence [Collerton, 2012; Mitnitski, 2015] but the complex
interactions between aging mechanisms and the studied molecules are
not yet completely clear and can be confounding. Therefore, the search
of eventual molecular indicators specific for frailty syndrome that can
allow a timely and more objective identification of frail subjects is still
ongoing.

A common feature of several clinical aspects involved in senescent
organisms is the increment of oxidative stress that is described as one
of the major cause of DNA damage accumulation, well documented in
the different tissues of aged people [Sanchez-Flores 2017]. Likely, this
accumulation can be implicated in frailty status [Dent 2016] because
DNA damage can lead to molecular and cellular alterations (genomic
instability, altered gene expression, loss of cell division potential, cell
death, organ dysfunctions) [Rattan, 2006; Sanchez-Flores, 2017] that
are a good background on which frailty can establish.

Studies show that the overall prevalence of frailty in community-
dwelling older adults aged 65 or older ranges 17%, according to the
WHO World Report on Ageing and Health [WHO, 2015]. In particular
the prevalence of frailty increases with age from 3.9% in the 65-74 age
group to 25% in the over 85 years group and was greater in women than
men (8% vs. 5%) [Fried, 2001; Graham, 2009; Santos-Eggimann,
2009].

In our aging society, identifying frailty among community-dwelling
older adults would certainly lead to stratify them according to their risk
of negative outcomes, to prompt intervention strategies and ultimately
to improve their quality of life (QoL) and outcomes [Henchoz, 2016].
The most hospitalized patients are frail or pre-frail. However, only frail
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status (vs. pre-frail status) is associated with worse physical function
and QoL, comorbidity and depression [Pandey, 2019] (Figure 4).

98% are frail or pre-frail by the Fried Criteria

Mot Frail 2%

Poor
. Functional
Frail 50% Status

Frailty can be quickly and easily identified by 4-meter
walk test and physical activity assessment (C-statistic:0.85)

Figure 4. lllustration of the impact of frailty syndrome on the functional
capacity of the subject and on the activity of daily living. Pandey, A. et
al. J Am Coll Cardiol HF. 2019; 7(12):1079-88.
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Given these premises, the identification of a frail phenotype could

certainly be cost-effective given the cascade of events that lead and

follow frailty, thus significantly improving the QoL [Marije, 2016].

1.4.2 How to identify frailty: Fried’s criteria

In literature there are several evaluation methods to identify frailty but

the most employed was described by Fried et al [Fried, 2001]. She

proposed a frail phenotype characterized by at least three of the

following five criteria:

O

O

Unintentional weight loss over the last year (>5%);

Fatigue in activity of daily living. Exhaustion was measured
using the question “In this last month, do you have less energy
to do the things of daily living you want?” which was
categorized as no exhaustion or yes exhaustion;

Reduction of the walking speed. Subjects are considered frail if
they employ more than 7 seconds to cover a distance of 4 meters
[Guralnik, 1994];

Low physical activity. It was assessed using Physical Activity
Scale for the Elderly (PASE) over a one-week period. The
PASE score combines information on leisure, household and
occupational activity [Washburn, 1999];

Reduction of muscle strength. Weakness was measured using
the dynamometer handgrip strength for three consecutive times
on dominant hand. The criterion is positive if the best value is
less than cutoff value (<27 for males and <16 for females)
[Cruz-Jentoft, 2019].
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Patients who fulfilled none of the criteria were considered non-frail,
patients were considered pre-frail if scoring in one or two criteria and
frail if scoring three or more criteria. As we can see in Figure 5 the
probability of incidence of disability was significantly higher in
participants classified as frail compared with those classified as pre frail

or non-frail [Makizako, 2015].
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Figure 5. Representation of the cumulative incidence of disability in
relation to the frail, pre-frail and robust subjects and the observation
time. Makizako H et al. Impact of physical frailty on disability in
community-dwelling older adults: a prospective cohort study. BMJ
open 2015; 5: e008462.
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Another approach is to calculate a frailty index based on clinical
assessments and pathologies established by Rockwood et al
[Rockwood, 2006]. They developed the rules-based frailty definition
and the Frailty Index, a measure of frailty obtained by counting various
clinical deficits. Afterward, they identified through Canadian Study on
Health and Aging (CSHA) numerous items including signs, symptoms,
clinical status and abnormal tests that, in their opinion, can characterize
frailty. The goal was to create tools that could stratify elderly patients
as to their relative degree of vulnerability (i.e., their risks of death and
of entry into an institutional facility) with simple clinical descriptors.
Rockwood's clinical frailty scale ranges from 1 (robust health) to 7
(complete functional dependence on others).

The methodologies of Rockwood and Fried identify frailty with
different prevalences; however, the main limitation of both these
criteria and methods is the late identification of frailty syndrome, which

is possible only after the onset of clinical manifestations.

1.4.3 Kidney dysfunction and frailty

Frailty frequently occurs in CKD patients. In fact, the prevalence of
frailty is > 60% in dialysis-dependent CKD patients, while is reported
to be 11% in older adult population [Bao, 2012; Collard, 2012]. The
phenotype of renal aging includes loss of kidney parenchymal mass,
increased renal vascular resistance, reduced plasma flow and these
characteristics are strongly increased in frail individuals [Daya, 2016].
However, the relationship between CKD and frailty is not completely
understood.
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What is known is that patients with advanced CKD often have a reduced
energy intake that contributes to sarcopenia and, subsequently, physical
frailty [Kim, 2013]. There is in fact a progressive decline in food intake
with deteriorating kidney function [Carrero, 2013].

Physical activity tends to decrease with frailty syndrome and this it is
more marked for individuals with CKD [Bowlby, 2016]. Furthermore,
physical inactivity is associated with an increased risk of mortality in
those with CKD and consequently the prevalence of frailty among
individuals with CKD has increased early mortality [Wilhelm-Leen,
2009] (Figure 6).
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5888002/#sfx134-B18

Figure 6. Relationship among frailty, chronic kidney disease and
survival rate. Emilee R. Wilhelm-Leen et al. Frailty and Chronic
Kidney Disease: The Third National Health and Nutrition Evaluation
Survey. Am J Med. 2009; 122(7): 664—71.

Moreover, inflammation is associated with frailty in many chronic
diseases [Jeffery, 2013]. In particular, the pro-inflammatory cytokines
interleukin-6 and tumor necrosis factor alpha may have a role in age-
related muscle atrophy and sarcopenia, which are key features of frailty
[Hubbard & Woodhouse, 2010] and they are increased also in patients
with CKD [Shlipak, 2003] suggesting a relationship between
inflammation and frailty specifically in patients with CKD.

In conclusion, frailty was a significant predictor of adverse health

outcomes, particularly in those with severe CKD stages.
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Aim of the thesis

Frailty is a clinical geriatric syndrome closely linked to advanced age
and a disease-related process. It is defined as a state of increased
vulnerability resulting from decline of several physiological systems,
so frail patients have a reduced capacity to compensate for external
stressors. The identification of frailty occurs through five criteria
defined by Fried, but this can be possible only after the onset of clinical
manifestations without the possibility of a precocious diagnosis.
Several studies showed that there is a close association between frailty
and CKD [Shlipak, 2004]. Of note, elderly individuals with CKD are
two to three times more likely to be frail than those with normal renal
function. However, the debate on these relationships is still ongoing
[Chowdhury, 2017].

During aging the degenerative changes in tissue-specific stem cells,
stem cell niches and function have been demonstrated to contribute to
age-related decline [Timpel, 2019]. Stem cell exhaustion is considered
as a hallmark of aging and it is directly associated with an increased
incidence of physical problems and diseases, including kidney
dysfunction. It is worthwhile to understand whether the modulation of
renal cell pool with stem-like property (RSC) has relation with frailty
status.

Our group isolated a pure population of multipotent stem-like cells by
a functional approach [Bombelli, 2013], taking advantage from the
ability of RSC to grow as nephrospheres. Investigating the expression
of renal progenitor markers described in literature (CD133 and CD24)
[Bussolati, 2005; Sagrinati, 2006], our group identified in

39



nephrospheres a homogeneous cell population PKH"9"/ CD133+/
CD24- displaying in vitro stem-cell properties [Bombelli, 2013],
capacity to repopulate human decellularized renal scaffold [Bombelli,
2018] and multipotency (as shown in chapter 2) [Bombelli, 2020].
Given these premises, we wanted to test whether in the organism of
aged and frail people there are biological conditions able to change the
RSC behavior, justifying the high prevalence of chronic kidney
dysfunction in the frail status and its severity.

Therefore, as shown in chapter 4, the aim of this 3-years project is to
study the effects of biological conditions related to frailty, such as
oxidative stress and the alteration of inflammatory mediators, on
adult RSC properties and evaluate if they are able to exhaust the
SC pool and their functions.

To achieve this main aim, the Geriatric Unit enrolled whole blood of
frail, pre-frail and non-frail subjects, and young subjects as controls.
The collected blood was separated into plasma and peripheral blood
mononuclear cell (PBMC). In addition, samples of normal kidney tissue
provided by pathologists as leftover tissue after nephrectomies in
urological patients affected by renal carcinoma were used to establish
NS cultures.

As we can see in chapter 3 DNA damage was evaluated both in PBMC
and circulating hematopoietic progenitor stem cells (cHPSC) identified
as CD34+/CD14-/CD3- by analyzing the phosphorylation of H2AX
histone at serine 139 by FACS. PBMC and cHPSC from frail seniors
showed a significant increased percentage of cells with DNA damage

compared to all the other groups.
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Also the mean fluorescence intensity (MFI) significantly increased in
cHPSCs YH2AX+ of frail subjects compared to other subjects.
Subsequently, NS cultures, obtained from nephrectomies, have been
treated with 10% plasma of enrolled frail, non-frail seniors and young
controls. We first evaluated sphere forming efficiency (SFE), to test a
possible change in RSC number and an effect on self-renewal abilities.
We then evaluated DNA damage, proliferation, apoptosis and viability
in renal stem/progenitor cells obtained after NS dissociation pre-treated
with plasma. SFE statistically decreased in old people, both frail and
non-frail seniors, compared to young controls and DNA damage
increased in NS cells treated with plasma of frail seniors compared to
those treated with the other plasmas.

Finally, we analysed the oxidative stress and the profile of 40
inflammatory cytokines on plasma of frail seniors, non-frail seniors and
healthy young. We observed an increase of oxidative stress in frail
compared to other groups and some cytokines are unique in frail seniors

and others more present in frail subjects than in other groups.
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Abstract

The mechanism upon which human kidneys undergo regeneration is
debated, though different lineage tracing mouse models have tried to
explain the cellular types and the mechanisms involved. Different
sources of human renal progenitors have been proposed, but it is
difficult to argue whether these populations have the same capacities
that have been described in mice. Using the nephrosphere model, we
isolated the quiescent population of adult human renal stem-like
PKH"9"/CD133+/CD24- cells (RSC). The aim of this paper was to
deepen the RSC in vitro multipotency capacity. RSC, not expressing
endothelial markers, generated secondary nephrospheres containing
CD31+/vWf+ cells and cytokeratin positive cells, indicating the
coexistence of endothelial and epithelial commitment. RSC cultured on
decellularized human renal scaffolds generated endothelial structures
together with the proximal and distal tubular structures. CD31+
endothelial committed progenitors sorted from nephrospheres
generated spheroids with endothelial-like sprouts in Matrigel. We also
demonstrated the double commitment toward endothelial and epithelial
lineages of single RSC. The ability of the plastic RSC population to
recapitulate the development of tubular epithelial and endothelial renal
lineages makes these cells a good tool for the creation of organoids with
translational relevance for studying the parenchymal and endothelial

cell interactions and developing new therapeutic strategies.

Keywords: human adult stem cell; kidney; endothelium; scaffold,;

nephrosphere; multipotency
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Introduction

Neonephrogenesis does not occur in the adult human kidney, but the
kidney retains some regenerative potential to replace the loss of cells
during physiological processes, in which about 70,000 cells from
different nephron segment are lost every hour and excreted with urine
[1]. Even after acute kidney injury (AKI), regeneration is present and
AKI is considered reversible as documented by the recovery of urine
production and the biomarkers of renal function [2]. Lineage tracing
studies in mice have helped clarify the mechanisms underlying the
recovery after renal injury. Humphreys and collegues [3], demonstrated
that after AKI all new epithelial cells originate from within the renal
epithelium itself, and not from extrarenal sources. Some years later,
Rinkevich and colleagues, in a “rainbow” mouse model, demonstrated
the formation of new tubular cells via clonal expansion of specific
tubular cell subpopulation in a segment-restricted manner [4]. It has
long been known that in the kidney some tubular cells can undergo
hypertrophy and some hyperplasia [5]. However, it remained to be
determined whether any differentiated tubular cell under specific
conditions is capable to give rise to dedifferentiation and clonal
proliferation of tubular cells, or if only a specific predetermined fraction
of cells (stem/progenitor cells) is endowed with this potential within the
nephron [6,7]. Lazzeri and colleagues [8] identified and characterized
the tubular cells that undergo the endocycle-mediated hypertrophy and
the small subset of Pax2+ tubular progenitor cells that have proliferative
capacity in conditional Pax8/FUCCI2aR mice. With their paper they
demonstrated in mice that the renal functional recovery upon AKI

involves both tubular cell hypertrophy via endocycle and a limited
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regeneration driven by progenitors. They also observed the presence of
endocycling cells as a dominant tubular epithelial response in human
kidney biopsies from patients with chronic kidney disease after AKI
[8]. However, the specific cell phenotype eventually responsible for
tubular regeneration in human kidneys is still debated. In fact, different
sources of multipotent renal progenitors have been described in
different portions of the nephron, mainly based on CD133 expression,
alone [9,10] or coupled with CD24 marker [11,12]. Since lineage
tracing in humans is not applicable, it is difficult to argue whether these
populations are capable of the same regenerative abilities described in
mice and whether their phenotype is fixed or inducible [13].

In this scenario, we contributed to the debate by isolating a human cell
population with stem features using the sphere-forming functional
approach [14] that it has been recently described as a good model able
to entails a genetic program that recapitulates renal development [15].
We identified the quiescent PKH26-retaining human renal stem-like
cells (PKHM9") isolated from clonal nephrospheres (NS) and
demonstrated, in 2D culture, their ability to self-renew and differentiate
into tubular and podocytic lineages as well as endothelial cells14. We
also evidenced that 70% of PKH"" cells have the
PKHhigh/CD133+/CD24- phenotype associated with stem-like
properties [14]. Recently, we showed that our NS cells are able to
repopulate tubular and endothelial structures, when cultured on
decellularized human renal scaffolds [16].

In order to better understand whether, among the NS cells, the
PKHhigh/CD133+/CD24- adult human renal stem-like cells (RSC) are

the cellular players that drive repopulation and multipotency, the aim
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of this paper was to investigate in depth the in vitro multipotency of this
cell subpopulation using different in vitro tests. In addition, aiming to
give more insight on the cellular and molecular basis of renal
regeneration, we also studied the in vitro multipotency capacity of RSC

at the single cell level.

Materials and Methods

Tissues

Normal kidney tissue was obtained from 20 patients (male 14, female
6; median age 70 years, range 38-88 years) following nephrectomy for
renal tumors. Discarded normal tissues far away from the tumor and
exceeding the diagnostic needs were collected, de-identified and
processed. The tissue was collected from the healthy region of the
kidney without any presence of cancer and judged as normal by
experienced pathologists. The procedures were approved (No 1532,
17th Nov 2011) by the institutional local Ethical Committee "Comitato
Etico Azienda Ospedaliera San Gerardo™ and patient informed consent
was obtained. All procedures were performed in accordance with the
Declaration of Helsinki, the relevant guidelines and regulations. NS
cultures were established from fresh renal tissue samples. Frozen pieces
of renal tissue, comprising cortex, medulla and papilla were stored at -
80° C until use.

Nephrosphere cultures
The preparation of suspension of single cells from renal tissue [17] and
the establishment of NS cultures [14] were performed as previously

described. Cells before NS culture were stained with PKH26 lipophilic

61



dye as described [14]. The floating NS grown in non-adherent
conditions in dishes coated with poly-Hema (Sigma Aldrich) were
collected for use after 10-12 days. NS cells were dissociated
enzymatically for 5 minutes in TrypLE Express (Life Technologies)
and then mechanically by repetitive pipette syringing to generate a

single cell suspension [14].

Immunofluorescence and FACS analysis

Cytospin for immunofluorescence (IF) staining were prepared using
cells after dissociation of NS or after sorting of specific cell
subpopulations from dissociated NS. The slides were prepared spinning
5,000 cells at 800 g for 15 minutes on Heraeus Multifuge 3S+ centrifuge
(Thermo Scientific). IF was performed as described [18] using the
rabbit anti-von Willebrand factor (vWf, DAKO; 1:2000), mouse
monoclonal anti-Cytokeratin 8.18 (CK 8.18, clone 5D3, Thermo Fisher
Scientific; 1:50) and mouse monoclonal anti-CD31 (clone JC70A,
DAKO, 1:25) primary antibodies and Alexa Fluor 488 conjugated anti-
mouse and Alexa Fluor 594 conjugated anti-rabbit 1gG secondary
antibodies (Molecular Probes Invitrogen, 1:100). IF micrographs were
obtained at 400x magnification using a Zeiss LSM710 confocal
microscope and Zen2009 software (Zeiss).

The FACS procedure was performed as described [19] on NS
preparations and trypsinised clones, and analysis was performed with a
MoFIlo Astrios cell sorter and Kaluza 2.1 software (both from Beckman
Coulter). For FACS analysis the following antibodies were used: rabbit
monoclonal anti-Cytokeratin 7 (CK7, clone EPR1619Y, Abcam; 1:20),
mouse monoclonal APCH7-conjugated anti-CD10 (clone HI10a,
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Becton Dickinson; 1:20), mouse monoclonal APC-conjugated anti-
CD31 (clone WM59, Biolegend; 1:20), mouse monoclonal FITC-
conjugated anti pan CK (clone CK3-CH5, Miltenyi Biotech, 1:10),
mouse monoclonal APC-conjugated anti-CD133 (clone AC133,
Miltenyi Biotech, 1:10), mouse monoclonal FITC-conjugated anti
CD24 (clone ML5, Biolegend, 1:20). Alexa Fluor 488 conjugated anti-
rabbit (Molecular Probes Invitrogen, 1:100) was used as secondary
antibody for Cytokeratin 7.

FACS sorting

The cell suspension obtained from PKH26 stained NS [14] was FACS
sorted with a MoFlo Astrios cell sorter on the basis of PKH
fluorescence intensity. We isolated the cellular population with the
highest PKH fluorescence (PKH"9") gated on the basis of the sphere
forming efficiency (SFE) percentage, which is described to be around
1%. PKH'"/eg cells, with intermediate or without fluorescence, were
gated as 80-90% of the total cell population [14]. Within the PKHM"
cells, we also isolated the CD133+/CD24- cell subpopulation (RSC) by
FACS sorting, described to be around 70% of PKH"9" cells [14], and
within the PKH'"""d cells we isolated the CD31+ cells (gated as about
1%) and the CD31- cells (gated as about 90%). Single cell sorting of
RSC population was performed on 96-well plates and the presence of a
single cell per well was assessed under contrast phase microscope
(Leica). An average sorting rate of 500-1000 events per second at a

sorting pressure of 25 psi with a 100um nozzle was maintained.

63



RSC cultured on decellularized extracellular matrix (ECM) kidney
scaffolds and 3D staining

Frozen human renal tissues were cut into approximately 2 mm thick
slices maintaining all kidney regions. Slices were decellularized as
described [16] and a portion of the scaffold was routinely tested for
complete decellularization by H&E staining on multiple formalin fixed,
paraffin embedded (FFPE) sections. 15,000 FACS sorted RSC were
seeded on the decellularized renal scaffold, obtained from the same
patient, and cultured with basal medium (DMEM low glucose
supplemented with 10% FBS, both from Euroclone) in 96-well poly-
Hema coated plates. Five different experiments, each representing one
individual tissue patient were performed. The cells were allowed to
attach to the ECM scaffold for 5 days while only adding the medium
without changing it, then the medium was changed every 2 days. The
cultures were stopped at 30 days, formalin fixed for at least 16 hours
and paraffin embedded for histological analysis or processed for 3D
staining as follow.

A small portion of two of the different 30-day-cultured scaffolds was
cut and fixed in formalin for 1 hour. The two scaffold samples were
incubated with Alexa Fluor 680—phalloidin (1:100 in PBS; Molecular
Probes Invitrogen) for 15 minutes and with 4',6-Diamidino-2-
Phenylindole (DAPI) (Sigma-Aldrich) for 10 minutes, then mounted
between a glass coverslip and glass slides. Immunofluorescence
micrographs were obtained at x400 magnification using the Zeiss
LSM710 confocal microscope and Zen2009 software. Z-stack function

was used to acquire sequential micrographs every 1.2 um, covering the
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entire thickness of the chosen structures and then 3D reconstruction was

assembled using the specific ImageJ software 3D plugin.

Histologic characterization

The decellularized scaffolds, on which RSC had been cultured, were
FFPE, sectioned (2 pm thick) and Hematoxylin and Eosin (H&E)
stained in order to assess the cellular repopulation and to evaluate the
morphological features. Images were acquired using the Hamamatsu
Nanozoomer S60 scanner (Nikon). The S60 scanner has two six-filters
wheels, one for excitation the other for emission filters, a three-cube
turret and is equipped with a Plan Apochromat Lambda 20x NA 0.75
objective (Nikon), a Fluorescence Imaging Module L13820 equipped
with a mercury lamp (Hamamatsu Photonics), and an ORCA-Flash 4.0
digital CMOS camera (Hamamatsu Photonics). IF staining of histologic
sections was performed as described [16]-using mouse monoclonal anti-
Agquaporin (AQP1, clone B-11, Santa Cruz, 1:50), rabbit polyclonal
anti-CD13 (Santa Cruz, 1:200), mouse monoclonal anti-N-Cadherin
(NCAD, clone 32, Beckton Dickinson, 1:50) proximal tubular markers;
rabbit monoclonal anti-Cytokeratin 7 (CK7, clone EPR1619Y, Abcam;
1:200), mouse monoclonal anti-Calbindin-D28k (CALB, clone CB-
955, Sigma Aldrich, 1:200), mouse monoclonal anti- E-Cadherin
(ECAD, clone 36, Beckton Dickinson, 1:50) distal tubular markers;
mouse monoclonal anti-Cytokeratin 8.18 (CK 8.18), epithelial marker
(clone 5D3, 1:50); von Willebrand factor (vWf), endothelial marker
(1:2000) primary antibodies, and Alexa Fluor 680 conjugated goat anti-
mouse and Alexa Fluor 594 conjugated goat anti-rabbit 1gG secondary
antibodies (1:100). DAPI dilactate 5.45 pM (Sigma) was added for
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nuclear counterstaining. The immunofluorescent images were acquired
using the S60 scanner or the Zeiss LSM710 confocal microscope and
Zen2009 software (Zeiss). In cases of sequential IF staining, the
sections were subjected to elution of the previous antibodies by
incubation in a shaking water bath at 56°C for 30 minutes in a 2% SDS,
114 mM 2-Mercaptoethanol, 60 mM Tris-HCI pH 6.8 solution [20].

In vitro single cell differentiation

The single sorted RSC were grown in different media. The epithelial
medium consisted in DMEM-F12 (Lonza) supplemented with 10%
FBS, ITS supplement (5 pg/ml Insulin, 5 pg/ml Transferrin, 5 ng/ml
sodium selenite), 36 ng/ml Hydrocortisone, 40 pg/ml Triiodothyronine
(all from Sigma Aldrich), 20 ng/ml EGF (Cell Signaling) and 50 ng/ml
HGF (Cell Signaling). The endothelial medium was composed of
endothelial cell basal medium (EBM™, Lonza) supplemented with
EGM™SingleQuots™ (Lonza), 10% Fetal Bovine Serum. FACS
analysis with the appropriate antibodies was performed on the

trypsinised cells of obtained clones.

3D culture on Matrigel and staining

96 well plates were precoated with 75ul of 10 mg/ml growth factor
reduced, Phenol-Red free Matrigel® Matrix (Corning). 10,000 cells
each of the following RSC, CD31-/PKH*""d CD31+/PKH!*"/neg ce|
subpopulations were FACS sorted after dissociation of NS and seeded
on Matrigel in the endothelial medium described above to perform
morphogenesis assay as described [21]. Contrast phase images were

obtained at 6 hours and at different time points starting at 24 hours to
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follow the growth. Matrigel plugs were subjected to 3D IF staining with
a protocol modified from Lee et al. [22]. Plugs were fixed with 4%
paraformaldehyde (Thermo Fisher scientific) at room temperature (RT)
for 10 minutes and treated with PBS glycine (100mM) (Euroclone) for
other 10 minutes and then incubated with 0.5 mg/ml of Proteinase K
(Sigma Aldrich) for 5 minutes at RT. A blocking solution composed by
IF buffer (0.5% Triton, 0.1% BSA, 0.05% Tween20 in PBS) with 10%
normal goat serum (Euroclone) was added for 1 hour and half at RT
with shaking. Incubation with rabbit monoclonal anti CK8.18 (clone
EP17/EP30, DAKO, 1:25), mouse monoclonal CD31 (clone JC70A,
1:25), mouse monoclonal E-Cadherin (clone 36, Becton Dickinson,
1:50) and rabbit polyclonal vWT primary antibodies diluted in IF buffer
was performed at RT for 2 hours and then with Alexa Fluor 488
conjugated goat anti-mouse and Alexa Fluor 594 conjugated goat anti-
rabbit 1gG secondary antibodies (1:100). IF micrographs were obtained
at 400x magnification using a Zeiss LSM710 confocal microscope and
Zen2009 software.

Statistical analysis

For FACS analysis of CD31 and CK7/CD10 expression, the chi-
squared test was used to compare the overall proportion of positive cells
among the three subpopulations PKH"9" PKH'"" and PKH"9, Pairwise
comparisons were performed again with the chi-squared test with Holm
correction for multiplicity. These tests take into account the differences
in the numbers of the analyzed events between the three cell
subpopulations examined. The chi-squared test was again used for the

FACS analysis of CD31 and pan Cytokeratin expression on the cells
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within the clones cultured in epithelial or endothelial medium to assess

the statistical differences and p < 0.01 was considered significant.

Results

Human RSC cultured on human decellularized scaffolds.

RSC (PKH"9"/CD133+/CD24- cells) were obtained by FACS sorting
from NS cultured for 10 days. PKH"9" cells represent the PKH26 most
fluorescent cells, gated as about 0.8-1% of the total NS population. This
percentage of PKH"9" cells corresponds to the usual sphere forming
efficiency (SFE) observed [14]. The RSC were gated as about 70% of
PKHMI" cells on the basis of CD133+/CD24- phenotype [14] and
represented those with higher stem-like capacity PKH"9"/CD133+
cells, while the PKHM9"/CD133- cells do not have self-renewal capacity
[14]. We seeded 15,000 sorted cells of RSC (the maximum number of
yielded cells) on decellularized scaffolds placed in poly-Hema coated
96 well plates [16]. After 5 days the cells, which could not attach to the
plastic because of Poly-Hema, were into the scaffold since no cells were
observed in the area of well not covered by the scaffold. The limited
number of cells did not repopulate completely the scaffold, however,
our aim was to investigate the differentiation abilities of RSC and their
capability to settle in specific nephron portions and not to entirely
repopulate the scaffolds. With this purpose, the small number of cells
on the scaffold had the advantage to mimic a situation close to a clonal-
like condition in which theoretically single cells could attach,
proliferate and differentiate to generate a specific structure. The 3D
staining of small scaffold portions, after 30 days of culture with RSC in

presence of a basal medium without any other additional growth factor,
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showed the presence of cells demonstrating the nontoxicity of the
decellularized matrix and the capability of the RSC to proliferate and
differentiate into the scaffolds (Figure 1a). In addition, the RSC showed
the capacity to localize at different specific portions of the scaffold, as
evidenced by haematoxylin and eosin (H&E) staining (Figure 1b). H&E
showed the presence of simple cuboidal epithelial-like cells, typical of
the renal tubular portion (Figurelb, top panels) as well as flat cells,
similar to simple squamous endothelial-like cells, located on the big
vessel basement membrane (Figure 1b, bottom panels). No cells were
visible after 30 days of culture in the control scaffold in which we did
not plate any cells (Supplementary Figure Sla).

Using the sequential immunofluorescence (IF) staining [21], which
permitted us to evaluate several markers on the same repopulated
structure, we documented that the different morphology acquired in the
scaffold by RSC cells corresponded to different renal cell phenotypes.
This capacity, already described for the whole cells present in NS [16],
is now demonstrated to be associated to the stem-like cells. The
epithelial (CK8.18), proximal (AQP1, CD13 and N-Cadherin) and
distal (CK7, Calbindin D-28k and E-Cadherin) tubular and endothelial
(vWf) markers were evaluated. RSC, after 30 days of culture on
decellularized scaffolds, mostly generated cells showing epithelial
proximal or distal tubular- or endothelial-like phenotype localized on
the tubular or vascular spaces of the scaffold respectively (Figure 1c).
In fact, the cells in tubular structures expressed the epithelial CK8.18
and proximal and distal tubular markers in a mutually exclusive way
indicating a specific lineage differentiation (Figurelc, upper and middle

panels; Supplementary Figure S3). Endothelial vWf was not detectable
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in the structures with cells expressing tubular markers (Figure 1c, upper
and middle panels). Instead, other structures had cells expressing
endothelial vWHT, lacking the expression of CK8.18 epithelial and AQP1
and CK7 tubular markers (Figure 1c, lower panels). 75% of the
structures formed by RSC presented epithelial-like phenotype and 18%
presented endothelial-like phenotype. Of note, few structures (8%)
repopulated with RSC presented cells that co-expressed markers of
different lineages, suggesting a still immature cell phenotype or a
transitional state. In fact, some of them co-expressed epithelial CK8.18,
tubular AQP1/CK7 and endothelial vWf markers (Supplementary
Figure S1b). These data show that RSC organized in structures
containing cells expressing epithelial or endothelial markers,
supporting the multipotency of these progenitors isolated from human
kidneys.

PKH'"es progenitors were cultured on decellularized scaffolds as
controls. H&E staining showed only the presence of simple cuboidal
epithelial-like cells, typical of the renal tubular portion and not of
endothelial-like cells (Supplementary Figure S2a). Sequential
immunofluorescence staining confirmed the epithelial tubular-like
phenotype. In fact, PKH'"9 cells, after 30 days of culture on
decellularized scaffolds, only generated cells showing epithelial
proximal or distal tubular-like phenotype. No vWf+ cells within the
structures has been observed. In tubular structures were present cells
expressing the epithelial CK8.18 and tubular markers, proximal AQP1
or distal CK7, in a mutually exclusive way indicating a specific lineage
differentiation (Supplementary Figure S2b) or together indicating a still
immature phenotype (Supplementary Figure S2c).
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Cell commitment toward epithelium and endothelium

The PKH"9" cells obtained dissociating NS showed the co-expression
of proximal CD10 and distal CK7 tubular markers (42.53%z=7.54
weighted mean xstandard deviation), which dramatically decreased in
PKH'% (22.34%z 2.73) and PKH"9 (7.81%+2.85) cells (Figure 2a,
upper panels), suggesting the intrinsic plasticity of these progenitors.
The co-expression of CD10 and CK7 markers was also observed in
RSC, gated as about 70% of PKH"I" cells, before seeding on
decellularized scaffold (data not shown). More surprisingly, although
the PKHM9" cells did not express the endothelial CD31 marker (0%),
their PKH'"" and PKH"9 cell progeny inside the NS expressed CD31
(0.81%= 0.14 and 2.29%=0.60 respectively), suggesting that CD31
expression increased within the spheres in relation to proliferation
assessed by PKH26 dye fluorescence decrement (Figure 2a, lower
panels). Even on cytospinned PKH"9" cells, the total negativity of vWf
and CD31 endothelial markers and the positivity of epithelial marker
CK&8.18 was documented (Figure 2b, upper panels). On the contrary,
the presence of few cells with an endothelial phenotype (VWF+ and
CD31+) was confirmed in the cytospinned PKH'""/"¢d cells (Figure 2b,
white arrow in lower panels). About 20% of the CD31+ cells in the
PKH'""%and PKH"9 cells showed a co-expression with Cytokeratin (data
not shown), indicating a transitional state of differentiation inside the
NS that we already noted in repopulated scaffold structures
(Supplementary Figure S1b). Therefore, these data suggest the
existence of a differentiation gradient within the NS starting from
immature PKH"9" cells toward different lineage commitment evidenced
in PKH'"" and PKH"9 progeny.
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To demonstrate that the RSC, about 70% of PKH"9" cells, have the
capacity to generate the CD31+ cells, we sorted CD31- RSC from NS
and plated them for ten days to form new secondary NS (Figure 3a).
FACS analysis of cells from these secondary NS revealed again that the
PKH"9" cells retained the CD31- phenotype, while only some of
PKH'"" and PKH"9 cell progeny expressed CD31 (Figure 3b), likely
due to the presence of a lineage commitment within NS. Even in
secondary NS, as in primary NS (Figure 2a), there was a gradient of
enrichment in CD31+ cells along proliferation/differentiation from the
quiescent PKHMI" cells to the proliferating PKH' and PKH"9 cells.
Furthermore, the expression of the endothelial marker vWf has been
detected by IF in some cells of secondary NS generated from the RSC
negative for endothelial markers (Figure 3c). These data support the
observation that RSC were able to give rise to endothelial cells,

suggesting an intrinsic multipotency capacity.

Morphogenesis 3D assay

The behaviour of the endothelial committed cells within the NS has
been analysed by a morphogenesis 3D assay in Matrigel using three
different cell subpopulations sorted from NS. We analysed the CD31-
RSC, the CD31-/PKH,'"V"¢ progenitors and the CD31+/PKHW/neg
progenitors committed to an endothelial lineage. At 6 hours of culture,
all our cell subpopulations started organizing as spheroids (Figure 4a).
Extending the time of culture, only the endothelial-committed
CD31+/PKH'""e3 population generated sprouts similar to capillary-
like structures [23] (Figure 4b) at different time points and in the
following days these sprouts increased over time (Figure 4c). RSC
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generated bigger and more organized spheroids than CD31-/PKH'o"/neg
cells and both without any sprouts (Figure 4b, upper and middle panels).
In addition, 3D IF staining evidenced the presence of CD31+ and vVWf+
cells in structures generated by CD31+/PKH'*""9 progenitors. We did
not observe the colocalization of CD31 and vWf endothelial markers
with CK8.18 and E-Cadherin epithelial markers (Figure 4d). CD31 was
localized in the sprout-like extensions, as indicated by the arrows
(Figure 4d, upper panels). This morphogenesis assay provided further
observations indicating that in NS the CD31- RSC can generate
endothelial committed CD31+/PKH'®""9 progenitor cells, which are

able to differentiate into an endothelial-like phenotype.

Single cell differentiation

To confirm the multipotency ability of CD31- RSC, their capacity to
differentiate into both tubular epithelial and endothelial lineages has
been assessed at single cell level in 2D culture. Starting from NS,
obtained from three different patients, one single RSC was sorted into
wells containing specific epithelial (48 wells) or endothelial (48 wells)
media. One 96-well plate for each patient sample was used, and the
single cell presence in the wells has been assessed under contrast phase
microscope (Figure 5a, left panel). We were able to obtain cell clones
(Figure 5a, right panel) from 34% (range 18.7%-62.5%) of single RSC
in epithelial medium and from 22% (range 12.5%-37.5%) of single
RSC in endothelial medium. The expression of Cytokeratin epithelial
marker and CD31 endothelial marker has been evaluated by FACS at
10 days of confluent clone culture. With both media, most of the cells

(>90%) evaluated in 16 of the obtained clones expressed Cytokeratin,
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indicating the commitment toward epithelial lineage (Figure 5b). In all
16 clones tested, a few cells expressed CD31 alone (range 0.05%-
2.83%) or together with Cytokeratin (range 0.12%-4.72%), indicating
a differentiation toward endothelial lineage or a transitional status
respectively (Figure 5b, left and middle panels). However, the mean
percentage of CD31+/CK- endothelial cells as well CD31+/CK+ cells
was significantly higher in the clones obtained in endothelial medium
(0.99%+0.76 and 2.35%=0.76, respectively, weighted mean + SD)
compared to those in epithelial medium (0.14+0.11 and 0.56+0.54,
respectively) (Figure 5¢). Extending the culture time to 23 days for two
clones grown in endothelial medium, the percentage of CD31+ cells
was much higher than 10 days (Figure 5a, right panel). With this
experiment we demonstrate that from one single CD31- RSC it was
possible to obtain clones that contain both epithelial like (CK+) and
endothelial like (CD31+) cells, as evidence of the multipotency of the
single RSC. This capacity is unique to RSC, since single PKH'"nes
progenitor cells can generate clones containing only epithelial like

(CK+) cells (Supplementary Figure S2d).

Discussion

The aim of this study was to investigate the in vitro multipotency of
human adult renal stem-like PKHM9"/CD133+/CD24- cells (RSC) using
different in vitro tests. Our data evidenced that RSC subpopulation, able
to generate NS, had the capacity to attach to tubular and vascular
segments of renal scaffolds differentiating in epithelial- and
endothelial-like lineages respectively. RSC were cultured on renal

scaffold with a medium without any growth factor or external stimuli,
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so RSC may have proliferated and differentiated responding to the
growth factors preserved in the ECM [23, 24] as well as to the basement
membrane composition [25].

RSC did not present any ability to repopulate the glomerular
endothelium and epithelium. In fact, visceral epithelium and a
differentiation towards podocytes were not present, although we
previously demonstrated that RSC were able to differentiate in vitro
into podocytes upon appropriate stimuli [14]. In our model, RSC are
seeded on the scaffold in a static system and do not integrate into the
glomerulus probably due to the physic obstacle represented by the
capillary matrix [26]. Moreover, it is described [27] that glomerular
endothelium appears important for the induction of the final maturation
of podocytes. A few structures presented cells co-expressing markers,
which are specific for these different lineages of differentiation, as a
possible evidence of a transient and immature phenotype.

In addition, RSC not expressing CD31 and vWTf endothelial markers
were able to generate NS, which contained some CD31+ filial cells.
These CD31+ cells, sorted from NS, generated in matrigel 3D spheroids
that branched in capillary-like sprouts exhibiting an endothelial-like
behaviour. In fact, spheroid sprouting is typical of endothelial cells and
it is considered a reliable 3D angiogenesis assay [28]. The fact that only
spheroids obtained from CD31+ PKH'*""d cells could generate sprouts
in a 3D assay can be an indication of their endothelial commitment.
PKH"9" cells were also enriched in cells co-expressing proximal and
distal tubular markers. This co-expression decreased in the PKH'"/neg
cells, the progeny of PKH"9" cells, while CD31+ cells increased. These

data may indicate a differentiation gradient within NS, in which
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PKH'""%ed  progeny represents the subpopulation committed to
proximal and distal tubular and endothelial phenotype. The presence of
a differentiation gradient inside the spheres was also described in
mammospheres [29]. Moreover, the capacity of a single RSC to commit
into both epithelial and endothelial lineage has been demonstrated by
an in vitro single cell differentiation assay. This commitment of single
RSC into both epithelial and endothelial lineages was surprising. In
fact, we were dealing with a single adult epithelial stem-like cell that
was not expected to differentiate into endothelial lineage. Multipotent
capacity has been demonstrated to be unique of RSC, since PKH'"ned
progenitors are neither able to generate endothelial-like structures on
the scaffolds nor to exhibit multipotency at single cell level.

The repeated appearance of this result indicates that the endothelial
commitment and differentiation of RSC, which lack not only
endothelial but also mesenchymal and hematopoietic markers (data not
shown), can be possible. There is some support for this possibility in
literature. Little and McMahon [30], reviewing the development of
mammalian kidney, assessed that vascular progenitors exist within the
metanephric mesenchyme and may actively populate newly forming
vasculature through a vasculogenic process. In addition, 3D organoids
obtained from iPSC reprogrammed into intermediate mesoderm contain
both epithelial and vascular compartments [31, 32]. Therefore, we can
speculate that also our RSC, though they are adult stem cells, can
somehow acquire multipotency and differentiate into epithelial and
endothelial lineages, even though there is no current evidence of such a
behaviour in vivo in lineage tracing mouse models [4,8]. A possible

explanation of this observed intriguing phenomenon of multipotency
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can be found in the study published by Goncalves and collegues [33].
The authors evidenced that angiomyolipoma cells derive from a
multipotent cancer stem cell that is generated by a renal epithelial cell.
Becherucci and Romagnani commented on this paper, suggesting the
possibility that in the renal epithelium there might be a differentiation
capacity that goes behind the epithelial phenotype [34]. In fact, it has
been proposed that in different conditions, specific stem cells can be
exposed to factors that are different from those of their specific tissue
niches [35]. In the same way, renal epithelial stem cells could exhibit
lineage restricted capacity when evaluated with in vivo models of
lineage tracing under their steady-state conditions, but in some different
conditions, such as in vitro culture, they could show cellular plasticity.
We can thus hypothesise that multipotency capacity is something
intrinsic but dormant in resident stem cells in the healthy human kidney,
while the NS microenvironment can establish a new niche exposing the
RSC to new and different factors able to rouse multipotency capacities.
Based on these observations, our model can be promising because it
allows us to isolate a plastic population of human renal stem-like cells
which is able to grow as NS and to recapitulate the development of
different renal lineages. In this scenario, the RSC can be a good tool for
the creation of renal organoids, and the ability of RSC to differentiate
into endothelium and epithelium may eventually have translational
relevance for studying the parenchymal and endothelial cell-cell

interactions and developing new therapeutic strategies.
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Figure Legends

Figure 1. Histological characterization of the decellularized
scaffolds repopulated with RSC (PKH"9"/CD133+/CD24- cells).
(a) Representative Z-stack 3D reconstruction of images after DAPI
(blue) and phalloidin (purple) immunofluorescence staining of the
scaffolds at 30 days after RSC seeding. Total thicknesses of the
shown structure were 31,2 um Original magnification, x400. (b-c)
Five independent experiments of human Kkidney scaffold
repopulation for 30 days with RSC in presence of basal medium
were performed. (b) Representative H&E staining of FFPE
repopulated scaffold sections. Scale bars, 100 pm. (c)
Representative sequential IF analysis of the FFPE repopulated
scaffolds with the antibodies against the indicated markers that
recognise specific tubular or vascular phenotypes. The different
antibodies combinations identify proximal tubules (top), distal
tubules (middle) and endothelium (bottom). Scale bars, 50 um. CK:
Cytokeratin; AQP: Aquaporin; vWf: von Willebrand Factor;
Blue:DAPI.

Figure 2. Immunophenotypical characterization of nephrosphere
cell subpopulations. (a) FACS analysis of NS cell subpopulations
PKH"9" PKH'"% PKH"™¢ gated on PKH26 fluorescence. PKH"9"
cells were the brightest PKH-positive cells and gated as 0.8-1% of
the total population. PKH'" cells, with intermediate fluorescence,
were gated as 15-20% of the total cell population, and the PKH"®
cells, without fluorescence, as 60—70% of the total cell population.

The antibodies against the indicated markers were used. For each
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subpopulation the overall weighted mean percentages + SD
referred to three (top) and four (bottom) independent experiments,
are reported in the dot plots. CK: Cytokeratin; FSC: Forward
scatter. Chi-squared test p<0.001. (b) IF analysis of PKHM"9"
PKH'"%ed cells sorted from dissociated NS and then cytospinned.
The indicated markers have been evaluated. Blue: DAPI. Results
are representative of at least three independent experiments.
Original magnification 400x. Scale bars, 50 um. Arrows: vWf+
(left panel) and CD31+ (right panel) cells.

Figure 3. Characterization of secondary NS generated from FACS
sorted CD31- RSC. (a) Contrast phase image of secondary NS
generated from CD31- RSC FACS sorted from primary NS. (b)
FACS analysis of CD31 expression in PKH"9" PKH™ PKH"9
cell subpopulations of secondary NS cells gated on PKH26
fluorescence. (c) IF analysis of cytospinned cells obtained from
secondary NS dissociation. Antibody against vVWTf was used. Blue:
DAPI. Original magnification 400x. Scale bar, 50 um. Arrow:

vWi+ cells.

Figure 4. Morphogenesis 3D assay. (a) Contrast phase images of
RSC (left), CD31-/PKH"™3 (middle), and CD31+/PKH!o"nes
(right) at 6 hours of culture. Scale bars, 100 um. (b) Contrast phase
images of structures obtained in Matrigel at 6-7 days of culture
from the 3 different samples #1, #2, #3 of RSC (top), CD31-
[PKH'"""ed (middle), CD31+/PKH"""ed (hottom). Scale bars, 100
pum. (c) Percentage of structures with sprouts in the three different
samples of CD31+/PKH""Me3 at different time points. (d) 3D IF
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staining of the structures obtained from CD31+/PKH"¥/ned cells
with the antibodies against the indicated markers. Two different
fields for each staining are shown. CK: Cytokeratin; ECAD: E-
Cadherin; vWTf: von Willebrand Factor; Blue: DAPI. Original
magnification 400x. Scale bars, 50 um. Arrows: CD31+ cells in the

sprout-like extensions.

Figure 5. Single cell differentiation. (a) Contrast phase images of
a representative single sorted RSC (left panel) and the
representative clone generated at day 10. Original magnification:
100X. Insert: 2X digital zoom. (b) FACS analysis of two
representative clones obtained from single RSC at ten days of
culture in epithelial (left panel) and endothelial (middle panel)
media. FACS analysis at 23 days of culture of one representative
clone in endothelial medium (right panel). The CD31 and
Cytokeratin markers were evaluated. (c) Graphic representation of
CD31+/CK- and CD31+/CK+ cell percentage within the clones
obtained after 10 days of culture in specific media. Weighted mean
+ SD is referred to four independent experiments of 10 clones
grown in epithelial medium and 6 in endothelial medium. Chi-
squared test, *p<0.01.
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Figure 2
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Figure 3

high
PKH" PKH™" PKH™®
- - .
- CD31+ e CD31+ 2o CD31+| -
: 0% 1.20% 251%| | =
- - - >
o
- 0o o <
o
- o -
CD31

Figure 4

CD31°/PKH CD31'/PKH""™

e
m#2
A#3

% of structures with

g
°3

1 23456789
Days

2
H
z
4
[
g
z
[5ed
Q
(s}
g
g
H
2
T
<
o
T
&
@
Q
o

CK8.18/CD31

vWHECAD




Figure 5
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Supplemental figure legends

Supplementary Figure S1: Histological characterization of
decellularized scaffolds repopulated with RSC. (a) Representative H&E
staining of FFPE scaffold sections after 30 days without seeding any
cells. Scale bars, 100 um. (b) Representative IF analysis of FFPE
scaffolds repopulated with RSC. The antibodies against the indicated
markers recognise cells that co-express specific tubular epithelial and
endothelial markers. Sequential immunostaining has been performed.
Scale bars, 100 um. CK: Cytokeratin; AQP: Aquaporin; vWT: von
Willebrand Factor; Blue:DAPI.

Supplementary Figure S2: Differentiation abilities of PKH!0eg
progenitor cells. (a-b-c) Five independent experiments of human
kidney scaffold repopulation for 30 days with PKH'""¢9 cells in
presence of basal medium were performed. (a) Representative H&E
staining of FFPE repopulated scaffold sections. Scale bars, 50 um. (b-
c) Representative sequential IF analysis of the FFPE repopulated
scaffolds with the antibodies against the indicated markers that
recognise specific tubular or vascular phenotypes. Scale bars, 50 pum.
CK: Cytokeratin; AQP: Aquaporin; CALB: Calbindin D-28k; VWf:
von Willebrand Factor; Blue:DAPI. (d) FACS analysis of
representative clones obtained from single PKH'©""¢9 cells at ten days
of culture in epithelial and endothelial media. The CD31 and

Cytokeratin markers were evaluated.

Supplementary Figure S3: Histological characterization of
decellularized scaffolds repopulated with RSC. Representative

sequential IF analysis of the FFPE repopulated scaffolds with the
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antibodies against the indicated markers that recognise specific
proximal (AQP1, CD13, N-Cadherin) or distal (CK7, CALB, E-
Cadherin) tubular phenotypes. CK: Cytokeratin; AQP: Aquaporin;
CALB: Calbindin D-28k.
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Supplementary Figure S2
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Abstract

Frailty is an age-related syndrome that exposes individuals to increased
vulnerability. Although it is potentially reversible in most cases leads
to negative outcomes, including mortality. The several methods
proposed identify frailty only after the onset of clinical manifestations.
An early diagnosis might give the possibility to manage better the frailty
progression. The frailty pathophysiology is still unclear although
mechanisms, linked to inflammation and immunosenescence, have
been investigated. A common feature of several clinical aspects
involved in senescent organisms is the increase of oxidative stress,
described as one of the major causes of DNA damage accumulation in
aged cells including the adult stem cell compartment. Likely, this
accumulation might be implicated in frailty status. The oxidative status
of our frail, pre-frail and non-frail population was characterized. In
addition, the DNA damage in hematopoietic cells was evidenced
analyzing the peripheral blood mononuclear cells (PBMC) and their T
lymphocyte, monocyte, circulating hematopoietic progenitor stem cell
(cHPSC) subpopulations. The phosphorylation of C-terminal of histone
H2AX at amino acid Ser 139 (y-H2AX), which occurs at the DNA
double strand break focus, was evaluated. In our frail population an
increased oxidative stress and a high level of DNA damage in cHPSC
was found. This study may have potential implications because the
increment of DNA damage in cHPSC could be suggestive of an
organism impairment preceding the evident frailty. In addition, it may
open the possibility for attenuation of frailty progression throughout
specific drugs acting on preventing DNA damage or removing damaged

cells.
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Introduction

Frailty is an age-related syndrome, which results from a decline in
physiological capacities across several organ systems and exposes the
individual to an increased vulnerability towards internal and external
stressors (1). It is a potentially reversible condition, but in most cases it
progresses towards disability and/or leads to several negative outcomes,
including falls and fractures, hospitalizations, iatrogenic complications,
and mortality (1-3). The risk of these adverse events can occur
independently of the presence of comorbidity (4). Several methods have
been proposed to assess frailty in research and clinical practice, without
clear evidence that one method is preferable to the others. Fried et al.
(4) developed the phenotype model of frailty that is one of the most
employed in clinical research. It considers frailty as a biological entity
and classifies the individuals as frail when three or more of the
following five criteria are present: unintentional weight loss,
exhaustion, slow walking speed, low physical activity and low muscle
strength. A classification of pre-frailty is also possible when only one
or two of these criteria are present. The pathophysiological mechanisms
underlying the frailty phenotype are still unclear although mechanisms,
in particular linked to inflammation and immunosenescence, have been
investigated (5, 6). However, the complex interactions during aging
between the studied molecules and these mechanisms are yet to be
defined.

A common feature of several clinical aspects involved in senescent
organisms is the increase of the oxidative stress that is described as one
of the major causes of DNA damage accumulation, well documented in

the different tissues of older people (7). Likely, this accumulation might

104



be implicated in frailty status (8) because DNA damage can lead to
molecular and cellular alterations (genomic instability, altered gene
expression, loss of cell division potential, cell death, organ
dysfunctions) (7, 9) that are a good background on which frailty can
establish.

The phosphorylation of the C-terminal of histone H2A, variant H2AX,
at the highly conserved amino acid Ser 139 (y-H2AX) is an early
response to DNA double strand breaks (DSB), y-H2AX and DSB
correlate in 1:1 manner (10). In the cells can be present transient and
persistent y-H2AX foci. In the persistent foci, DSB are not repairable
and appear to be common in senescent cells and increase in older
subjects (11-13). y-H2AX foci detection is one of the most sensitive
way to examine the DNA damage (14). In recent years the role of DNA
damage has been investigated on whole blood (15) and lymphocytes
(16), evaluating the relationship between the level of persistent y-H2AX
foci and frail status of older patients.

With our study we wanted to deepen the characterization of DNA
damage in hematopoietic cells, analyzing the peripheral blood
mononuclear cells (PBMC) and the T lymphocyte, monocyte,
circulating hematopoietic progenitor stem cell (cHPSC) subpopulations

present in PBMC of frail, pre-frail and non-frail seniors.

Materials and Methods

Study population

A group of 85 subjects (40 Frail, 13 Pre-Frail, 32 Non-Frail) aged 65
years old and above were recruited from the Geriatrics Unit, San
Gerardo Hospital ASST Monza. All of them were outpatients. The

exclusion criteria for the recruited subjects were: a) illiteracy, b)
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psychiatric disorders, c) Parkinson’s disease, d) cognitive function
impairment, e) Multiple Sclerosis, f) neurodegenerative diseases, g) hip
fracture or other severe trauma affecting mobility. The identification of
frail phenotype in all subjects occurred at recruitment and was based on
the presence of five criteria (4): 1) Shrinking, which was determined as
an unintentional weight loss of 5% or more than usual, over the last
year; 2) Self-reported exhaustion, which was measured as present or
absent by asking the individual: “In the last month, do you have less
energy to do the things of daily living you want?”’; 3) Slow walking
speed, which was defined as present if an individual took more than 7
seconds to cover a distance of 4 meters (17); 4) Low physical activity,
which was assessed using Physical Activity Scale for the Elderly
(PASE) over a one-week period. The PASE score combines
information on leisure, household and occupational activity (18); 5)
Weakness, which was measured using the dynamometer handgrip
strength for three consecutive times on dominant hand. The criterion is
positive if the best value is less than cutoff value (<27 for males and
<16 for females) (19). Participants were considered frail if they fulfilled
three or more criteria, pre-frail if scoring in one or two criteria and
robust or non-frail with no criteria scored. Forty-six young subjects,
aged between 25 and 35 years old, without functional disability, acute
pathologies in progress or abuse of drugs, alcohol, smoke and with
healthy lifestyle, were recruited among blood donors as control group.
The study was conducted according to the principles of the Declaration
of Helsinki Il and approved by the Ethics committee Brianza (Monza,
Italy) code FRA-ARSC March 22nd, 2018. The participation in the
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study was voluntary, all subjects were fully informed on the aims of the

study, the nature of participation and signed the informed consent.

Comprehensive geriatric assessment

After recruitment, all 85 older adults underwent a comprehensive
geriatric assessment (CGA) including demographics (age and sex), life
habits (smoking and alcohol consumption), and several tools to evaluate
nutritional, cognitive, functional, and somatic health status. Nutritional
status was evaluated using the Mini Nutritional Assessment-short form
(MNA-sf) (20) and cognitive status using the Mini Mental State
Examination (MMSE) (21). The functional status was assessed with the
modified Barthel Index (22), the Lawton and Brody’s Instrumental
Activity of Daily Living (IADL) (23) and the Short Physical
Performance Battery (SPPB) (17). Lastly, the somatic health status was
assessed with the Charlson Comorbidity Index (CCI) (24). The number
of drugs taken at home was determined.

PBMC collection, Cell characterization, DNA damage evaluation

Whole blood from frail, pre-frail, non-frail and young subjects was
collected into BD Vacutainer CPT Cell Preparation Tubes with sodium
heparin (Becton Dickinson, Franklin Lakes, NJ, USA). The isolation of
PBMC by Ficoll-Paque (GE Healthcare Bio-SciencesAD, Uppsola,
Sweden) density gradient separation was performed according to
manufacturer’s instructions. The PBMC isolated were suspended in
blocking solution (PBS with 5% Fetal Bovine Serum) at room
temperature (RT) for 15 minutes then treated following a protocol

modified by Beaton et al (25). Briefly, membrane cell staining was
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performed for 15 minutes at RT with the following antibodies: APC
Mouse Anti-Human CD3 (Clone UCHT1; BD Pharmingen, San Jose,
CA, USA; 1:200), T lymphocyte marker; APC-H7 Mouse anti-Human
CD14 (Clone M@P9; BD Pharmingen; 1:200), monocyte marker; PE
Mouse Anti-Human CD34 (Clone 8G12; BD Pharmingen; 1:100),
hematopoietic progenitor stem cell (HPSC) marker. The stained PBMC
were then centrifuged, suspended, fixed with 4% Methanol free
Formaldehyde (Thermo Fisher Scientific, Waltham, MA, USA) and
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO,
USA). After centrifugation, 70% cold methanol was added dropwise
while vortexing the cellular pellet, then the samples were stored at -
20°C for 24 hours. Successively, these samples were washed and
stained for 2 hours at 4°C with Anti-phospho-Histone H2AX (Ser139)
FITC conjugate (Clone JBW301; Millipore, Burlington, MA, USA,;
2.5mg/mL) to identify DNA double-strand break. The samples were
then analyzed with a MoFlo Astrios cell sorter and Kaluza 2.1 software
(both from Beckman Coulter, Miami, FL, USA). Based on the gating
strategy (Supplementary Fig 1) used on the PBMC (a minimum of 10°
events were acquired), the percentage of T lymphocytes CD3+,
monocytes CD14+ and circulating HPSC (cHPSC) CD34+/CD3-
/CD14- were evaluated as well as the respective cells positive for y-
H2AX. The mean fluorescence intensity (MFI) calculated as the median
of the fluorescence intensity values of the y-H2AX+ cells (represented
on the X axis of Figure 1 and Supplementary Figure 1) has also been
evaluated. MFI provides information on the amount of DNA damaged

foci in the cells.
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For the characterization of cHPSC on fresh whole blood, 700 ul of
peripheral blood were lysed using erythrocyte lysis buffer (Biolegend,
San Diego, CA, USA). Then the white blood cells underwent membrane
cell staining as described above using the following antibodies: APC
anti-human Lineage cocktail against CD3/CD14/CD16/ CD19/ CD20/
CD56 (Linl) (Biolegend; 1:5); APC/Fire™ 750 anti-human CD45
(Clone 2D1, Biolegend; 1:20); PE anti-human CD34 (Clone 8G12; BD
Pharmingen; 1:100). Flow cytometry analysis was performed based on
the gating strategy described in Supplementary Figure 2. A minimum

of 2 x10° events were acquired in the PBMC region.

Evaluation of oxidative stress

Oxysterols as markers of oxidative stress and 8-hydroxy-2-deoxy
Guanosine (8-OH-dG) as marker of oxidative DNA damage were
analyzed in a set of randomly chosen samples of plasma collected from
frail, pre-frail, non-frail and young individuals. 7-keto-cholesterol
(7TKC), 7p-hydroxycholesterol (7BOHC), 5a6a-epoxycholesterol,
5p,6p.epoxycholsterol,  3B,50,6p8-30H-cholesterol  (triol)  were
quantified by isotope dilution mass spectrometry (26) as cholesterol
oxidation and cholesterol autoxidation products resulting from
oxidative stress (27-29). The 8-hydroxy-2-deoxy Guanosine (8-OH-
dG) was analyzed in duplicate by enzyme-linked immunosorbent assay
(ab201734, 8-hydroxy-2-deoxy Guanosine ELISA kit, Abcam,
Cambridge, UK), according to literature (30) and manufacturer

instructions.
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Statistical analysis

Continuous variables were reported as mean + standard deviation and
as median with first quartile-third quartile. Categorical variables were
reported as absolute and relative frequencies. The comparison between
groups was performed with the Oneway ANOVA with Tukey’s test
correction and with Pairwise Multiple Comparison Procedures (Holm-
Sidak method), with Wilcoxon-Mann-Whitney test in case of non-
Gaussian distribution. When significant, the single pairs (frail, pre-frail,
non-frail and young) were also compared. Significance was for P <
0.05. Receiver operating characteristic (ROC) curve analysis were done
using one-way analysis (Wilson-Brown method) and the results were
reported as fraction. The GraphPad Prism program has been used
(GraphPad Software, Inc., La Jolla, CA, USA).

Results

Study population

Among the 85 subjects recruited, 40 were frail (Male 17, Female 23);
13 pre-frail (Male 4, Female 9), 32 non-frail (Male 21, Female 11),
these subjects underwent the CGA (Table 1) and lab analyses
(Supplementary Table 1). Forty-six young subjects (Male 17, Female
29; mean age+SD 29.9+2.9 years; median age 29.5 years) were also
recruited.

As expected, age was higher in frails and pre-frails in comparison to
non-frails. Furthermore, frail and pre-frail subjects had lower scores at
the MNA-sf, were more impaired in cognitive and functional status and
had a higher CCI score. Lastly, non-frail subjects took a lower number

of drugs if compared to both frails and pre-frails. The distribution of
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chronic diseases (most of them used to calculate the CClI score) and the
classes of drugs taken in the frail, pre-frail and non-frail groups are
described in the Supplementary Table 2.

Hematological data of study population

The hematological parameters were obtained on fresh blood of the 85
seniors and 46 youngs (Supplementary Table 1). There were no
differences in all variables considered, with two exceptions. The
hemoglobin levels of older adults were lower in frails (11.0 £ 1.6 g/dL)
than in pre-frails (12.9 £ 1.3 g/dL), non-frails (14.1 £ 1.0 g/dL) and
youngs (14.7 £ 1.3 g/dL). The lymphocytes counts were lower in frails.
In a set of randomly chosen frail (5 samples), non-frail (4 samples) and
young (5 samples) subjects, we analyzed the cHPSC (Linl-
/CD45+/CD34+) present in the gate of mononucleated cells
(Supplementary Figure 2). The results showed a percentage of cHPSC
in the range of 0.040-0.071 (Supplementary Table 1). In all 85 older
adults and 46 young (Table 2), we performed the separation of PBMC
by Ficoll-Paque sedimentation, with a yield around 40%. By FACS
analysis, using the gating strategy shown in supplementary Figure 1, we
evaluated the PBMC, T lymphocytes as CD3+ cells, monocytes as
CD14+ cells, the CD3-/CD14- cells considered B-lymphocytes for the
majority and the cHPSC as CD3-/CD14-/CD34+ cells (Table 2). In the
Ficoll-Paque isolated PBMC of the different subject groups the ratio
between the T and B lymphocytes was maintained in favor of T
lymphocytes. There was a slight reduction of monocytes in the
separated PBMC (Table 2) respect to monocytes of the fresh whole
blood (Supplementary Tab 1), probably because of their typical
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stickiness. Anyway, there were not significant differences in the
monocyte counts of the different subject groups but only a trend toward
higher counts in frail patients. The percentage of the cHPSC
CD34+/CD3-/CD14- subpopulation was around 0.073-0.099 (Table 2).
This percentage is close to the one seen in the fresh whole blood, in
which the more restricted Lin1-/CD45+/CD34+ phenotype has been
evaluated (Supplementary Table 1). In conclusion, the separation by
Ficoll-Paque maintained the reciprocal ratios among the different cell

populations in the different groups.

DNA damage in PBMC and in the respective cell subpopulations

We detected the percentage of cells positive for yH2AX foci in the frail,
pre-frail, non-frail older adults and young individuals, assessing the
DNA damage in the Ficoll-Paque isolated PBMC (Figure 1). We
evaluated by FACS the C-terminal phosphorylation of H2AX histone
at serine 139 (y-H2AX), the early event in response of DSB, using the
gating strategy shown in Supplementary Figure 1. Our data showed an
evident significant increase of cells positive for y-H2AX in the PBMC,
CHPSC and T cells of the frail patients (Figure 1). The difference
between frails and pre-frails was significant only in cHPSC and not in
PBMC and CD3+ T cells. The percentage of y-H2AX+ cells in CD14+
monocytes increased in the frail group without a statistical significance
with respect to all the other groups (Figure 1). However, this finding
was also strengthened by the non-significant differences in the amount
of monocytes in the PBMC of all studied groups, after Ficoll-Paque
sedimentation (Table 2). In monocytes the DNA damage in pre-frail

and non-frail subjects had the same level of the young individuals.
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We also evaluated the mean fluorescence intensity (MFI) (Figure 2)
assessing the amount of DNA damage foci per cell in each individual
cell population of the specific subject group. The quantification of the
MFI provided a distinct and additional parameter to the percent of DNA
damaged positive cells. In PBMC, CD3+ and CD14+ cells, we observed
higher MFI in frail subjects compared to other groups, although non
significantly different (Figure 2). Instead, the MFI significantly
increased in cHPSCs y-H2AX+ of frail subjects compared to both pre-
frail and non-frail seniors and to young individuals (Figure 2). ROC
curve analysis (Supplemental Figure 3) assessing the percentage of
DNA damaged cHPSC in our frail and non-frail subjects showed that
the area under curve (AUC) was 0.835 (95% C.I. 0.740-0.931),
suggesting a good discriminating power of the percentage of DNA
damaged cHPSC to potentially discriminate between frail and non-frail
subjects. The Youden Index that determines the optimal cut-off value
was 0.611. The comparison between frails and pre-frails gave an AUC
0f 0.780 (95% C.I. 0.640-0.920) with a Youden Index of 0.548. These
data showed that cHPSC of frails had both a higher percentage of cells
with DNA damage and an increased MFI, as indicator of the median

number of y-H2AX foci per cell, compared to the other groups.

Increment of oxidative stress in frail population

We evaluated the oxidative status in a set of plasma of our subjects to
verify whether in the frail subjects an increase of oxidative stress was
detectable. We observed significant increments of auto-oxidation of
oxysterols 7KC and 7BOHC, markers of oxidative stress (27-29) in the

frail plasma with respect to pre-frail and non-frail plasma (Fig 3A),
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together with increments of 5a,6a-epoxycholesterol, 58,6p
epoxycholsterol, 3p,5a,6p3-30H-cholesterol (triol) in plasma of frail
subjects (data not shown). These findings were suggestive for an
increased oxidative stress in frail compared to pre-frail, not frail and
young individuals.

To reinforce the hypothesis that the DNA damage found in the
hematopoietic cells had an oxidative origin we also evaluated in a
different set of plasma the 8-OH-dG, which is produced by the
oxidative damage of DNA (30). We observed a significant increase of
8-OH-dG in frail compared to pre-frail, non-frail and young subjects
(Fig 3B) as with 7KC and 7bOHC.

Discussion

The daily intake of drugs, malnutrition, together with comorbidity are
significantly represented in our frail patients and these may contribute
for the shift to a higher level of their oxidative metabolism. In fact, the
oxysterols analysis evidenced increased oxidative stress in frail
individuals. We found that the increased oxidative status and the
increased 8-OH-dG matched with DNA damage in the hematopoietic
cells of frail patients. We observed a trend of increased DNA damage
in the PBMC and in the CD34+ cHPSC and CD3+ T lymphocytes of
non-frail seniors in comparison to young controls. This finding was in
accordance with the literature (31, 32) and can be considered as an event
associated with aging. However, our work also showed a significant
percentage increment of PBMC, as well as CD34+ cHPSC and CD3+

T cells with DNA damage in frail in comparison to non-frail individuals
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and in case of cHPSC this significant increment is evident even in
comparison to pre-frails. Instead, CD14+ monocytes in the frail group
showed only a trend to the increment of DNA damage with respect to
the other older adult groups. It was similarly very interesting that the
number of DNA damage foci per cell, evidenced by the MFI, was
significantly higher in the CD34+ cHPSC of frail patients with respect
to pre-frails, non-frails and youngs. In PBMC, CD3+ T lymphocytes
and CD14+ monocytes the MFI value was higher in frail but not
significantly. It has to be noted that T lymphocytes are considered long-
lived and quiescent cells (33) and their high DNA damage level may
represent the accumulation of DNA damage foci taken place over the
lifespan. Instead, the monocytes are typically proliferating short-lived
cells (34, 35) and DNA damage foci occur in the cells that however die
precociously and likely do not have time to accumulate foci during
lifespan, except in the frail period in which the risk for DNA damage
increases. In aging, genomic instability has raised a great and persistent
interest and it is also recognized as a determinant of age-related stem
cell decline that accelerates age-related pathologies in several tissues
and organs (36, 37). It is known that genomic alterations accumulate in
human HPSC in life in a linear rate, similarly to adult stem cell of other
tissues (31). The hematopoietic stem cells CD34+ are long-lived cells
that accumulate DNA damages over life and particularly during aging
when they come out of their dormant state by cell-intrinsic mechanisms
(38) and by the shift of the basal metabolism to a higher level of
oxidative metabolism (39-40). Both, the loss of dormant status and the
increment of ROS, may have a direct consequence in the progressive

increase of y-H2AX towards frailty status. It has to be mentioned that
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in mice part of the y-H2AX foci found in aged hematopoietic stem cells
can be due to ineffective dephosphorylation rather than persistent DNA
damage, however, this situation pushes the cells to transcriptional
silencing and functional decline (41). In conclusion, in our frail
population, the clinical characteristics (age, malnutrition, drug intake)
and comorbidity (diabetes mellitus, cardiovascular diseases, kidney
diseases, obstructive pulmonary diseases) causing oxidative stress can
justify the high level of DNA damage in cHPSC. In addition, the
oxidative DNA damage likely affects several other adult stem cells and
the DNA damage, as a process interconnected with other biological
processes, may induce an amplification of dangerous effects. Therefore,
our findings suggest that in the tissues of older adults, the occurrence
of DNA damage accumulation, the DNA damage repair deficiency as
well as the cellular functional decline can limit the adult stem cell
compartment functions (42). All this may be implicated in the decline
of tissue renewal capacity, in the appearance of aging-related pathology
(43) and in a frailty more severe and progressive. Our study has
potential implications: i) the increment of DNA damage in cHPSC
might be a suggestive signal of organism impairment that precedes the
evident frailty in older people. Although the evaluation of cHPSC
CD34+/y-H2AX+ can be improved for its eventual clinical use, it is
promising that the ROC curve analysis showed the possibility to
distinguish the frails from non-frails and pre-frails by the percentage of
DNA damaged cells in the hematopoietic adult stem cell compartment.
i) if future studies will replicate or corroborate our findings, it will be
possible to hypothesize that progression of frailty may be attenuated

throughout specific drugs that act on preventing DNA damage or on
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removing the damaged cells. Indeed, drug therapies (for example,
geroprotectors, senolytic drugs and repurposed drugs) have been shown
to attenuate frailty in preclinical and/or clinical studies (44).
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Table 1. Comprehensive Geriatric Assessment of 85 older adults,

according to frail, pre-frailty or non-frail status.

Characteristics Frail Pre-frail Non-frail p p p
(n=40) (n=13) (n=32) value® | value® | value®
Age, years
mean+SD 81.9+ 795+69 | 73.8+6.7 197 <.001 .059
median (1st-3rd 6.2 81 71 .109 <.001 .004
quartile) 82 (73.5-84) (67-77)
(78-86)
Females, n (%) 23 9(69.2) 11 (34.4) 415 .090 .044
(57.5)
Smoke, n (%)
Current smoker 3(7.5) 1(7.7) 1(3.0) .872 .397 .337
Past smoker 12 (30) 5 (38.5) 7(21.9)
Alcohol, n (%)
moderate 12 (30) 5(38.5) 19 (59.4) .595 .014 175

consumption
consumption of

>1 unit (males) 2(5) - -

or >% unit (females)

History of allergies, 4 (10) 2 (15.4) 3(9.4) .616 .868 537
n (%)

Mini Nutritional

Assessment - short 11 13 14

form, median (1st- (9-12) (12-14) (13-14) <.001 | <.001 .800

3rd quartile)
Mini-Mental State

Examination, 26 27 30 .510 <.001 .002
median (1st-3rd (23-28) (26-28.5) (28-30)

quartile)

Modified Barthel 65 98 100

Index, (60-90) (90-100) (100-100) | <.001 | <.001 -
median (1st-3rd

quartile)

Instrumental

Activities of Daily 4 7 7 .010 <.001 .083
Living, median (1st- (3-5) (5-7) (6-8)

3rd quartile)
Short Physical
Performance Battery, 5 7 12 <.001 | <.001 .001
median (1st-3rd (3-6) (6.5-8.5) (10-12)
quartile)
Charlson
Comorbidity Index, 2 1 0 .006 <.001 .080
median (1st-3rd (1-4) (0-1) (0-1)
quartile)

Number of drugs,
median (1st-3rd 7 (5-9) 4(3-7) 3(1-3.5) .199 <.001 .004
quartile)

Notes. Values are expressed as mean + standard deviation, unless otherwise specified.
& comparison between pre-frail vs. frail.

b comparison between non-frail vs. frail.

¢ comparison between non-frail vs. pre-frail
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Table 2. Ficoll-Paque isolated PBMC and the respective
mononucleated cell subpopulations analyzed by FACS with the gating
strategy shown in Supplementary Figure 1. Samples obtained from 85
older adults divided according to the frail, pre-frail, non-frail status and

from a group of 46 young subjects.

Frail Pre-Frail Non-Frail Young
40 pts 13 pts 32pts 46 pts
800503+784393 942967+763245 846580.5+696317 | 1068624+766984
PBMC n*® 474416 812920 595650 807084
(205072-1168448) | (343009-1315235) | (286251-1321378) | (400997-1856148)
T cells 57.4+14.1 59.2+17.7 59.1+9.5 62.2+12.0
CD3+ % 58.6 66.2 56.6 62.6
(50-69) (49-72) (52-67) (56-70)
Cells 33.8+12.0 32.2£17.8 33.2+9.7 31.1+12.0
CD3-/ 335 24 34.7 294
CD14- % (24-40) (17-40) (25-39) (23-35)
Monocytes 7.0£4.6 5.9+£3.5 6.3+4.3 5.5+£3.5
CD14+ % 6.6 55 5 45
(4-8) (7-3) (3-7) 3-7)
cHPSC
CD3-/ 0.076+0.070 0.099+0.068 0.068+0.040 0.081+0.072
CD14- 0.062 0.092 0.05 0.07
/CD34+ % (006-0.09) (0.03-0.14) (0.04-0.09) (0.03-0.10)

Notes. Values are expressed as mean * standard deviation and median (1st-3rd quartile).
Statistical analysis was not significant among all groups.
a PBMC were analyzed with the non-parametric test Wilcoxon-Mann-Whitney.
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Figure Legends

Figure 1. DNA damage in PBMC isolated by Ficoll-Paque and in the
respective cell subpopulations: cHPSC CD34+/CD3-/CD14-, T
lymphocytes CD3+, monocytes CD14+. Representative FACS analysis
of y-H2AX dot plots of the different studied groups (40 frail, 13 pre-
frail, 32 non-frail, 46 young). Histograms represent the percentage of
cells positive for DNA damage (y-H2AX) in the different groups. SSC:

Side scatter. Data expressed as means = SEM. *p<0.05

Figure 2. Mean fluorescence intensity (MFI) of DNA damage in PBMC
isolated by Ficoll-Paque and in the respective cell subpopulations:
cHPSC CD34+/CD3-/CD14-, T Ilymphocytes CD3+, monocytes
CD14+. Histograms represent the averaged median values of MFI in
the different study groups (40 frail, 13 pre-frail, 32 non-frail, 46 young).
Data expressed as means + SEM. *p < 0.05.

Figure 3. Representation of oxidative stress evaluated in plasma: A)
Level of 7KC (left) and 7BOHC (right) in 17 frail, 9 pre-frail, 18 non-
frail, 10 young samples. B) Level of 8-OHdG in 10 frail, 9 pre-frail, 10

non-frail, 10 young samples. * p<0.01. Data expressed as means+SD.
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Supplementary Table 1. Hematological parameters of fresh blood

collected in the study groups of Table 1 according to the frail, pre-frail,

non-frail status and in a group of 46 young.

fresh blood®

Frail Pre-frail Non-frail Young value vae | vaie
;ijﬂ%'Ob'” 111416 | 129+13 | 141+10 147413 | <o | com | <oos
White blood 6919+ 6440+ 6350+ 5901+ NS NS NS
cells, n/ul ¢ 2002 2309 1213 1282
Lymphocytes
count, 1654 + 658 1898 + 696 2314 £ 508 1908+536 <002 NS NS
n/pl f (%) (24,0412.0) | (29.5+12.4) | (35.745.3) | (32.516.6)
Granulocytes %
Neutrophils 58,6£15,5 58,4+12,6 52.6£7.1 55,0+6,4 NS NS NS
Eosinophils' 3,2+2,7 3,311,1 3.1+1.2 2,9+1,6
Basophils 0,6+0,5 0,8+0,7 0,5+0,4 0,8+0,3
Monocytes % 10,2+6,5 8,3+2,1 7.8+1.6 8,819 Ns Ns Ns
cHPSC
Lin1-/CD45+
/CD34+ % 0,040+0,01 N.A 0,071+0,06 0,062+0,03 NS
on PBMC of

Notes. Values are expressed as mean + standard deviation. Significant differences

comparison with young subjects are shown when positive.

& comparison between pre-frail vs. frail.

b comparison between non-frail vs. frail.

¢ comparison between non-frail vs. prefrail

d comparison between frail vs. young. *p < 0.05

€ comparison between pre-frail vs. young. *p < 0.05

fcomparison between non-frail vs. young. *p < 0.05

in the

SData obtained in randomly chosen frail (5 samples), non-frail (4 samples), young (5 samples).

N.A., not available
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Supplementary Table 2. Description of chronic diseases and classes
of drugs in the study groups of Table 1 according to the frail, pre-frail,

non-frail status.

Frail Pre-frail | Non-frail
Chronic diseases. n (%)
Hypertension 30 (70) 10 (76.9) 19 (59.4)
Diabetes mellitus 16 (40) | 2(15.4) 131
Dyslipidemia 12(30) | 3(23.1) 12 (37.5)
Ischemic heart disease 11(27.5) | 2(15.4) 3(94)
Cerebrovascular disease 10(25) | 1(7.7) 0(0.0)
Renal insufficiency 10(25) | 2(154) 131
Heart failure 8 (20) 1(7.7) 0(0.0)
Obstructive respiratory 8(20) 1(7.7) 0(0.0)
disease
Peripheral vascular disease | 8 (20) 0(0.0) 3(9.4)
Epilepsy 3(7.5) 0(0.0) 131
Solid tumor 3(7.5) 1(7.7) 0(0.0)
Rheumatic disease 3(7.5) 2(15.4) 0(0.0)
Gastrointestinal disease 2(5) 2(15.4) 2(6.3)
Asthma 1(2.5) 0 (0.0) 2 (6.3)
Leukemia 1(25) 0(0.0) 0(0.0)
Classes of drugs. n (%0)
Antihypertensives 33(82.5) | 11(84.6) 21 (65.6)
Proton-pump inhibitors 24 (60.0) | 6(46.2) 7(21.9)
Oral antidiabetic agents 12(30) | 2(154) 131
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Statins 12(30) [ 6(46.2) 11 (34.4)
Folic acid supplements 10(25) | 1(7.7) 1(3.1)
Antiepileptic drugs 3(7.5) 0(0.0) 131
Vitamin D supplements 7(175) 1 0(0.0) 0(0.0)
Calcium supplements 5(125) | 1(7.7) 0(0.0)
Bisphosphonates 1(25) 0(0.0) 0(0.0)
Antiarrhythmics 11(27.5) | 4(30.8) 131
Oral anticoagulants 15@375) [ 1(7.7) 2(6.3)
Antiplatelet agents 19 (47.5) | 4(30.8) 5 (156)
Benzodiazepines 7(175) 1 0(0.0) 2(6.3)
Antipsychotics 6 (15) 1(7.7) 0(0.0)
Opioids 3(7.5) 0(0.0) 0(0.0)
Non steroidal anti- 0(0.0) 1(77) 0(0.0)
inflammatory drugs

Corticosteroids 6 (15) 1(7.7) 131
Drugs for the genitourinary | 8(20) 2(15.4) 3(94)
system

Antidepressants 5(12.5) | 0(0.0) 3(9.4)
Respiratory medications 7(17.5) | 2(154) 2(6.3)
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Supplemental figure legends

Supplementary Figure 1. Gating strategy of flow cytometry for the
analysis of PBMC isolated by Ficoll-Paque sedimentation and the
respective  CD31+, CD14+ and CD34+/CD3-/CD14- cell
subpopulations. y -H2AX positive cells are also indicated. CD3 indicate
the T lymphocytes, CD14 the monocytes and CD34 the cHPSCs within
CD3-/CD14- cells. y -H2AX was evaluated as a marker of DNA

damage. SSC: side scatter. FSC: forward scatter.

Supplementary Figure 2. Gating strategy of flow cytometry for the
analysis of cHPSC CD45+/Linl1-/CD34+in mononucleated cells
(PBMC) of fresh whole blood. SSC: side scatter. FSC: forward scatter.

Supplementary Figure 3. Receiver-operating characteristics (ROC)
curve. Evaluation of the comparison of percentage of DNA damaged
cHPSC of 40 frail versus 32 non-frail subjects (left) and versus 13 pre-
frail subjects (right). The area under the curve (AUC) and the 95%
confidence interval (Cl) are reported.
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Supplementary Figure 3
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Abstract

Frailty, an age-related syndrome closely associated with increased
vulnerability to physical stressors and with multiple physiological
system impairment, is common in patients with progressive decline of
renal function. The aim of this study was to evaluate whether biological
conditions related to frailty were able to modulate the renal stem cells
(RSC) behavior giving information to clarify the high prevalence of
chronic kidney dysfunction in frailty.

Nephrosphere (NS) cells, in which stem/progenitor cells are enriched,
were treated with plasma of enrolled subjects (49 frail, 38 non-frail and
46 young). Only NS cells treated with plasma of frail subjects showed
a significant decrease of self-renewal ability with significantly higher
of both intracellular reactive oxygen species (ROS) and percentage of
cells positive for DNA damage. The analysis of frail plasma, compared
to non-frail and young plasma, showed a significant increase of the
oxidative status and a characteristic inflammatory profile.

These results evidenced that the alterations found in the NS cells treated
with frail plasma were due to the action of factors present in the frail
plasma, raising the hypothesis concerning a possible role of biological
mediators related to frailty in the modulation of stem/progenitor cell
behavior.

The data obtained may shed light not only on the possible mechanisms
that correlate frailty and kidney dysfunction but also on mechanisms
that in frailty may involve overall the adult stem cell compartments.
Therefore, this data might pave the way for the development of new

therapeutic approaches to prevent or reduce frailty progression.
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Introduction

Frailty is a multidimensional geriatric syndrome that can be associated
to aging. It is defined as a state of increased vulnerability resulting from
severe decline of several physiological systems, loss of homeostatic
mechanisms and functional reserves. Frail persons have a reduced
capacity to compensate for internal and external stressors. The WHO
World Report on Ageing and Health [WHO, 2015] reported that frailty
in community-dwelling older adults aged 65 or above ranges 17% and
further increases considering the more advanced ages. The
identification of frailty occurs through five criteria defined by Fried
[Fried, 2001] based on reduced clinical and mechanical functions, so
this can be possible only after the onset of clinical manifestations
without the possibility of a precocious diagnosis.

A progressive decline of renal function is often present in frailty
[Kojima, 2017] and it is associated in particular to chronic kidney
diseases (CKD) [Shlipak, 2004]. Of note, elderly individuals with CKD
are two to three times more likely to be frail than those with normal
renal function and the prevalence of frailty is >60% in dialysis-
dependent CKD patients. They often have a reduced energy intake that
contributes to sarcopenia and a subsequent frailty [Kim, 2013],
associated to progressive deterioration of kidney function [Carrero,
2013] and increased risk of early mortality [Wilhelm-Leen, 2009] In
frail patients the risk of negative outcomes is proportional to the degrees
of kidney dysfunction [Weiss, 2011; van Munster, 2016].

In this scenario, only few studies evaluating the relationship between
frailty and its potential association with renal function are available.

During aging, mitochondrial dysfunction, the alteration of the cell-cell
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communication related to inflammatory mediators [Lopez-Otin, 2013]
and the degenerative and functional changes in tissue-specific stem
cells, and stem cell niches have been demonstrated to contribute to age-
related decline [TUmpel, 2019]. Therefore, stem cell exhaustion may be
considered as a hallmark of aging and in the context of renal aging stem
cell exhaustion could play a role, though in human it has not been
demonstrated yet.

In the current debate on frailty we want to raise the question on the
relations among renal stem/progenitor cells, kidney dysfunction and
frailty. Our study wants to evaluate the effects of biological conditions
related to frailty, such as oxidative stress and the alteration of
inflammatory mediators, on adult RSC behavior and understand
whether they can modulate the renal stem/progenitor cell pool and their
function. The data obtained may eventually open the way to novel
methods for recognizing frailty syndrome and promoting future novel

therapeutic approaches.

Materials and Methods

Study population

A group of 87 subjects (49 Frail and 38 Non-Frail) aged > 65 years old
were recruited from the Geriatrics Unit, San Gerardo Hospital ASST
Monza. The exclusion criteria for the recruited subjects were a)
illiteracy, b) psychiatric disorders, c) Parkinson’s disease, d) cognitive
function impairment, e) Multiple Sclerosis, f) neurodegenerative
diseases, g) hip fracture or other severe trauma affecting mobility. The
identification of frail phenotype in all 87 subjects was based on the five

operative criteria discriminated by Fried et al. [Fried, 2001]: 1)
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Unintentional weight loss over the last year (>5%); 2) Fatigue in
activity of daily living that was measured using the question “In this
last month, do you have less energy to do the things of daily living you
want?”. This parameter was categorized as no exhaustion or yes
exhaustion; 3) Reduction of the walking speed. Subjects are considered
frail if they employ more than 7 seconds to cover a distance of 4 meters
[Guralnik, 1994]; 4) Low physical activity. It was assessed using
Physical Activity Scale for the Elderly (PASE) over one-week period.
The PASE score combines information on leisure, household and
occupational activity [Washburn, 1999]; 5) Reduction of muscle
strength. Weakness was measured using the dynamometer handgrip
strength for three consecutive times on dominant hand. The criterion is
positive if the best value is less than cutoff value (<27 for males and
<16 for females) [Cruz-Jentoft, 2019].

Regarding the frail phenotype, participants were considered frail if they
fulfilled three or more criteria and non-frail with zero criteria scored.
Forty-six young subjects, aged between 25 and 35 years old, without
functional disability, acute pathologies in progress or abuse of drugs,
alcohol, smoke and with healthy life style, were recruited as control
group.

The study was conducted according to the principles of the Declaration
of Helsinki Il and approved by the Ethics committee Brianza (Monza,
Italy) code FRA-ARSC march 22", 2018. The sensitive information
was anonymously available to the researchers. The participation in the
study was voluntary, all subjects were fully informed on the aims of the
study and nature of participation. Each participating subject signed the

informed consent forms.

142



After recruitment, patients underwent a comprehensive geriatric
assessment (CGA) including demographics (age and sex), life habits
(smoking and alcohol consumption), and several tools to evaluate
nutritional, cognitive, functional, and somatic health status. Nutritional
status was evaluated using the Mini Nutritional Assessment-short form
(MNA-sf) [Kaiser, 2009] and cognitive status using the Mini Mental
State Examination (MMSE) [Folstein, 1975]. The functional status was
assessed with the modified Barthel Index [Mahoney 1965], the Lawton
and Brody’s Instrumental Activity of Daily Living (IADL) [Lawton
1969] and the Short Physical Performance Battery (SPPB) [Guralnik,
1994]. Lastly, the somatic health status was assessed with the Charlson
Comorbidity Index (CCI) [Charlson, 1987] and by determining the

number of drugs taken at home (Table 1).

Plasma collection

Whole blood from frail, non-frail and young subjects was collected into
BD Vacutainer CPT Cell Preparation Tubes with sodium heparin
(Becton Dickinson, Franklin Lakes, NJ, USA). The plasma was
separated by centrifugation at 1500 x g for 15 minutes using a Thermo
Scientific SL 16R Centrifuge (Thermo Scientific, Waltham, MA,

USA). Samples were then aliquoted and stored at -80 °C until analyses.

Tissues

Normal kidney tissue was obtained from 12 neoplastic patients (5
males, 7 females; median age 68 years; age range between 49-82 years)
after nephrectomy for renal cell carcinoma (RCC). Normal kidney

tissues were taken from the opposite side of the tumor and collected
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only after exceeding the diagnostic needs. The procedures were
approved (code FRA-ARSC march 22", 2018) by the institutional local
Ethical Committee “Comitato Etico Azienda Ospedaliera San Gerardo”
and patient informed consent was obtained. All procedures were
performed in accordance with the Declaration of Helsinki, the relevant
guidelines and regulations. Patients were anonymized. Nephrosphere
(NS) cultures were established from fresh renal tissue samples.

Nephrosphere cultures

The renal single-cell suspension obtained after enzymatic and
mechanical dissociation of the 12 different renal tissues and 24- to 48-
hours adhesion step [Bianchi, 2010] were cultured as NS as described
in Bombelli et al [Bombelli, 2013]. NS cultures grew as low cell density
(10.000 cells/mL) in non-adherent conditions in dishes coated with
poly-Hema (Sigma-Aldrich, St.Louis, MO, USA). To evaluate the
effect of plasma on NS cell behavior, 10% of plasma from the recruited
subjects was added to the culture medium. Floating NS were collected,
after 10-12 days, and dissociated enzymatically for 5 min with TrypLE
Express (Life Technologies,Waltham, MA, USA) first, and then
mechanically by repetitive pipette syringing to generate a single cell

suspension for further experiments [Bombelli, 2013].

Immunofluorescence

Immunofluorescence staining of cells obtained after dissociation of
floating NS cells was performed on a cytospinned preparation. The
slides were prepared spinning 20,000 cells at 800 x g for 15 minutes on
Heraeus Multifuge 3S+ Centrifuge (Thermo Scientific, Waltham, MA,
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USA), cytospinned cells were fixed in freshly buffered 4%
paraformaldehyde for 20 minutes. After blocking with phosphate-
buffered saline (PBS) containing 0.1% bovine serum albumin (Sigma-
Aldrich), 0.3% Triton X-100 (Sigma-Aldrich) and 0.1% Saponin
(Sigma-Aldrich, St.Louis, MO, USA), cells were incubated overnight
at 4°C with Anti-phospho-Histone H2A.X (Ser139) (Clone JBW301,
Millipore, Burlington, MA, USA; 1:100) primary antibody. After
rinsing in phosphate-buffered saline (PBS), cells were incubated for one
hour at room temperature (RT) with Alexa Fluor 488 conjugated anti-
rabbit 1gG secondary antibody (Molecular Probes Invitrogen, Waltham,
MA; 1:100).

The slides were mounted with ProLong Gold Antifade with DAPI
(Molecular Probes Invitrogen) for nuclear counterstain. Micrographs
were taken using a Zeiss LSM710 confocal microscope equipped with
Zen software version 2009 (Zeiss, Oberkochen, Germany). Percentages
of labeled cells over the total nuclei (n = 10 different fields for each
sample; three independent cultures), number of foci per nucleus and
fluorescence intensity of foci per nucleus were evaluated. Data are
reported as the average of three independent experiments * the standard
error of the mean (SEM). Number and fluorescence intensity of foci per
nucleus were performed with using Count Nuclear Foci Plugin-ImageJ
software version 1.53c (National Institutes of Heath, NIH, Bethesda,

MD; http://imagej.nih.gov/ij).
Flow cytometry analysis

Cells obtained after NS dissociation were stained with FITC Annexin

V Apoptosis Detection Kit with Propidium lodide (PI) (Biolegend, San
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Diego, CA, USA) or subjected to phospho-Histone H2AX (Ser139)
staining. For the latter, cells were resuspended in PBS with 5% FBS for
15 minutes at RT and then suspended and fixed with 4% Methanol free
Formaldehyde (Thermo Fisher Scientific, Waltham, MA, USA) and
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO,
USA). After centrifugation, 70% cold methanol was added dropwise
while vortexing the cellular pellet, then the samples were stored at -
20°C for 24 hours. Successively, these samples were washed and
stained at 4°C with FITC-conjugated anti-phospho-Histone H2AX
(Ser139) (Clone JBW301; Millipore, Burlington, MA, USA;
2.5mg/mL) for 2 hours and with eFluor 660-conjugated anti-Human Ki-
67 (Clone 20Raj1; Invitrogen, Waltham, MA; 1:200) for 30 minutes.
The samples were then immediately analyzed with a MoFlo Astrios cell
sorter equipped with Summit 6.3 software and data analyzed with
Kaluza 2.1 software (Beckman Coulter, Miami, FL, USA).

Reactive oxygen species assay

Dissociated NS cells were resuspended in 300pL of warm stem cell
medium [Bombelli, 2013] added with 10 uM 2°,7’-dichlorofluorescin
diacetate (DCFH-DA; Sigma-Aldrich, St. Louis, MO, USA) and
incubated al 37°C for 30 minutes. Successively, sample was washed
with 300uL of cold PBS. After centrifugation, 300uL of cold PBS was
added, then the samples were acquired with a MoFlo Astrios cell sorter
equipped with Summit 6.3 software at excitation and emission
wavelengths of 485 and 528 nm, respectively and data were analyzed
with Kaluza 2.1 software (Beckman Coulter, Miami, FL, USA).
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Evaluation of oxidative stress in plasma samples

Oxysterols were analyzed in a set of randomly chosen samples as
markers of oxidative stress. The 8-hydroxy-2-deoxy Guanosine (8-
OHdG) was quantified as a marker of oxidative DNA damage.
Oxysterols were analyzed by isotope dilution mass spectrometry in
serum collected from frail, non-frail and young individuals. 7p-
hydroxycholesterol (7BOHC), 7-keto-cholesterol (7KC), 5a60-
epoxycholesterol (5a6aEC), 5p,6B-epoxycholsterol (58,6BEC) and
3pB,5a,6B-30H-cholesterol  (triol) (3pB,50,6p-30HC), marker of
cholesterol oxidation as results of oxidative stress and cholesterol
autoxidation [Brown and Jessup, 1996; Kulig, 2016], lathosterol and
lanosterol, marker of cholesterol synthesis, and 27-hydroxycholesterol
(27-OHC) and 24S-hydroxycholesterol (24-OHC), marker of
mitochondrial homeostasis, were quantified by isotope dilution mass
spectrometry [Marcello, 2020].

The 8-hydroxy-2-deoxy Guanosine (8-OH-dG) was analyzed in
duplicate by enzyme-linked immunosorbent assay (ab201734, 8-
hydroxy-2-deoxy Guanosine ELISA kit, Abcam, Cambridge, UK),
according to manufacturer instructions, in plasma collected from frail,

non-frail and healthy young [Diaz-De la Cruz, 2020].

Cytokines

The concentration (pg/mL) of 40 cytokines (MCP-1, MIP-1a, MIP-
1B, CCL7, Eotaxin, MDC, CD40, CD40 Ligand, CX3CL1, KC, IP-
10, EGF, Flt-3Ligand, G-CSF, GM-CSF, IFN-J, IL-1a, IL-1B, IL-2,
IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 p70, IL-13, IL-
15, IL-17, TNF-B, PDGFAA, TGF-a , TNF-a,VEGF, RANTES,
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PDGF-BB, CXCL9, CXCL12) was evaluated in the plasma of
recruited subjects using Human Magnetic Luminex Screening Assay
(Service by Labospace s.r.l). All samples were tested in duplicate.

Statistical analysis

Statistical analysis was performed with Oneway ANOVA (with
Tukey’s test correction). An alpha of 0.05 was used as the cut off for
statistical significance. Receiver operating characteristic (ROC) curve
analysis were done using one-way analysis (Wilson-Brown method)
and the results were reported as fraction. The GraphPad Prism program
has been used (GraphPad Software, Inc., La Jolla, CA, USA).

Results

Study population

87 subjects, 49 frail (Male 21, Female 28; average age 83.7+6.2 years),
38 non-frail (Male 24, Female 14; average age 74.5+8.2), were
recruited based on the phenotype criteria of Fried et al [Fried 2001].
Forty-six young subjects (M 17, F 29; age 29.9+2.9), without functional
disability or acute pathologies in progress were recruited as control
group. Age was found to be significantly different among aged groups
(p=0.001), increasing in frail subjects, confirming the expected age-
dependence of frailty syndrome. Female gender was prevalent in frail
group, but the opposite occurred in the non-frail group.

For subjects a multi-domain clinical evaluation has been collected. An
increase of frailty was correlated to smoking or former smoking
subjects. The number of alcohol consumer was statistically higher in
non-frail group compared with frail subjects. Other variables related to
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multidimensional geriatric assessment were evaluated. There were
significantly differences in the frail group respect to non-frail, in
particular: Barthel Index, IADL autonomy, Short Physical Performance
Battery (SPPB), Mini Nutritional Assessment (MNA), Mini Mental
State Evaluation (MMSE), Polypharmacy, Physical Activity Scale for
the Elderly, PASE. It is of note the Charlson Comorbidity Index, as a
weighted index to predict risk of death within one year of
hospitalization for patients with specific comorbid conditions that
resulted significantly different among groups; CCI > 2 was present in
frail only (Table 1). These data confirmed the correlation between
frailty and comorbidity, highlighted by Rockwood [Rockwood, 2006].
Drug assumption was found to be common in frail patients probably
due to comorbidity. The average of the classes of drugs in non-frail
group is three time lower than in frail ones (2.3 £ 1.6 non-frail vs 7 +
2.7 frail; p< 0.001) (Table 1). The comorbidity and multi-drug intake
can account for the increase of oxidative stress, as said below,

particularly in frail patients.

Effect of collected plasma on RSC behavior

To evaluate the effects of plasma obtained from the enrolled patients
we treated RSC grown as NS from 12 normal renal tissues obtained
from 12 different RCC patients with 10% plasma sample of 49 subjects
(17 frail, 16 non-frail and 16 young controls). Each plasma was used to
treat three different renal NS cultures (Table 2).

Ten days after treatment, we first characterized RSC self-renewal
capacity by analyzing sphere forming efficiency (SFE), which is the

number of obtained nephrospheres divided by the number of plated
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renal cells, expressed as a percentage. Confocal microscopy images and
the SFE graph (Figurel A, B) showed that there were not SFE
differences in the renal cells treated with plasma of young respect to
untreated controls, while the cells treated with frail plasma had a
significant SFE decrement respect to the cells treated with young
plasma or untreated. The non-frail-treated cells had a significant SFE
decrement intermediate between that of cells treated with frail or young
plasma. The proliferation of NS cells treated with plasma of the
different groups was analyzed by FACS evaluating the Ki76+ cells. No
differences in the differently treated cells were observed (Figure 1 C).
Even Annexin V/PI staining showed no differences in cell viability,
early and late apoptosis and necrosis among the different plasma-
treated or untreated NS cells (Figurel D).

These data indicated that the decrease of self-renewal ability in cell
treated with plasma of frail patients is not correlated to cell death or

proliferation.

Frail plasma increases DNA damage in NS cells

Several studies have shown that the phosphorylation of histone H2AX
at Serine 139 (y-H2AX) is the earliest and abundant indicator of DNA
double-strand breaks (DSB). We detect y-H2AX both by
immunofluorescence staining and flow cytometric analysis in
dissociated NS cells after treatment with plasma of 17 frail, 16 non-
frail, 16 young subjects.

By confocal microscopy analysis, we observed a statistically higher
percentage of y-H2AX positive NS cells in NS treated with plasma of
frail patients compared to the other groups (Figure 2 A, B). We then
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investigated the number of y-H2AX foci per nucleus, corresponding to
the number of DSB. In the nuclei of dissociated NS cells treated with
plasma of frail subjects there was a statistically higher number of foci
(Figure 2C). In nuclei of NS cells treated with plasma of non-frail,
young and untreated the number of foci was considerably lower and
similar to each other (Figure 2 C). Of note, the y-H2AX fluorescence
intensity per nucleus was also statistically increased after treatment
with frail plasma compared to the other groups (Figure 2 D).

We also detected by FACS analysis the percentage of cells positive for
y-H2AX foci in dissociated NS cells and, consistently with confocal
microscopy data, we observed a statistically higher percentage of NS
cells with DNA damage in those treated with plasma of frail subjects
compared to the other groups (Figure 2 E).

These data suggested that in NS cells there were an increase of DNA
damage in response to eventual factors present in the plasma of frail
patients.

Effect of frail plasma on ROS formation in NS cells.

Among the possible factors implicated in DNA damage we considered
the oxidative stress. The fluorescent cell-permeable indicator 2°,7-
dichlorofluorescin diacetate (DCFH-DA) was used for detecting
intracellular ROS. DCFH-DA is deacetylated by cellular esterases to a
non-fluorescent compound, which is later oxidized by ROS into
fluorescent 2’°,7°-dichlorofluorescein (DCF). The intensity of the
generated fluorescent signal correlates with the intracellular level of

ROS. We investigated in five NS cell cultures whether intracellular
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ROS content changed when treated with a set of different plasma of
enrolled subjects (6 frail, 5 non-frail and 5 young).

By cytofluorimetric analysis we detected an increased DCF
fluorescence intensity in cells treated with plasma of frail patients
compared with cells treated with plasma of non-frail and young, and
untreated. The phenomenon, though not significant, is documented in
cells treated by frail plasma by the fluorescent peak that shifted respect
to the peaks of cells treated with the other plasma (Figure 3).

These results support the hypothesis that frail plasma induces an
accumulation of intracellular ROS. Since this accumulation is a
characteristic response to environmental stimuli, the data obtained gave
a strong indication to evaluate the components of plasma of our

subjects.

Evaluation of ROS in plasma samples

We evaluated the oxidative status of our enrolled subjects analyzing a
set of their plasma.

We observed significant increments of auto-oxidation oxysterols, 7-
keto-cholesterol and 7B-hydroxycholesterol in the frail plasma with
respect to non-frail, together with Sa6a-epoxycholesterol, 5B.6
epoxycholsterol and 3B.50.6p-30H-cholesterol (triol) in plasma of frail
subjects (Figure 4 A), which were suggestive for an increased oxidative
stress in frail compared to non-frail individuals.

In support, we observed a decrease both in the quantification of sterol
precursors (lathosterol and lanosterol), markers of colesterol synthesis,

and in the enzymatic product of cholesterol oxidation (27-
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hydroxycholesterol and 24S-hydroxycholesterol) in plasma of frail
patients compared to other groups (Figure 4 A).

To support these data, in a different set of plasma, we also evaluated 8-
hydroxy-2-deoxy Guanosine, in which is produced by the oxidative
damage of DNA by reactive oxygen species and serves as an additional
marker of oxidative stress. We observed a significant increase of 8-
OHdG in frail subjects compared with non-frail subjects (Figure 4 B).
DNA damage and reduced ability to self-renewal found in NS cells
treated with plasma of frail subjects could be correlated with the
increased oxidative stress in frailty. To support this hypothesis, we
treated dissociated NS cells with different concentrations of hydrogen
peroxide (H202) (0.1mM, 0.5mM and 1mM of H202) and we observed
a statistically decrease of SFE (Supplementary figure 1 A) and
simultaneously a higher amount of DNA damage increasing Hz202

concentration (Supplementary figure 1 B).

Cytokines evaluation on human plasma samples

Even the alteration of inflammatory mediators could play a role on the
NS cells behavior. We thus evaluated 40 inflammatory cytokine levels
in the human plasma samples of frail, non-frail and young enrolled
subjects (Table 3). In this panel of cytokines, we paid attention to the
ones more expressed in aged subjects, especially in frail patients. About
interleukins, IL-10, IL-6 and IL-8 were significantly higher in frail
group than in non-frail and young groups. Similarly, there was a
significant increase of CX3CL1, CD40 and CXCL9 in frail subjects
compared to the others (Figure 5 A).
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Interestingly, some cytokines were only expressed in frail patients, such
as TNF-B, IL- 1B, IL-2, IL-15 and IL-17 (Figure 5 B). IL-10 and TNF-
a were expressed in elderly subjects, both frail and non-frail, but not in
young controls. Most of the cytokines studied showed a trend of
expression that increased in frail group and decreased both in non-frail
and young groups, though not significantly, or only in young subjects
(CXCL10, FLT3 LIGAND, GM-CSF, TGF-a, CCL3, IL-4, IL-7, IL-
12p70, VEGF, CCL2, CCL22, CXCL1 and CXCL12) (Supplementary
figure 2 A). Some cytokines are more abundant, though not significant,
in the plasma of non-frail (IL-9, CCL11, CCL4, IL-13 and IFN-})
(Supplementary figure 2 B) and young (IL-5, RANTES, PDGF-BB,
PDGF-AA, EGF and CD40 LIGAND) groups (Supplementary figure 2
C).

The ROC curve was performed to evaluate how well the statistically
higher inflammatory cytokines can discriminate frail from non-frail
plasma. Thus, ROC curve analysis assessing the concentration of
CX3CL1, CD40,IL-1a, IL-6, IL-8 and CXCL9 in our non-frail and frail
subjects.

The values of the area under the ROC curve (AUC) for all the cytokines
evaluated was summarized in Figure 6.

The AUC includedbetween 0.7 and 0.9 (Figure 6) indicating a good
discriminating power of the concentration of cytokines to potentially
discriminate between frail and non-frail plasma using the standard 95%
confidence interval criteria.

These results suggest that cytokines present exclusively in the plasma
of frail patients could play a role in the alteration of stem characteristics

of NS cells.
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Indeed, our preliminary analysis showed that the 6 cytokines
significantly more abundant in frail plasma and the 5 cytokines present
exclusively correlated with the highest oxidative status in the plasma
and with a significant increase of DNA damage and a decrease of SFE

in NS cells treated with the same frail plasma.

Discussion

Frailty syndrome is a state of increased vulnerability, closely linked to
advanced age and simultaneously a controversial aspect of aging, given
its ability to be reversible at the early stage [Tarazona-Santabalbina,
2016; Travers, 2019]. As reported in literature, our population of frail
subjects showed a higher prevalence of comorbidity, documented by
the higher CCI, high multi-drug intake, an increment of frailty with age
and in females.

In our population, we tested whether in the organism of aged and frail
people there were biological conditions able to change the renal
stem/progenitor cells (RSC) behavior that could explain the frequent
kidney dysfunction in the frail status. The SFE, which evaluates the
self-renewal ability of cells that give rise to NS, was reduced after the
treatment of NS cells with plasma of our frail patients, without
modification of their cell viability and proliferation.

This suggested that the decrement of self-renewal ability, in NS cells
treated with frail plasma, was an important response to environmental
stimuli. This hypothesis was supported by the high level of the
oxidative status found in the plasma of frail patients, documented by
the oxysterol analysis, which suggested that cholesterol homeostasis

was disturbed in frail patients following an increase in ROS. In addition,
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the significant increase of 8-OHdG, marker of oxidative DNA damage,
in frail plasma suggested that the eventual DNA damage in frail subjects
may have an oxidative origin as we previously evidenced in circulating
hematopoietic stem cells (Chapter 3, submitted manuscript).
Therefore, we can argue that the DNA damage and the decrement of
SFE found in NS cells treated with plasma of frail subjects could be
correlated with the increased oxidative activity of frail plasma.

Likely, this DNA damage may provoke an impairment of RSC
functions, as it is often hypothesized in literature for the DNA damaged
cells of others stem cell compartments [Behrens, 2014]. The reduction
of self-renewal seen in NS cells treated by frail plasma may be a
confirmation of this. The treatment of NS with H202 confirmed the
correlation between oxidative stress, the increment of DNA damage and
the reduction of SFE. In addition, we also observed an increment of
intracellular ROS in NS cells treated with frail plasma. All these data
let us suppose that the main alterations found in the NS cells treated
with frail plasma (SFE reduction and DNA damage increment) were
due to the action of factors present in the frail plasma, which had the
characteristics of a high oxidative status. Interestingly, these factors
were also able to increment the intracellular ROS.

Our analysis of inflammatory mediators in plasma of frail patients
compared to others evidenced a peculiar cytokine profile in frail
patients, in which 6 cytokines are significantly higher (IL-6, IL-8,
IL-1a, IL-15, CD40, TNFp and CX3CL1) and 5 are exclusively present
(TNF-B, IL- 1B, IL-2, IL-15 and IL-17) in frails.

Preliminary analysis showed that the plasma of frail subjects with the

highest levels of oxidative stress also had the cytokine profile in which
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some of the 11 cytokines, mentioned above, were present. These frail
plasmas were those also able to induce the highest increase of DNA
damage and the significant decrease of SFE in the treated NS cells. Of
note, the same frail subjects from which the plasma was collected also
showed a significant increase of DNA damage in their circulating
hematopoietic progenitor stem cells (cHPSC) [Grasselli et al.
Submitted, Chapter 3].

The literature data report that the cytokines IL-6, TNF-B, IL- 1B,
CX3CLI1, IL-17 interacting with the respective receptors on different
cell types are able to elicit the intracellular ROS formation [Lo, 1998;
Hwang, 2004; Forcina, 2019; Dhillon, 2012; Liu, 2015; Park, 2012]. At
least one or a combination of these cytokines were present in our frail
plasma with the higher capacity to induce DNA damage in NS cells.
This is an important aspect because it shows that the same biological
situation related to frailty, the oxidative status and the intracellular ROS
production, might affect every cell type including the stem cell
compartment, determining DNA damage and an overall impairment in
several tissues and organs.

In conclusion, we evidenced that there is a combination of oxidative
stress and pro-inflammatory cytokines in plasma of frail patients that
contribute to an increase of intracellular ROS and DNA damage,
inducing the alteration of stem characteristics of NS cells.

This research, showing on allogenic renal stem/progenitor cells the
capacity of frail plasma to damage DNA, which correlate with findings
obtained on homologous cHSPC of the frail plasma donors (see Chapter

3), supported the hypothesis that in frail patients different
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stem/progenitor cell compartments may be affected and induced to
exhaustion.

This study can also pave the way to better understand how the organ
homeostasis, in particular kidney, can be controlled acting on oxidative
stress and inflammatory profile or removing damaged cells, allowing
the attenuation of frailty progression with the development of new drug

therapies.
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Table 1. Comprehensive Geriatric Assessment of 87 subjects,
according to the operational definition of frailty [Fried et al].

Characteristics

Frail

Non-frail | p-value
(n=49) (n=38)

Age. Years 83.7£6.2 | 745+82 | <.001
Females. n (%) 28 (57.1) | 14 (36.8) .090
Smoke. n (%)

Current smoker 3(6.1) 1(2.6) .397
Past smoker 12 (24.5) | 7(18.4)
Alcohol. n (%)
Moderate consumption | 12 (24.5) 19 (50) .014
Consumption of >1 unit
(males) or >% unit 2(4.1) -
(females)
History of allergies. n 4(8.2) 3(7.9) .868
(%)
Mini nutritional
assessment - short form. | 11 (22.4) 14 (1) <.001
Median (IQR)
Mini-Mental State
Examination. median | 26 (53.1) 30 (2) <.001

(IQR)
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Modified Barthel Index. | 65 (30) 100 (0) <.001
Median (IQR)

Instrumental Activities

of Daily Living. Median 4 (2) 7(2) <.001
(IQR)
Short Physical
Performance Battery. 5@3) 12 (2) <.001
Median (IQR)
Number of drugs. 74 3(2.5) <.001
median (IQR)
Charlson Comorbidity 2(3) 0(1) <.001

Index. median (IQR)

Average of drug intake 7T+27 23%+16 <.001

Values are expressed as mean + standard deviation unless otherwise
specified. IQR = interquartile range.

p-value: comparison between frail vs. non-frail.
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Table 2. Different normal renal tissue cultures treated with plasma of

frail and non-frail subjects and young controls.

Number of plasma samples tested on
NS Tissue Sex Age NS cultures
culture
Frail Non-Frail Young
C298 M 73
C299 F 66 5 3 4
C300 F 50
C302 M 71
C305 F 78 4 5 5
C306 F 69
C308 M 76
C309 F 82 5 5 5
C299 F 66
C311 M 49
C312 M 74 3 3 2
C288 F 63
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Table 3. Baseline inflammatory biomarker profile.

Inflammatory | Frail Non-frail | Young p- p- p-
Biomarkers | (n=38) | (n=37) (n=37) |value? | value® | value®
(pg/mL)
RANTES 19627+ | 30606+ | 46648.1% ns <.005 ns
2683.5 3017.5 9933.6
PDGF-BB 1997.6+ 2318+ 2915.66+ ns ns ns
286.5 266.8 546.6
CCL11 646.4+ 773.1% 448+ ns ns <.005
89.9 82.8 51.5
CCL22 589.8+ 536+ 545.1+ ns ns ns
114.7 42.1 345
CX3CL1 1718.8+ | 989.2+ 12252+ | <.001 | <.005 ns
220,4 100.1 211.6
CXCL1 210.28+ 108.7+ 165.9+ ns ns ns
78,8 7.2 51.3
CXCL10 150.2+ 117.3+ 56.6+ ns <.001 | <.001
19,9 17.6 45
EGF 36.3% 35.3% 57+ ns ns ns
7.5 5.1 19.1
FLT-3 94.5+ 100.6+ 71.8+ ns <.005 | <.005
LIGAND 8.9 3.7 3.2
G-CSF 77.8+ 96.9+ 56.9+ ns ns ns
8.6 17.9 7.0
GM-CSF 51.6+ 43.1+ 16.6x ns <.005 ns
8.5 9.5 2.2
TNF-B 134.5+ 0 0 ns ns ns
125.7
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PDGF-AA 594.1+ 748.4+ 737.5+ ns ns ns
82.2 76.3 106.5
TGF-a 7.8+ 0.7 6.7+0.7 7.1+0.9 ns <.005 ns
VEGF 41.145 37.4+3.9 29+35 ns ns ns
CCL2 518.4+ 391.8+ 255+ ns ns ns
35.5 26.7 17.8
CCL3 333.8+ 284.7t 257.1+ ns <.005 ns
39.7 28.8 49
CCL4 303.6+ 718.5¢ 203.3+ ns ns ns
42.7 410.3 49.6
CCL7 96.6+ 97.4+ 201.8+ ns ns ns
25.3 16.6 52.3
CD40 868.2+ 419.6+ 302.9+ <.001 | <.001 ns
164.2 34.2 26.7
CD40 1255.2+ 1293.9+ 1446.1+ ns ns ns
LIGAND 213.5 180 367.8
IFN-y 63.9+ 85.09+0 58.16+ ns ns ns
25.1 0.9
IL-1a 18.8+ 9.7+ 8.1+ <.005 | <.005 ns
45 3.9 2.6
IL-1B 28.8+1 0 0 ns ns ns
IL-2 94.2+8 0 0 ns ns ns
IL-3 0 0 0 ns ns ns
IL-4 81.8+ 52.1+ 56.2+ ns <.001 ns
11.6 8 6.5
IL-5 0 0 8.94+1.8 ns ns ns
IL-6 21.64+ 70.06% 4,33+ <.001 | <.001 ns
7.6 3.0 0.1
IL-7 7.923+ 5.43+ 6.24+ ns ns ns
0.8 0.5 1.1
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IL-8 18.9+ 11.4+ 5.5+ <.001 | <.001 ns
3.6 2.3 0.6
IL-9 0 151.7+0 0 ns ns ns
IL-10 77.4+ 125.4+ 0 ns ns ns
72.8 96.4
IL-12p 1098.2+ 133.2+ 317.21+ ns ns ns
0 0.5 0
IL-13 335.4+ 2141.9+ 403.7+ ns ns ns
34.6 210.7 76.8
IL-15 58+1 0 0 <.005 | <.005 ns
IL-17 149.8+ 0 0 ns ns ns
137.3
TNF-a 21+12.7 6.4+0.2 0 ns ns ns
CXCL12 968.8+ 785.4% 786+ ns ns ns
204.8 374 60.1
CXCL9 588.8+ 518.3+ 507.8+ <.005 | <.005 ns
126.5 136.9 0

Values are expressed as mean of sample concentrations (pg/mL)

within range where standards recovery is 70-130% + SEM.
& comparison between frail vs. non-frail.

b comparison between frail vs. young.

¢ comparison between non-frail vs. young.

Ns: not significant.
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Figure legends

Figure 1. Plasma-mediated effects on NS cell behavior. (A) Phase
contrast images of renal cells grown as NS untreated (Ctrl) or treated
for 10 days with plasma of frail, non-frail and young subjects. Scale
bar: 100um. (B) SFE data of renal cells treated with plasma of studied
groups (17 frail, 16 non-frail, 16 young). (C) Percentage of NS cells
positive for Ki67 after different plasma treatment, FACS analysis data.
(D) Percentage of live, early, late apoptotic and necrotic NS cells after
different plasma treatments. Data are expressed as mean + SEM. *p
value < 0.05 (17 frail, 16 non-frail, 16 young plasma samples, each one

tested on 3 different NS cell cultures).

Figure 2. Increase of DNA damage in dissociated NS cells after plasma
treatment. (A) Representative immunofluorescence analysis nuclei (n =
10 different fields for each sample; three independent cultures), of y-
H2AX expression in NS cells treated with plasma of enrolled subjects
and untreated (Ctrl). Scale bars: 50 um and 10 um in the zoomed inserts.
(B) Charts showing the quantitative analysis of the percentages of y-
H2AX+ cells over the total nuclei; (C) of the number of foci per
nucleus; (D) of the fluorescence intensity of foci per nucleus. (E)
Representative FACS dot plots of y-H2AX in NS cells treated with
plasma of the studied groups (17 frail, 16 non-frail, 16 young sample
plasma). Histograms represent the percentage of NS cells positive for
DNA damage (y-H2AX) after the different plasma treatment. Data are
expressed as means = SEM. *p value < 0.05 (17 frail, 16 non-frail, 16

young plasma samples, each one tested on 3 different NS cell cultures).
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Figure3. Intracellular ROS in dissociated nephrosphere cells.
Representative flow cytometric analysis of 2°, 7’-dichlorofluorescein
(DCF) on dissociated NS cells treated with plasma of enrolled subjects (6
frail, 5 non-frail and 5 young); DCF Fluorescence intensity
quantification (bar graphs). Data are representative of five independent

NS cultures. Ctrl = untreated cells.

Figure 4. Representation of oxidative status in different plasma. (A)
Level of 7BOHC, 7KC, 5a60EC, 5B,6BEC, 3B,50,6B-30HC,
lathosterol, lanosterol, 27-OHC and 24-OHC in 17 frail, 18 non-frail
and 10 young samples. (B) Level of 8-OHdG in 10 frail, 10 non-frail
and 10 young samples. Data are expressed as means £ SEM. *p value
< 0.05.

Figure 5. Evaluation of cytokine concentrations in plasma samples. (A)
Scatter-plots showing mean cytokine concentrations (pg/mL) of IL-6,
IL-8, CXCL9, IL-1a, CX3CL1 and CD40 from the enrolled plasma
samples (38 frail, 37 non-frail and 37 young) evaluated by Human
Magnetic Luminex Screening Assay. (B) Scatter-plot showing mean
values of TNF-B, IL- 1B, IL-2, IL-15 and IL-17, cytokines present only

in the plasma of frail subjects.

Figure 6. Receiver-operating characteristics (ROC) curve. Evaluation
of ROC curves for IL-6, IL-8, CXCLY, IL-1a, CX3CL1 and CD40
concentration as discriminator between frail and non-frail plasma. Data

are expressed as means £ SEM. *p value < 0.05.
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Figure 6
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Supplemental figure legends

Supplementary figure 1. Evaluation of the behavior of NS cells after
hydrogen peroxide treatment. (A) SFE with different concentrations of
H202 (0.1mM, 0.5mM and 1mM). (B) Percentage of NS cells positive
for DNA damage (y-H2AX) after treatment with different
concentrations of H202. Data are expressed as means + SEM. *p value
< 0.05.

Supplementary figure 2. Evaluation of an additional 24 cytokine
concentrations in plasma samples. (A-C) Scatter-plots showing mean
cytokine concentrations (pg/mL) of CXCL10, FLT3 LIGAND, GM-
CSF, TGF-a, CCL3, IL-4, IL-7, 1L-12p70, VEGF, CCL2, CCL22,
CXCL1, CXCL12, IL-9, CCL11, CCL4, IL-1, IFN-J, IL-5, RANTES,
PDGF-BB, PDGF-AA, EGF and CD40 LIGAND from the enrolled
plasma samples (38 frail, 37 non-frail and 37 young) evaluated by

Human Magnetic Luminex Screening Assay.
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Supplementary figure 1
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Supplementary figure 2
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Summary, conclusions and

future perspectives
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Summary

Frailty is a geriatric syndrome that can be defined as an age-related
progressive impairment of multiple physiological systems, resulting in
a significantly reduced capacity to compensate for external stressors.
Consequently, the frail subject is at risk for poor clinical and functional
outcomes [Lang, 2009].

Fried and colleagues proposed a phenotype characterization of frailty
through five clinical criteria, but this can be possible only after the onset
of clinical manifestations without the possibility of a precocious
diagnosis.

Several studies report a high prevalence of frailty in individuals with
chronic kidney disease (CKD), and frailty can further increase with
advancing age and progressive decline of renal function towards end-
stage renal disease [Kojima, 2017]. Elderly individuals with CKD are
two to three times more likely to be frail than those with normal renal
function. However, the relationship between kidney dysfunction and
frailty is still unclear [Chowdhury, 2017].

There are increasing evidences that the aging process can have adverse
effects on stem cells, in fact their self-renewal ability declines and their
differentiation potential into the various cell types is altered [Tlmpel,
2019]. Aging-induced exhaustion and deterioration of stem cell pool
may play a key role in the pathophysiology of aging-associated
diseases, including kidney dysfunction.

In this scenario, participating to a project (2017-0577) funded by
Fondazione Cariplo, | was involved during my 3-years PhD course in
the characterization of adult renal stem/progenitor cells.
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Our group isolated a population of multipotent renal stem-like cells by
a functional approach [Bombelli, 2013], taking advantage from the
ability of renal stem/progenitor cells (RSC) to grow as nephrospheres
(NS). Investigating the expression of renal progenitor markers
described in literature (CD133 and CD24) [Bussolati, 2005; Sagrinati,
2006], our group identified in NS a PKH""/CD133+/CD24- cell
population displaying in vitro stem-cell properties [Bombelli, 2013],
able to repopulate human decellularized renal scaffold [Bombelli,
2018].

At the beginning of my PhD | participated in the characterization of
multipotency of RSC [Bombelli, 2020], as described in Chapter 2 of
this Thesis.

Successively, for the project in which I was involved, we tested whether
in the organism of elderly and frail people there were biological
conditions able to alter RSC behavior, justifying the kidney dysfunction
often present in the frail status. The development of the funded project
had in view the recruitment of frail, pre-frail, non-frail subjects and
young controls, and collection of whole blood separated into plasma
and PBMC. | contributed to study DNA damage in both PBMC and
circulating hematopoietic stem/progenitor cells (cHSPC) of frail
patients, observing a statistically higher percentage of cells positive for
DNA damage [Grasselli et al. Submitted, Chapter 3].

Given these premises, to assess whether there were biological
conditions related to frailty able to affect the properties of adult RSC
present in NS cultures, I contributed to study the action of frail plasma
on RSC as described in Chapter 4.
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Conclusion and application to translational medicine

In conclusion, we found that frail plasma affected the self-renewal
property of RSC but not the cellular proliferation and vitality.
Interesting findings were also the high oxidative status of frail plasma
and the capacity of these plasma to elicit in NS cells the highest ROS
and DNA damage. The latter was also correlated with the highest DNA
damage in the cHSPC of the donors of frail plasma. Lastly, the frail
plasma had an inflammatory profile that showed a characteristic
presence of 11 cytokines over the 40 studied. In literature for some of
these 11 cytokines is described their capacity to induce intracellular
ROS. In our experiments their presence in the frail plasma correlated
with the plasma high oxidative status and with the highest DNA damage
and reduction of SFE induced in NS cells treated with this plasma.

It is possible to argue that there are correlations between the exhaustion
of renal stem cells functions and the frailty status, due to the increase of
oxidative stress and pro-inflammatory cytokines in the plasma of frail
patients, which lead to increment of DNA damage, intracellular ROS
and impairment of self-renewal abilities. The impairment of allogenic
RSC, treated with frail plasma, recall the situation seen with the
homologous cHSPC of the donors of frail plasma. However, it is likely
that the adult stem cell compartment of the different tissues may suffer
the same situation which can lead to a functional decline of different
organs and result into frailty.

From a translation point of view, the obtained findings may contribute
to a better comprehension of frail pathophysiology and could help the

development of novel therapies to modulate the oxidative status, reduce
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DNA damage or eliminate the damaged cells. This would be important
not only in relation to kidney dysfunction but, in a more general way,
in all frail patients for attenuating frailty progression, improving their

quality of life and reducing the national healthcare costs.

Future Perspectives

In the future development of this research, it will be important to
investigate whether the plasma of frail patients can influence the
differentiation potential of NS cells and in particular the RSC
PKH+/CD133+/CD24- of our NS cells. We will use the differentiation
media described in Bombelli et al [Bombelli, 2013] supplemented with
10% plasma obtained from frail and non-frail patients to perform
epithelial, endothelial and podocytic differentiation. It would also be
interesting to evaluate DNA damage in these differentiated cultures to
compare and correlate all the data. We expect to observe a correlation
in the alteration of self-renewal, DNA damage and differentiation when
NS cells are cultured in presence of plasma of frail patients, confirming
that high oxidative stress and inflammatory mediators can influence the
RSC function. It will be also important as a future perspective, to test
analytically the role of inflammatory cytokines on NS cells and on RSC
PKH+/CD133+/CD24- treating them with exogenous cytokines
selected from those that have been found to be significantly present in
plasma of frail patients and evaluating their role on oxidative stress,
DNA damage, self-renewal and differentiation.

To translate the results obtained in this research into in vivo settings, we

could do parabiosis studies, in which old and young mice are surgically
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joined so they share a circulatory system to study the effects of
circulating factors in driving disease. Heterochronic parabiosis,
involving the pairing of young and old mice, have been well used to
investigate whether exposure to a circulatory system could act as a
source of rejuvenation for an older animal as well as a source of aging
in young mice [Rebo, 2016; Villeda, 2011; Smith, 2015]. We could
examine young mice heterochronically paired with both old fit mice and
frailty mice models and vice versa, and young isochronic pairings and
old isochronic pairings as controls, to determine if circulating factors
can modulate and interfere with stem cells compartment, causing DNA
damage and an impairment of physiological systems, especially in

kidneys.
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